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Tau pathology is a hallmark of several neurodegenerative diseases,

including frontotemporal dementia and Alzheimer’s disease. However,

the sequence of events and the form of tau that confers toxicity are still
unclear, dueinlarge part to the lack of physiological models of tauopathy
initiation and progression in which to test hypotheses. We have developed
aseries of targeted mice expressing frontotemporal-dementia-causing
mutationsin the humanized MAPT gene to investigate the earliest stages

of tauopathy. MAPT"93%A and MAPT>*NIN10+3C>A lines show abundant
hyperphosphorylated tauin the hippocampus and entorhinal cortex, but they
donotdevelop seed-competent fibrillar structures. Accumulation of hyper-
phosphorylated tau was accompanied by neurite degeneration, loss of viable
synapses and indicators of behavioral abnormalities. Our results demonstrate
that neuronal toxicity can occur in the absence of fibrillar, higher-order
structures and that tau hyperphosphorylationis probablyinvolvedin the
earliest etiological eventsin tauopathies showing isoform ratio imbalance.

The microtubule-associated protein tau is involved in the pathogen-
esis of several neurodegenerative diseases, including frontotemporal
dementia (FTD) spectrum and Alzheimer’s disease (AD). Mutationsin
the human tau (MAPT) gene cause familial forms of FTD', which can
manifest as progressive supranuclear palsy, corticobasal syndrome,
Pick’s disease and globular glial tauopathy. AD is asecondary tauopathy
astaufilamentous inclusions are accompanied (or even triggered) by
the accumulation of B-amyloid. More than 30 clinically diverse neu-
rodegenerative diseases and syndromes manifest with tauopathy*.
Although the etiology for most sporadic forms of FTD is unclear, in

several of the syndromes the development of tau pathology has been
linked to inflammation®. Tauopathies are characterized by the reloca-
tion of normally soluble tau from axonal compartments to the soma-
todendritic compartment of neurons, where it accumulates, usually
inan abnormally hyperphosphorylated, aggregated, insoluble form.
Several tauopathiesaccumulate tauin gliaaswell asin neurons. At end
stage, inboth primary and secondary tauopathies, the accumulation of
abnormal tauis associated with neuronal degeneration, synapticloss
and cognitive impairment®. The underlying mechanisms by which tau
becomes pathological and synaptotoxic remain poorly understood,
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Fig.1| Generation of humanized mutant MAPT Kl mice with BEs. a, Schematic
image of BE-mediated genome editing of the MAPT gene. b, Schematic
illustration of BE-mediated genome editing in MAPT Kl mouse zygotes by
microinjection. ¢, Sanger sequencing results determined MAPT"™°* (upper
panel) and MAPTS30SNIn10*3 (lower panel) Kl mice. Mutation loci are indicated with

Chromosome _Position Ref. allele Alt. allele Gene Unique effect backcrossing with WT
Chr4 119200294 G A Svbp Intron variant -
119200295 G A Svbp Intron variant -
Chr11 120408889 A T Nploc4 Missense variant -
Chr12 64966019 G A Togaram1 Missense variant -
64966021 G A Togaram1 Missense variant -

arrowheadsin black and substituted amino acids highlighted in red. d, Regional,
genetic and annotated information regarding off-target sitesidentified in
MAPT™°3 and MAPTS*OSNIM10%3 Kl mice. Alt., alternative; chr, chromosome;

ref., reference. Schematic inacreated using BioRender.com.

particularly inthe early stages, and effective disease-modifying thera-
pies are currently unavailable’”.

Numerous tau transgenic (Tg) mouse models have been devel-
oped to better understand the underlying mechanisms that lead to
tau-related diseases'’ ™ (see ref. 15 for a comprehensive list). How-
ever, the validity of insights resulting from studies with tau Tg mice,
especially in relation to the earliest stages of disease pathogenesis,
may be affected by transgene-related effects such as overexpression
and genome disruption'. Matching wild-type (WT) overexpressing
transgenics to mutant homologs is difficult as the transgene needs to
be integrated at the same locus of the host genome, with an identical
copy number, and genome editing approaches that add mutations are
not feasible if the transgene is present as several copies. Efforts have
been made recently tointroduce pathogenic mutationsinto the mouse
Mapt gene”'®, However, humanizing the entire tau gene is thought to
be important for modelling human tauopathies for several reasons,
including recapitulating splice-form ratios, and for modelling tau
propagation, as pathological tau has been shown to propagate faster
in the MAPT Kl brain than in WT brain, suggesting a species-defined
preference for templating'. Several lines of mutantand WT MAPT mice
thatare part of the MODEL-AD consortium have been listed recently?.
However, no phenotype has been described for any of the lines.

We previously developed a humanized tau knock-in (KI) line,
termed MAPTKI, in which the mouse Mapt gene wasreplaced with the
human MAPT gene by homologous recombination'*”'. MAPT KI mice
express all six isoforms of human tau under the control of the mouse
Mapt promoter, resulting in physiologically relevant temporal and
spatial expression. MAPT Kl mice have been used in several studies
and are considered to be arelevant model to study tau physiology* 2.
However, they do not develop overt tau pathology evenatan old age®”.
MAPT alternative splicing results in the generation of six isoforms

of tau, three of which contain three microtubule-binding domains
(3R), and three contain four microtubule-binding domains (4R). Sev-
eral mutations in MAPT that cause FTD, shift the splice ratio from the
usual 1:1ratio of 3R:4R-tau to an increase of either 3R or 4R-tau. The
intronic mutation at position 10 + 3 (Int10+3), located close to the
splice-donor site following exon 10, disrupts the stem-loop structure
of the pre-mRNA, thereby increasing the inclusion of exon 10, result-
inginthe overproduction of 4R-tau relative to 3R*. Missense mutation
S305N, located in the last amino acid of exon 10, also destabilizes the
stem-loop structure resulting in the overproduction of 4R-tau®®. We
introduced MAPT-S305N and Int10+3 FTD-causing mutations into
the MAPT Kl line. In this study, we describe mouse models of FTD that
exhibit hyperphosphorylated tau, synapse loss, neuritic degeneration,
and cognitive and behavioral abnormalities, replicating common
features observed in patients with MAPT-FTLD (frontotemporal lobar
degeneration). These mutant mouse models will provide unparalleled
insight into the mechanistic underpinnings of tauopathy at the earli-
est stage of the disease process, including the temporal ordering of
events and cause-and-effect relationships. The models will also serve
as arelevant platform for preclinical in vivo screening of therapeutic
candidates targeting tauopathy.

Results

Generation of isogenic lines of mutant MAPT KI mice
Third-generation Base Editor (BE3) expressing Cas9 nickase (nCas9)
fused with rat APOBEC1 and uracil glycosylase inhibitor (UGI)* was
used to create mutant mouse lines. To design the single-guide RNA
(sgRNAs) to introduce FTD-associated pathogenic mutations into
the MAPT Kl mice using BE3, we searched for the targetable Cs in the
fourth to eighth position of sgRNAs with -NGG (BE) or -NGA (VQR-BE)
PAM sequences and found that MAPT-P301 (CCG) and MAPT-Int10+3
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Fig. 2| Shift from 3R- to 4R-tau expressioninduced by Int10+3G>A and
S$305N-Int10+3G>A mutations in MAPT Kl mice. a, Real-time PCR results of
3R-tau, 4R-tau and total tau levels in MAPT KI, MAPT"™%** Kl and MAPTS30Nnt0+3
KImice (n=5foreach group; n =3 female and n = 2 male) using specific primers
validated in Mapt KO mice. b, Immunoblotting of tau detected by taul3 antibody
in MAPTKI, MAPT™°*3 Kl and MAPTS*0SNIn10%3 KT miice (n = 3 for each group, n=1
female, n =2 male) after alkaline phosphatase treatment. These blots were
derived from separate membranes, with an equal amount of protein loaded.

c,d, Quantification of 3R (c) and 4R (d) tau levels as shownin b. e f, Relative
quantification of tau peptides from MAPT KI, MAPT"™°" Kl and MAPT>305Nnt10+3

KI mice by LC-MS/MS analysis shown for individual tau peptides (e) and 3R

and 4R tau levels (f). Red outline in e describes 3R- and 4R-tau-specific tau
peptides, respectively (n =5-9 for each group; for MAPTKI: n = 6 sex matched;
for MAPT™9**KI: n = 5 of which n = 3 female and n = 2 male; for MAPTS3OSNInt103 K.
n=9of which n=4femaleand n=5male). g h, Immunostaining of 3R- and 4R-tau
inthe entorhinal cortex (g) and hippocampal CA3 region (h) of 3-month-old Mapt
KO, MAPT KI, MAPT"™%*3 Kland MAPTS**Nnt103 K| mice. Scale bars, 100 um (inset,
50 pm), with four biological replicates with similar observations (Extended
DataFig.3c-e).Ina, cand d, datarepresent mean +s.e.m. (two-way ANOVA with
Tukey’s multiple comparison test).

were suitable for the generation of mutant mice carrying MAPT-P301L,
S (CTG or TCG) with or without the MAPT-Int10+3G>A mutation
(Fig.1a)"**°. The sgRNAs were then microinjected into the cytoplasm
of heterozygous MAPT KI mouse zygotes together with both BE and
VQR-BE (Fig. 1b). Both BE and VQR-BE efficiently converted Cto T at
the target sites, resulting in the generation of a total of seven lines of
tau mutant MAPT Kl mice (Fig. 1c, Extended Data Fig. 1and Supple-
mentary Table 1). The fourth position of C at sgRNA-MAPT-P301 was
converted into T more efficiently compared with the C at the fifth
position, which resulted in the substitution of proline (P) to leucine
(L) or serine (S) (TTG or TCG) at the targeted position. As a result,
mutant MAPT KI mice harboring MAPT-P301L (47.6%) were obtained
more frequently than those carrying MAPT-P301S (11.4%). Similarly,
double mutant lines harboring MAPT-P301L-Int10+3G>A (5.4%) were
obtained more frequently thanthose carrying MAPT-P301S-Int10+3G>A
(2.4%) (Supplementary Table 1). All mutant MAPT Kl mice harboring

P301 mutations contained the conversion of the third Cto T as asilent
mutation MAPT-V300V (GTC to GTT) (Extended Data Fig.1). MAPT KI
mice with the single VAPT-Int10+3G>A mutation were also obtained
(21.7%).We also generated mutant MAPT Klmice harboring MAPT-P301V
(0.6%) and MAPT-S305N-Int10+3G>A (0.6%) mutations due to theinac-
curate editing and relatively low specificity of the sgRNA (Fig. 1c and
Supplementary Table1).

Although several mutant MAPT mouse lines were generated, for
this study we have focused our attention on the splice-shifting muta-
tions that create more 4R-tau. Mice expressing the single mutation at
Int10+3 were chosen as they genetically reproduce human FTD? The
double mutation line MAPT-S305N-Int10+3 was chosen asit has higher
levels of 4R-tau than Int10+3 alone. Although the S305N mutation
is a missense, exonic mutation, its primary effect is thought to be at
the RNA level and, unlike other exonic mutations, it does not reduce
microtubule assembly®’,

Nature Neuroscience | Volume 28 | February 2025 | 293-307

295


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-024-01829-7

Assessment of off-target sites in mutant MAPT Kl mice

The COSMID system was used to search for potential off-target sites
of BEs in the genome of MAPT Kl mice harboring MAPT-Int10+3G>A
and MAPT-S305N-Int10+3G>A mutations (termed MAPT™°*3 and
MAPTS30SNInI03 KT mijce, respectively)®’; 65 potential sites were identi-
fied (Supplementary Table 2) and whole-genome sequencing showed
actual off-target mutations (Fig. 1d and Supplementary Table 2). All
sites were removed by backcrossing with WT mice (Extended Data
Fig. 2a-c). Examination of single-nucleotide variant data and short
insertion and deletion analysis data within the coding region of
chromosome 11 (where the Mapt gene is located) identified a sin-
gle off-target mutation that corresponded to the missense variant
on the Nploc4 gene in the founder MAPT-S305N-Int10+3G>A mouse
(Fig. 1d). This off-target mutation was also removed by backcrossing
with WT mice. As the mutation could be removed by backcrossing, we
assume it was introduced on the allele not containing the expected
MAPT mutation, or because of inefficient germline transmission
(Extended DataFig. 2d).

Int10+3 and S305N-Int10+3 lines splice towards 4R-tau
Real-time PCR (RT-PCR) and semiquantitative RT-PCR analysis showed
that expression of 3R-tau was not detected in MAPTS3ONIn10+3 K mice but
was minimally expressed in the MAPT™°"*KI line compared with MAPT
KI. Expression of 4R-tau was highest in MAPTS*NIM03 K mice followed
by MAPT™°**KI. Total tau levels were unchanged between the lines
(Fig. 2a and Extended Data Fig. 3a). Western blot analysis showed low
levels of 3R-tau in MAPT™°*3 KImice and undetectable levels of 3R-tau
in MAPTS3ONInt103 mijce, even at higher exposure. Both mutant lines had
relatively highlevels of the ON4Risoform, but both the IN4R and 2N4R
formswerealso present (Fig.2b—d). These data were confirmed by mass
spectrometry, showing that the peptide accounting for 3R-tau (amino
acids (aa) 275-286) was expressed at low levels in both MAPT™°* and
MAPTS3ONINI03 K mice (<1%), while 4R-tau (aa 282-290) was enriched
in both MAPT"™*3 (98%) and MAPTS**N10*2 KT mice (99%) (Fig. 2e,f
and Extended Data Fig. 3b). Finally, immunostaining with antibodies
specifically recognizing 3R- or 4R-tau showed that 3R-tauimmunore-
activity was absent in MAPTS30Nn10%3 K mice and sparse in MAPT™10+3
KImice. In contrast, 4R-tau immunoreactivity was relatively high in
the entorhinal cortex and hippocampal CA3 region of both MAPT"™0*3
and MAPTS3 OSN3 KT mice (Fig. 2g,h and Extended Data Fig. 3c—e).

Tau in mutant KI mice is hyperphosphorylated

Positiveimmunoreactivity was seen for antibodies recognizing phos-
phorylated tau (phospho-tau) in both mutantlines, but the signal was
strongestin MAPT®3ONIn193 KT mice (Fig. 3a and Extended DataFig. 4a,b).
Immunoreactivity was detectable at 6 months of age in MAPTS305Nnt10+3
KI mice, and it had increased by 15 months of age (Extended Data
Fig.4b,c). There was some variability in signal intensity between mouse
lines, but the regions affected were consistent. Phospho-tauimmuno-
reactivity was diffuse in both lines. In addition to the diffuse staining,
the somatic compartment of some neurons showed relatively strong
immunoreactivity for phospho-tau. Heatmaps were generated based
ontheintensity and density of somatic staining with the AT8 antibody
thatrecognizes tau phosphorylated at Ser202 and Thr205. The strong-
est cellbody signal was observed in the entorhinal cortex, the subicu-
lum, the polymorphic layer of the dentate gyrus and the pyramidal
layer of CA3 and CA2 of the hippocampus (Fig. 3a,b and Extended Data
Fig.4a,b). Inboth MAPT™** and MAPT®**N!"19*3 mijce, AT8 positive tau
accumulationin the entorhinal cortex and parasubiculum was predomi-
nantly perinuclear and spread across layer II-1V. Axonal staining was
also presentin the central entorhinal cortices. In MAPTS*0SNIn103 mjce
intense signal was also detected in the temporal association cortex,
perirhinal, somatosensory and piriform cortices (Fig. 3b). Perinuclear
phospho-tau staining was also detected in the nucleus of the solitary
tract (NTS; part of the medulla) and the paraventricular nucleus of

the thalamus. A similar pattern, albeit less intense and sparser, was
observed for MAPT™°*KI. Phospho-tauimmunoreactivity was further
assessed using antibodies CP13 (Ser202), PHF-1(Ser396/Ser404), AT180
(Thr231) and AT270 (Thr181) (Fig.4a,e). These data were consistent with
stainingin the frontal cortex of human FTLD-Int10+3 and FTLD-S305N
carriers (Figs. 3c,d and 4a). To further analyze the phosphorylation
status of tau in MAPT™%% and MAPTS30SNn10*3 K| mice, we performed
immunoblotting of the Tris-soluble fraction of brain lysates using sev-
eral phospho-tauantibodies. Levels of phospho-tau were significantly
elevated in both lines assessed by CP13, AT8 and PHF-1 antibodies,
whereas the levels of total tau were equivalent across lines (Fig. 4b,c).
Finally, similar epitopes were also assessed using aliquid chromatogra-
phy with tandem mass spectrometry (LC-MS/MS) assay targeting tau
peptides. Results consistently showed anincrease of phosphorylation
atseveral sites on the proline-rich domain (aa212, 217,231,235 and 238;
consistent with AT180 antibody staining results) and the C-terminus
(aa 396 and 404; consistent with PHF-1 antibody staining results) of
tau in MAPTS30SNII0+3 KT mice compared with MAPT Kl mice (Fig. 4d).

Tau in mutant KI mice is not conformationally abnormal
Toinvestigate whether tau in MAPT"™**3 and MAPTS*ONIN103 K mice had
undergone aconformational change or oligomerization, we performed
immunostaining with antibodies TOCI (recognizing dimers and oligom-
ers of tau®), T22 (recognizing oligomeric tau**) and MC1 (recognizing
conformationally abnormal tau®) (Fig. 5a,b). TOClimmunoreactivity was
only seenin one of the four MAPTS*NM193 Kl mice tested, and the signal
intensity was very low. MC1and T22 immunoreactivity was not detected
inthe brains of MAPT"%* or MAPTS***N""103 K mice even at 30 months of
age (Extended DataFig.4d). Gallyassilver stain was assessed qualitatively
and showed no positive signal (Extended Data Fig. 5).

Tofurtherinvestigate whether higher-order conformers of tau had
formed in the most affected of the two mutant lines (MAPT305\nti0+3
KI), we fractionated tau species using a sucrose gradient sedimenta-
tion assay’ followed by sarkosyl extraction and immunoblotting with
an antibody recognizing phosphorylated tau (CP13). In 6-month-old
mice, sarkosyl-insoluble, phosphorylated tau was present inthe top and
2.5% fraction in the mutant but not MAPT Kl control mice, indicating
that the phosphorylated tauin the mutant was mostly inamonomeric
state® (Fig. 5¢). By 18 months of age, phosphorylated tau species were
also identified in the 10% fraction (Fig. 5d). Although the presence of
tau in this fraction suggests some higher-order structure, the lack of
shiftin mobility suggests that tau had not undergone self-aggregation.
Sarkosyl-insoluble phosphorylated tau was not observedin brain tissue
from MAPT Kl mice (Fig. 5¢,d). In contrast, sarkosyl-insoluble phospho-
rylated tauwas detected in the 30-50% fractions in brain tissue froma
tau Tg line with overt pathology (PS19 mouse line), which is consistent
with a previous study*® (Fig. 5¢,d and Extended Data Fig. 6a).

Tau in MAPT®30NIn10+3 KT mice is not seed-competent

To assess whether tau from MAPT™*3 and MAPT®**SN1"10%3 Kl mice had
undergone an overt conformational change that enabled prion-like
templating (seeding)”, we analyzed seeding activity using biosensor
celllines overexpressing either the repeat domain of tau containing the
P301S mutation tagged with CFP or YFP (P301S biosensor cell line)*
or abiosensor line expressing the S305N mutation tagged with YFP
(S305N biosensor cell line). TBS extracts from MAPT KI, MAPT'"10*3
and MAPTS*05NIn10+3 KT mice did not show any seeding activity in either
biosensor cell lines. Extract from PS19 line was used as a positive con-
trol (Fig. 5e and Extended Data Fig. 6b,c,e). To confirm that the bio-
sensor cell lines would be capable of detecting seeding activity from
the S305N mutation if seeds were present, we added extracts from
formalin-fixed, paraffin-embedded (FFPE) sections from brain tissue of
patients with FTLD-tau with S305N or Int10+3 MAPT mutations, as well
as from patients with AD. Tissue from the S305N mutation carrier, but
notthe FTLD-Int10+3 or AD case, showed seeding activity in the S305N
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Fig. 3| Map of pathological tau detected by AT8 antibody staining in
MAPT"™% and MAPT3*N'"193 mijce, a, Immunostaining of phosphorylated tau
detected by AT8 antibody in the brains of 15-month-old WT, MAPTKI, MAPT'"10+3
Kland MAPTS30SN"103 KT mice; n = 6 mice were used for each strain,n=3

male and n =3 female. Scale bars, 200 um (upper panel), 50 um (lower panel).

b, Heatmap showing AT8 signal intensity fromain eachregion.

¢, Immunostaining of phosphorylated tau detected by AT8 antibody in the
frontal cortex of patients with FTLD with the Int10+3 mutation on the MAPT
gene, with three biological replicates with similar observations. Scale bar,

50 pm. d, Immunostaining of phosphorylated tau detected by AT8 antibody
inthe frontal cortex of patients with FTLD with the S305N mutation on the

MAPT gene, with at least three technical replicates with similar observations.
Scale bar, 50 pm. ACAd, anterior cingulate area, dorsal part; AHNa, anterior
hypothalamic nucleus, anterior part; Al, agranular insular area; AON, anterior
olfactory nucleus; AUD, auditory area; BMAa, basomedial amygdalar nucleus,
anterior part; CAl, hippocampal CA1; cing, cingulum bundle; CA2, hippocampal
CA2; CA3, hippocampal CA3; COA, cortical amygdalar area; COAplI3, cortical
amygdalar area, posterior part, lateral zone, layer3; COApm, cortical amygdalar

-5.36 mm

area, posterior part, medial zone; CP; caudoputamen; DG-po, dentate gyrus,
polymorph layer; DP, dorsal peduncular area; DTN, dorsal tegmental nucleus;
ECT, ectorhinal area; ENTI2, entorhinal area, lateral part, layer II; ENTI3,
entorhinal area, lateral part, layer3; ENTI4, entorhinal area, lateral part, layer

IV; ENTIS, entorhinal area, lateral part, layer5; ENTm2, entorhinal area, medial
part, layer2; FRP, frontal pole; GRN, gigantocellular reticular nucleus; IC, inferior
colliculus; LM, lateral mammillary nucleus; LS, lateral septal nucleus; MO,
somatomotor area; NDB, diagonal band nucleus; NTS, nucleus of the solitary
tract; ORB, orbital area; ORBI, orbital area, layer 1; PAR, parasubiculum; PCG,
pontine central gray; PER, perirhinal area; PERI, perirhinal area; PH, posterior
hypothalamic nucleus; PL, prelimbic area; PPN, pedunculopontine nucleus;

PR, pontine nucleus; PVT, paraventricular nucleus of the thalamus (not shown
inmap); RE, reuniens nucleus; RSP, retrosplenial area; SNr, substantia nigra,
reticular part; SS, somatosensory area; SSs; supplementary somatosensory area;
SSp, primary somatosensory area; SSP-ul, primary somatosensory area, upper
limb; SUB, subiculum; SUBd, subiculum, dorsal part; Tea, temporal association
area; TH, thalamus; VIS1, visual area layer 1. lllustrations in b created using
BioRender.com.

biosensor cells (Fig. 5f). Inthe P301S biosensor cell line, no activity was
detected from human S305N mutation carriers, but both FTLD-Int10+3
and AD brain material seeded (Extended Data Fig. 6b,d,f). To further
assess whether tau in MAPTS395NINI0*3 KT mice was seed-competent,
we performed 4R-tau-specific real-time quaking-induced conversion
(RT-QuIC). This method assesses the ability of tau aggregates to act
as seeds that can grow by incorporating monomers of tau by seeded
polymerization®®*, Thioflavin T (ThT) fluorescence RT-QuIC reactions
from a positive control sample (extract fromahuman brain with 4R-tau

progressive supranuclear palsy; PSP) showed seeded fibrilization. In
PSP, ThT amplitudes all fell within a similar range of ThT fluorescence
and with a similar half-life (t,,) (Fig. 5g and Extended Data Fig. 6g,h)
indicating that seeds were present and aggregates adopted a specific
conformation. In contrast, MAPT KI and MAPT*%SN'n10%3 Kl mouse
extract showed delayed and variable reactions (Fig. 5g), with no, or
highly different, ThT amplitudes and t,, Some reactions did not sur-
pass the predefined threshold (Extended Data Fig. 6g,h). These data
indicate random and spontaneous nucleation and polymerization
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Fig. 4 |Hyperphosphorylation of tau in MAPT""* and MAPTS*N'"10*3 mijce.

a, Immunostaining of phosphorylated tau detected by CP13, PHF-1, AT180 and
AT270 antibodies in the brains of 15-month-old WT, MAPTKI, MAPT™°** Kl and
MAPTS3ONINI03 KT mice and patients with FTLD with Int10+3 and S305N mutations
onthe MAPT gene, respectively, with at least three biological replicates with
similar observations. Scale bars, 50 pm (mouse data) and 25 pm (data from
patients with FTLD). b,c, Immunoblotting of phosphorylated and total tau
detected by CP13, AT8, PHF-1,K9JA, Taul3 and HT7 antibodies in the Tris-soluble
fraction of brain lysates from MAPT KI, MAPT"™°*3 Kl and MAPTS3%5N1nt10+3 K| mice

at12 months of age (n = 6 for each group, n =3 female and n =3 males) and in
PS19 mice at 9 months of age (b) and quantification (c). d, Relative amount of
phospho-tau peptides by LC-MS analysis in the brains of 10- to 18-month-old
MAPTKI (n = 6; sexmatched), MAPT"°*3KI (n = 5; n = 3 female and n = 2 males),
and MAPTS30SNIn103 Kl mice (n = 9; n =4 females and n = 5 males). e, Summary of
histological visual quantification analyses of tau phosphorylation detected by
several phospho-tau antibodies. Incand d, the data represent the mean + s.e.m.
(two-way ANOVA Tukey’s multiple comparison test).
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(Fig. 5h; randomness was assessed as the s.d. at endpoint reaction
time, and assessed statistically with y?of s.d., PSP P=0.0944, MAPTKI
P<0.0001and MAPTS3ONInt103 K] p< 0,0001). Thisindicates the absence
of seed-competent templating ability in the MAPT Kl and MAPTS205NIntio+3
KIbrain homogenates.

MAPTS3ONINI03 KT show synapse loss and early
neurodegeneration

Synapse loss and neurodegeneration are pathological hallmarks of
AD and other tauopathies*°™*% To determine whether the number
of viable synapses was affected in MAPT™%"3 and MAPTS30SNInt103 K]
mice compared with MAPT Kl mice, we used super-resolution micros-
copy to quantify the number of puncta labelled with presynaptic
(synaptotagmin and vGLUT1) and postsynaptic (Homerl) markers in
different hippocampal regions as well as in layer Il of the entorhinal
cortex. The number of colocalized synaptotagmin/Homerlimmuno-
reactive puncta was significantly reduced in all regions tested from
MAPTS30SNIn0+3 KT mijce (Fig. 6a,b). This result was consistent with a
reductionin the number of vGLUT1/Homerlimmunoreactive puncta
(Extended Data Fig.7a,b). A second, less rigorous method (immunob-
lotting of extracted bulk tissue) was also tested but the protein levels
of synaptophysin, homerl, and postsynaptic density protein 95 (PSD-
95) were almost equivalent across the lines, suggesting this method
was not sensitive enough to detect differences in the tissue extracts
(Extended DataFig. 7c,d).

To assess signs of early neurodegeneration, brain tissues from
MAPT™%3 and MAPTS*0SNIMI03 K mice were stained with amino-cupric
silver®’, which allows for the detection of neuronal damage. The
MAPTS305NIn10+3 K line exhibited significantly increased levels of
amino-cupricsilverinstructures resembling neuritesin the entorhinal
cortex compared to MAPT Kl mice (Fig. 6¢,d).

MAPTSNIt03 K display signs of behavioral deficits

To assess whether MAPT KI mutants displayed behavioral abnormali-
ties, we conducted a range of tests. Y-maze test results highlighted
asignificantly reduced spontaneous alternation rate (a sign of spa-
tial working memory deficit) in 15- to 16-month-old MAPT305Nnt10+3
mice compared with WT and MAPT Kl mice (Fig. 7a,b). Open-field test
results showed thatlocomotor activity in MAPT KImice wasincreased
significantly compared with that seenin WT and mutant MAPT Kl mice
(Fig.7c,d). Meanwhile, the percentage of time spentin the center region
of the open field was decreased significantly in MAPTS3%SN110*3 KT mice
compared with MAPT Kl mice, indicating a heightened level of anxiety
in MAPTS*Nn19*3 K mice (Fig. 7c,e). The preference for anew location,
assessed by the new object location (NOL) test, was also decreased
significantly in MAPTS30SNInt103 KT mice compared with MAPT KI mice
(Fig. 7f-h and Extended Data Fig. 8c) indicating impaired long-term
spatial memory in these animals. Consistent with these observations,
the amount of time spent near the target hole during the probe test of
the Barnes maze task was significantly reduced in MAPTS305NInt0+3 K
mice compared with WT and MAPT Kl mice (Fig. 7i,k). No difference

was observed among genotypes in the degree of behavioral shaping
during the acquisition training (Fig. 7i,j). A significant difference in
locomotor activities was not detectable between MAPT>*N"03 K and
control mice in the Y-maze, the NOL, the Barnes Maze tests or on the
Rotarod test (Extended Data Fig. 8a,b,d-f). Allbehavioral parameters
werethenincludedina principal component analysis (PCA) to capture
broad behavioral changes. We observed aprogressive gradient between
genotypes, driven mostly by open-field and Y-maze results (Fig. 7I,m).

To further assess behavioral phenotypes thought to reflect clinical
symptomsin patients with FTD with tauopathy**, we conducted a series
of behavioral tests using IntelliCage (TSE Systems/NewBehavior)**—
anautomated home-cage monitoring system for group-housed mice.
Specifically, we focused on parameters assessing behavioral disinhi-
bition, apathy, behavioral inflexibility/perseverative behavior and
competitive dominance to assess whether the mice showed behavioral
symptoms seenin FTD*. In the analysis of the 2-week basal activity in
the IntelliCage, MAPT™°*3 KI mice visited corners more frequently
than other genotypes. No differences were observed for other param-
eters, including drinking activity (that is, the number of nosepokes
andlickings), preference and movement patterns among corners, and
nosepoke holes (Extended DataFig. 9), suggesting that the genotypes
show no severe behavioral problems that would substantially compli-
cate the interpretation of subsequent IntelliCage experiments. In the
self-paced behavioral sequence learning and behavioral flexibility
task (SP-FLEX task), mice were required to learn asequence of moving
back and forth between two distant rewarding corners. To shift their
behavior, the positions of the rewarding corners were changed. The
number of trials to reach criterion in each task phase, a learning per-
formanceindex, did not differamongall genotypesin either Session1
or 2 (Fig. 8a,b and Extended Data Figs. 10a,b). However, in Session 2,
a significant increase in the number of perseverative nosepokes in
rewarded visits was observed in MAPTS*0SNIn103 K mice compared with
WT, MAPT Kland MAPT"™°"*KI mice, with asimilar tendency in Session1
(Fig. 8c and Extended Data Fig. 10c). The behavioral inhibition task
was conducted to assess the ability of mice to control impulsiveness.
In this task, mice were required to withhold nosepoking for a certain
amount of time (‘delay time’) to obtain a water reward in each trial. A
nosepoke observed during the delay time was counted as a premature
response—anindex ofimpulsivity. It has been shownthat, whenalonger
delay timeis presented, the premature response rate is higher*. Three
sessions (Sessions 1-3) were conducted, with the average delay time
increasing as the sessions progressed (Fig. 8d). The percentage of
premature responses of MAPT™%** and MAPT®*%N'103 K mice was sig-
nificantly increased compared with WT mice, specifically in Sessions 2
and 3, where the average delay time was longer (Fig. 8e,f). This effect
was also observed in MAPT Kl in Session 1 (Extended Data Fig. 10d).
These results suggest that MAPT, MAPT™°** and MAPTS30sNnt0+3 ]
mice show behavioral disinhibition, described as ‘impulsive, rash or
careless actions®’. The taste preference and effort-based choice test,
using saccharin dissolved or plain water as rewards of different value,
was conducted to assess anhedonia and/or apathy-like behavioral

Fig. 5| Insolubility and seeding activity of tauin MAPT'"'°*> and MAPTS30SNnt10+3
Klmice. a, Immunostaining of tau detected by TOC1, T22 and MCl antibodies
inthe brains of 15-month-old MAPTKI, MAPT™ "3 Kl and MAPTS*%SNn03 K[ miice,
and in patients with FTLDs with Int10+3 and S305N mutations in the MAPT gene,
respectively, with at least three biological replicates with similar observations.
Scale bars, 50 um (mouse data) and 25 pm (data from patients with FTLD).

b, Summary of histological visual quantification analyses of tau accumulation
detected by several tau antibodies. ¢, Immunoblotting of tau detected by CP13
antibody in separated fractions (Top fraction to 20% range) of brain lysates
from MAPT Kl and MAPTS**SN'nt03 K| mice at 6 months and from PS19 mice at

9 months. d, Immunoblotting of phosphorylated tau detected by CP13 antibody
inseparated fractions (Top fraction to 20% range) of brain lysates from MAPT Kl
and MAPTS30SNI103 KT mice at 18 months of age and PS19 mouse at 9 months of
age. e, Tau seeding activity in brain lysates from WT, MAPT KI, MAPT""™°*3 Kl and

MAPTSOSNINI0S Kl mice at 15 months (n = 4-5 for each group, n = 2 females and
n=2or3males) and PS19 mice at 9 months using S305N biosensor cells. Scale
bar, 20 pm. f, Tau seeding activity from AD and patients with FTLD with Int10+3
and S305N mutations using S305N biosensor cells (n =3-4 per group, for AD:
n=23females and for Int10+3: n =3 males; n =1male for FTLD-S305N). Scale bar,
20 pm. g, Raw RT-QuIC ThT reactions, 16 replicates, from posterior cortex of mice
at 24 months, MAPTKI (n = 5) and MAPTS3%NIn103 K (n = 5) and positive control
PSP motor cortex human brain homogenates (n =3). h, Endpoint reaction s.d.
for MAPT K1 (n = 5) and MAPTS*SNn103 K (n = 5) and PSP (n = 3). P values were
calculated as the statistical difference comparing the expected distribution

of eachgroup to the observed. In eand f, data represent mean + s.e.m. (one-
way ANOVA Tukey’s multiple comparison test). In h, the box limits show the
interquartile range, and the center lines show the median values.
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Fig. 6 | Synapticloss and neurodegeneration in MAPTS3%N1nt103 K mijce.

a, Representative super-resolution images of Homerl and Synaptotagmin puncta
colocalization in the entorhinal cortex layer Il (EC-Lyll) of 16-month-old WT,
MAPTKI, MAPT™* and MAPTS30NIn10+3 K] mice. Scale bar, 5 um. b, Quantification
of Synaptotagmin/Homerl colocalization density in the polymorph layer of

the dentate gyrus (PoDG), CA3 stratum radiatum (CA3-Rad), CAllacunosum
molecular layer (CAl-Lmol) and EC-Lyll regions of 16-month-old WT, MAPTKI,
MAPT™°* and MAPTS*0SNIn10%3 KT mice (n = 5-6 animals per genotype;

n=3femalesand n =2 or3males).c, Amino-cupricsilver (AmCuAg) staining in
the entorhinal cortices of 15-month-old MAPT KI, MAPT™%*3 and MAPTS305N:Inti0+3
KI'mice. Scale bar, 50 pm. Black arrows, structures resembling neurites.

d, Quantification of AmCuAg staining (MAPTKI, n=4; MAPT™ KI, n = 6;

and MAPTS3OSNIMI0S K] n = 8; sex matched per genotype). Inb, datarepresent
mean + s.e.m. (two-way ANOVA with Tukey’s multiple comparison test).

Ind, datarepresent mean +s.e.m. (Kruskal-Wallis one-way ANOVA test with
Dunn’s multiple comparison test).

signs. Allgenotypes showed ageneral preference for the sweet taste of
saccharin (Fig. 8g,h). However, MAPT®*%N1n10%3 K mice showed signs of
elevated effort aversion, indicated by the significantly decreased rate of
saccharin water choice inthe subsequent test, whereincremental effort
(repetitive nosepoking) was required as a cost of receiving brief access
to saccharin water (Fig. 8i). These results indicate behavioral signs of
apathy in MAPT®*0NIM103 K mice, Finally, the competitive dominance
test was conducted to assess social behavior in competing for alimited
water reward supply (that is, four corners) after a restriction period.
Results showed no significant difference in competitive dominance
among genotypes through the sessions (days), while MAPT5305Nnt10+3
KI mice showed a relatively reduced level of the dominance index,
a corner visit duration in the competitive timeperiod (the first 5 and
10 min) of the test (Extended Data Fig. 10e-h).

Discussion

Here we describe the generation of mouse models of human FTD
where isoforms of human tau are expressed at physiological levels,
closely recapitulating the spatiotemporal expression of tau observed
in the brains of patients with 4R tauopathies. The insertion of FTD
splice-shifting mutations at S305N and Int10+3 allows us to study the
earliest changes associated with an increase in 4R-tau, focusing on
hyperphosphorylation and tau aggregation.

Although these two mutations are rare in the human population
(and they do not co-occur), they areboth thought tolead to arelatively
prevalent primary tauopathy through the same pathway—anincrease
inthe level of 4R-tau*’. We have shown that expression of the two muta-
tions in MAPT Kl mice resulted in the generation of predominantly
4R-tau, with total tau levels remaining unchanged. The MAPT™!0*3
and MAPT®?05NI10+3 K] lines displayed similar phenotypes, but they
were exacerbated in the MAPTS30NIn103 K] [ine corresponding with
anincrease in 4R:3R-tau. Both lines showed an elevated level of phos-
phorylated tau compared with the nonmutant MAPT Kl control. Tau
phosphorylated at several epitopes was distributed diffusely and, in
some neurons, it accumulated in the soma, with the strongest signal
being seeninthe hippocampus and entorhinal cortex. Synapse loss and
early signs of neurodegeneration (amino-cupric silver staining) were
seen in the MAPTS*NIO3 K line. Behavioral tests indicated that the
MAPTSONI03 K [ine developed behavioral abnormalities, which were
characterized by apathy, behavioral disinhibition and memory loss. Of
note, all of these phenotypes occurred in the absence of detectable
higher-order seed-competent tau structures.

The accumulation of hyperphosphorylated tau is consistently
associated with pathological lesions in human AD and FTD post mor-
tem material, and it has been associated with pathology and toxicity
in numerous animal studies. The relationship between spliceisoform
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Fig. 7| Memory deficits indicated in MAPTS*0N"t193 K mice. a,b, Cartoon
representation of the test performed (a) and percentage of spontaneous
alternation of WT (n=17), MAPTKI (n =15), MAPT"™**3KI (n = 14) and
MAPTSONINI03 K| (n = 16) mice at 15-16 months of age on the Y-maze test
(b).c,d, Cartoon representation of the test performed (c) and total distance
traveled demonstrated by WT (n =16), MAPT K1 (n =15), MAPT™°*3KI (n = 14) and
MAPTSONINI03 K| (n = 16) mice at 15-16 months in the open-field test (d).

c,e, Cartoon representation of the test performed (¢) and percentage of time
spentin the center region demonstrated by WT (n=17), MAPTKI (n=15),
MAPT™O3 K] (n =14) and MAPTS**NIn03 K (n = 16) mice at 15-16 months in the
open-field test (e). f-h, Cartoon representation of the test performed

(f) and discrimination index for the NOL test obtained from WT (n=17), MAPTKI
(n=15), MAPT"™°3 K] (n =14) and MAPTS**NIn03 K[ (n = 14) mice at 15-16 months
atDayl (g) and Day2 (h). i-k, Cartoon representation of the test performed

(i) and latency from start position to access the escape box on Dayl to Day4

(j) and time spent around the target hole at probe test by WT (n =17), MAPTKI
(n=15), MAPT"™°3 K] (n =14) and MAPTS39NI1083 K] (n = 16) mice at 15-16 months
of age for the Barnes maze test (k). 1, Values of PC1scores (individual projection
along the main variance axis, PC1) for each experimental group. m, PCA was
applied on behavioral variables measured using various behavioral tests.

Each dot represents a single mouse and larger dots represent the average per
genotype. Colored ellipses highlight1.5s.d. around the mean per genotype (-87%
confidenceinterval).Ind, handl, datarepresent mean + s.e.m. (one-way ANOVA
with Tukey’s multiple comparison test). Inb, eand k, datarepresent mean + s.e.m.
(Kruskal-Wallis one-way ANOVA test (Dunn’s multiple comparison test)). In
j,datarepresent mean + s.e.m. (two-way ANOVA with Tukey’s multiple
comparison test). Panels a, ¢, fand i were created using BioRender.com.
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accumulation and pathological phosphorylation of tauis complicated
ashyperphosphorylated tauis afeature of not only 4R tauopathies but
alsodiseasesinwhich the 3R:4Rratiois maintained (AD) or shiftedto 3R
(Pick’s disease). Our data indicate that increased 4R-tau is associated
with the early accumulation of hyperphosphorylated tauin the MAPT
KI mutant mice. Phosphorylation/hyperphosphorylation is thought
to destabilize the association of tau with microtubules, leading to its
relocation from axons to the soma and dendritic compartments®*>*,
Given that our mice have physiological levels of tau and they do not
have overt neurofibrillary pathology, our data support a causal role
for hyperphosphorylated tau in pathogenic mechanisms associated
with neurotoxicity. However, the exact mechanism(s) linking 4R-tau
and hyperphosphorylation, and theimpact hyperphosphorylated tau
might have on microtubule stability, tau distribution, synapticintegrity
and cognitive performance in mice needs to be investigated further.
A range of MAPT KI mutant mice modelling these aspects of human
tauopathies will beinvaluable to address pathomechanistic questions.

The data provided in this study shows that the mutant MAPT KI
mice recapitulate some of the spatial and morphological aspects of
the human neuropathology associated with FTLD-MAPT-S305N and
Int10+3 mutations. Macroscopically, two reports of S305N mutation
carriers described pathological inclusionsin the hippocampus, amyg-
dala and thalamus, which is in line with our results. S305N carriers
show predominantly somatic, perinuclear accumulation of phos-
phorylated tau mainly in the outer granular layer of the shallow cor-
tical layer, rather than the flame-shaped tangles commonly seen in
human AD. Interestingly, most of the 4R-tauinclusions describedin the
FTLD-S305N mutation carriers resemble those found inthe 3R tauopa-
thy Pick’s disease. A similar spatial pattern has also been described
for Int10+3 mutation carriers®**. One study described inclusions as
‘pretangles, that s, diffuse granular distribution of hyperphosphoryl-
ated tauin the soma and dendrites®, which is similar to the inclusions
described in this study.

Previous work has linked soluble phosphorylated tau to synap-
tic loss in AD, reinforcing the idea that soluble tau species, separate
to classic tangles, can be related directly to neuronal damage and
dementia®’. The phosphorylation of particular epitopes, especially
in the proline-rich domain, has been linked to synaptic dysfunction
through the mislocalization of phospho-tau to dendritic spines®. It
is not known exactly how the accumulation of hyperphosphorylated
tauis linked to synaptotoxicity but its role in stabilizing microtubules
has been implicated, as tau is thought to detach from microtubules
as aresult of hyperphosphorylation of epitopes in the proline-rich
domain and C-terminus of the tau protein’. The destabilization of
microtubules has beenlinked to altered pre- and postsynaptic structure
and function®’. Several of the same epitopesimplicated in microtubule
stabilization are hyperphosphorylated in the mutant MAPT KI mice.
Published studies haveindicated that tauis relocated from the axon to
the dendritic spine following hyperphosphorylation. This has been pro-
posedtolead to downregulated AMPA (a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor) and NMDA (N-methyl-D-aspartate)
receptor expression on the postsynaptic membrane, whichwasshown
to dramatically impair synaptic function®. Itis therefore feasible that
hyperphosphorylation of tau in our mice could be related directly
to synaptic dysfunction and loss. Synaptic loss was demonstrated in
the MAPTS30NIn10+3 KT mice; however, this was significant only when
assessed by quantitativeimmunohistochemistry of adjacent pre-and
postsynaptic compartments in situ, and not by immunoblotting of
synaptic proteins extracted from intact blocks of tissue. We consider
the former technique to be morerigorous and sensitive asitidentifies
only viable synapses, and it preserves spatial information.

Overall, data from independent, orthogonal experiments using
complementary methods did not reveal the presence of higher-order
tau oligomers, aggregates or misfolded tau conformers in either
mutant MAPT Kl line at the ages studied. Following sedimentation

through the sucrose gradient and sarkosyl extraction, the pres-
ence of tau species in the 10% fraction could reflect the formation of
low-number oligomers (<hexamer)*® or cosedimentation of tau with
aninteractor. The presence of sarkosyl-insoluble tau does not neces-
sarily represent aggregated tau asinsolubility could be driven by other
mechanisms, such as condensation’®, rather than self-aggregation.
Immunohistochemistry using the conformation-specific antibody
MC1 did not reveal accumulated misfolded tau conformers or either
of the mutant MAPT Kl lines induced seeding in the biosensor assay.
Post mortem tissue from a human S305N mutation carrier did show
immunoreactivity for the MC1 antibody in the soma of cells resem-
bling neurons but the signal seemed to be reduced compared with
other pathological tau antibodies. In support of the MC1 data, brain
extract from the human S305N mutation carrier seeded the S305N
biosensor, confirming the presence of conformationally abnormal,
seed-competent tau in the human tissue. As the human tissue was
from a donor with late-stage disease, it is possible that our MAPT KI
mutant mice would develop seed-competent tau with further aging;
however, our results from RT-QulC and MCl staining at more advanced
age suggest that this will not be the case, indicating alimitation of the
mice which should be considered to best model the earliest stages of
tauopathy. Itisinteresting to note that the S305N MAPT human tissue
induced seeding in the S305N but not in the P301S cell line developed
by the Diamond laboratory?®. This suggests that a conformation bar-
rier exists between S305N and P301S tau and it reinforces the notion
that it is important to use the correct homotypic biosensor cells to
measure the seeding activity of tau appropriately. The potential for a
seeding barrier was supported by the observation of reduced seeding
efficiencyin the S305N biosensor compared with the P301S biosensor
line by tau extract from the PS19 mouse control (P301S MAPT muta-
tion), although technical issues, such as lower levels of expression of
the S305N biosensor construct compared with the P301S construct,
could alsoaccount for this difference. Also of note was the observation
that tissue from human AD and Int10+3 mutation carrier FTD cases
did not seed in the S305N biosensor, which again supports the idea
of a conformational seeding barrier. Both the S305N and the Int10+3
mutations affect 4R splicing, and tauisolated from late-stage material
from patients is in the form of flat ribbons®>***°, However, there is no
evidence that the conformation of human tau in patients with S305N
and Int10+3 is the same, as the structure of S305N tau has not been
resolved by sensitive techniques such as cryo-EM, due to the lack of
suitable archived brain tissue and the scarcity of mutation carriers.
Finally, RT-QuIC data shows that the random templating detected in
the MAPT Kl and MAPTS*N103 K] indicates the lack of higher-order
structures presentin the mouse brain homogenates, evenatalater age
of24 months. Although all reactions were considered tobe random, the
possible differencesinreaction time and ThT amplitude between the
MAPTKIand MAPTS*9Nn10%3 K| could be explained by the differences in
isoforms®***°, or tau structuresinduced by the double mutation and/
or hyperphosphorylation; however, this needs further assessment.
Despite some of the limitations of our studies, it is still possible to con-
clude that large oligomers or fibrillar aggregates were not necessary
totrigger synapticloss and neurodegenerationin our mouse models.

Episodic memory problems have been described widely in patients
with FTD and they are part of the current diagnostic criteria®. In the
MAPTS*0NIN103 mouse line, behavioral tests focusing onmemory showed
areductioninspatial memory. Toidentify more subtle behavioral abnor-
malities, we used the IntelliCage system, which revealed perseverative
behavior in the MAPT®*%NInt10+3 K mice. Repetitive behavior, including
simple repetitive movements, complex behaviors or stereotypy in
speech, and disinhibition, specifically socially inappropriate behavior,
loss of manners or decorum and impulsive, rash or careless actions, are
at the core of the diagnostic criteria for the behavioral variant of FTD
(bvFTD), which affects around half of the cases of FTD®’. There was some
evidence that humanization of the Mapt gene could have an effect on
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some of the behaviors tested as a significant impulsive behavior was
detected in MAPT KI mice (as well as the mutants) compared with WT,
and the saccharin choice in MAPT KI mice on the effort-based choice
test seemed to besslightly lower compared with WT mice. Humanization
of the Mapt gene could therefore be associated with impulsivity and
aspects of apathy—a phenotype consistent with the recent clinical find-
ingin patients with bvFTD, where effort avoidance ismore pronounced,
while reward appetenceis less affected®. Theimpact of humanization
alone may have masked any additional effects of mutations in impul-
sive and motivation measures. Further assessments will be required
to understand how humanization of tau could affect these particular
behavioral measures. In the classical behavior tests, although MAPTKI
mice displayed hyperactivity inthe open field compared with WT mice,
whichisinagreementwith previousstudies®*, locomotive parametersin
other classical behavior assays were comparable across the genotypes.
This evidence supports the idea that locomotion activity was not a
confounding factor in the interpretation of cognitive performance
in MAPTS39Nin103 mice. Although the difference in behavior between
genotypesis subtle at the age tested and further analysis is warranted,
especially atadvanced ages, behavioral differences do supportour data
showing significant synapse loss and neuritic degeneration.

In conclusion, here we provide evidence that synaptic loss and
behavioral abnormalities occur independently of seed-competent
higher-order structures, which are not needed to initiate toxic patho-
logical mechanisms. The value of this study lies not only in the iden-
tification of the earliest events in disease pathogenesis, but in the
provision of physiologically relevant mouse models of tauopathies
thatwill aid in our understanding of how to prevent neurodegeneration
andin the development of therapeutic strategies.
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Methods

Animals

Allanimal experiments were conducted inaccordance with guidelines
ofthe RIKEN Center for Brain Science (W2021-2-020(3)) and UK Animal
Act, 1968 (PP7490525), and following local ethical advice. C57BL/6) and
ICR (Jcl) mice were used as zygote donors and foster mothers. C57BL/6)
mice were also used for backcrossing with MAPT mutants. MAPT KImice
were generated as previously described'®.

Human tissues

Human brain samples were kindly provided from NHO lou National
HospitalinJapan, Queen’s Square Brain Bank (QSBB) inthe UK and The
Mayo Clinicinthe USA. Brain samples were donated in compliance with
the1998 Data Protection Act, and they are summarized in Supplemen-
tary Table 5. All patient tissues were donated with fullinformed consent.
Ethical approval for the study was acquired from NHS and UCL ethics
committee (QSBB UCLMTA06-23) and in accordance with the Human
Tissue Authority’s code of practice and standards, with an approved
material transfer agreement, where relevant.

Antibodies

Antibodies used in this research are listed in Supplementary Table 3.
The specificity of the tau antibodies was confirmed using the Mapt
KO mouse.

Preparation for BEs and sgRNAs

In this study, Base Editor (BE), which is a fusion protein composed of
Streptococcus pyrogenes Cas9 (SpCas9) and rat APOBECI1 (apolipopro-
tein B mRNA-editing enzyme, catalytic polypepide-like1)”, and VQR
(D1135V, R1335Q and T1337R)-BE of which the protospacer adjacent
motif (PAM) is changed from the NGG of the original SpCas9 (ref. 66)
toNGA, were used for the introduction of FTLD-associated mutations
into the MAPT gene of MAPT Kl mice. For the synthesis of BEand VQR-BE
mRNA in vitro, plasmid vectors pCMV-BE3 (Addgene, plasmid cat.
no. 73021) and pBK-VQR-BE3 (Addgene, plasmid cat. no. 85171) were
obtained from Addgene. To prepare the mRNA templates for BE and
VQR-BE, PCRwas performed with Herculase Il Fusion DNA Polymerase
(Agilent Technologies, cat. no. 600675). BE and VQR-BE were then
synthesized with the mMMESSAGE mMACHINE T7 Ultra Transcription kit
(Thermo Fisher Scientific, cat. no. AM1345). Templates for the in vitro
transcription of sgRNAs were also synthesized by PCR with Herculase Il
Fusion DNA Polymerase as described previously’. The MEGAshortscript
T7 (ThermoFisher Scientific, cat. no. AM1354) and MEGAclear (Thermo
Fisher Scientific, cat. no. AM1908) kits were used for in vitro transcrip-
tion of sgRNAs, while the CRISPR Design tool was used for creating
sgRNAs®. Oligonucleotide sequences used for the in vitro transcription
of BE, VQR-BE and sgRNAs are listed in Supplementary Table 4.

Microinjection of mouse zygotes

BE and VQR-BE mRNA (60 ng pl™) and sgRNAs (200 ng pl™) were
injected into the cytoplasm of MAPT Kl zygotes. After incubation at
37 °C for 24 h, embryos developed to the two-cell-stage were trans-
planted into host ICR mice.

Off-target analysis

Off-target sitesthataccepted up to three mismatches were determined
by COSMID (https://crispr.bme.gatech.edu/)*. Target sites were ampli-
fied from tail genomic DNA by PCR using the Ex Tag-Polymerase kit
(Takara, cat.no.RROO1A), with primers listed in Supplementary Table 4.
Target sequencing was performed using a DNA sequencer (ABI3730xl).

Whole-genome resequencing

Library construction. DNA samples extracted from mouse tail were pre-
pared accordingto the lllumina TruSeq DNA sample preparation guide
to obtain a final library of 300-400 bp average insert size. Genomic

DNA (100 ng) was fragmented by the Covaris system with specific tubes,
whichgenerates double-strand DNA fragments with 3’ or 5’ overhangs.
Fragmented DNAs were then converted into blunt ends using an End
Repair Mix. The 3’ to 5’ exonuclease removes the 3’ overhangs, and
the polymerase fills in the 5’ overhangs. Following the end repair, the
appropriate library size was selected using different ratios of sample
purification beads. Adenylation of 3’ ends was performed to prevent
ligation during the adapter ligation reaction. A corresponding single
‘T’ nucleotide on the 3’ end of the adapter provides a complementary
overhang for ligating the adapter to the fragment. Several indexing
adapters wereligated to the ends of the DNA fragments to prepare them
for hybridizing onto a flow cell. PCR was used to amplify the enriched
DNAllibrary for sequencing. The PCR was performed with aPCR primer
solution that annealed to the ends of each adapter.

Clustering and sequencing. For cluster generation, the library was
loaded into a flow cell where fragments were captured on a lawn of
surface-bound oligonucleotides complementary to the library adapt-
ers. Each fragment was then amplified into distinct clonal clusters
through bridge amplification. When cluster generation was complete,
the templates were ready for sequencing. lllumina SBS technology
utilizes a proprietary reversible terminator-based method that detects
single bases as they areincorporated into DNA template strands. As all
four reversible, terminator-bound dNTPs were present during each
sequencing cycle, natural competition minimized incorporation bias
and greatly reduced raw error rates compared with other technologies.
Theresult was ahighly accurate, base-by-base sequencing that virtually
eliminated sequence-context-specific errors, even within repetitive
sequence regions and homopolymers.

Generation of raw data. The lllumina platform generates raw images
andbase calling through anintegrated primary analysis software called
RTA (real-time analysis). The BCL (base calls) binary files were con-
verted into FASTQfiles using the Illumina package bcl2fastq2-v.2.20.0.

Sequencing analysis. Resulting leads were aligned using Isaac
Genome Alignment software (v.01.15.02.08), which is designed to
align next-generation sequencing datawith low-error rates®, and Isaac
Variant Caller (v.2.0.13), whichis used for identifying single-nucleotide
variants and small insertions and deletions in the diploid genome
case. The annotation tool SnpEff was used to categorize the effect of
variants on genes®.

RNA extraction and semiquantitative RT-PCR. Total RNA was
extracted from mouse brain cortices using RNAiso Plus (Takara cat. no.
9109) according to the manufacturer’sinstructions. Reverse transcrip-
tionwas performed using ReverTra Ace (TOYOBO FSQ-301). Semiquan-
titative RT-PCR was conducted using the QuantStudio system (Thermo
Fisher Scientific). Primer pairs arelisted in Supplementary Table 4. The
specificity of tau primers was confirmed using the Mapt KO mouse.

Western blot analysis after alkaline phosphatase treatment.
Mouse brains were homogenized in lysis buffer (50 mM Tris pH 7.6,
0.15 M NaCl, cOmplete protease inhibitor cocktail (Roche Diagnostics
#11697498001)) using a Multi-bead shocker MB (Yasui-Kikai). Samples
wererotatedat4 °Cfor1hand centrifuged at19,800g for 30 min. Super-
natants were collected as lysates and then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
transfer to a PVDF membrane. For detection of the tau isoform pat-
tern, brainlysates were dephosphorylated with lambda-phosphatase
(Santa Cruz Biotechnology, cat. no. sc-200312A) according to the
manufacturer’s protocols. Membranes were then treated with ECL
prime blocking buffer (GE Healthcare, cat. no. RPN418) for 1 h and
incubated with antibody at 4 °C. Dilution ratios of antibodies are listed
inSupplementary Table 3. Immunoreactive bands were visualized with
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ECL Select detection reagent (GE Healthcare, cat. no. RPN2235) and a
LAS-3000 Mini Lumino image analyzer (Fujifilm). Image] (v.1.53a) and
Fiji software v.1.0 (NIH) were used for data analysis.

LC-MS/MS analysis targeting tau peptides. According to the proce-
duredetailedin Lantero-Rodriguez et al.”®, Brains were homogenizedin
Tris-buffered saline (containing protease inhibitor cocktail) and centri-
fugedat4 °Cfor1hat31,000g.Protein quantification was performed on
the supernatant. Toimmunoprecipitate tau protein, 4 pg of the mono-
clonal antibody HT7 (Thermo Fisher Scientific) was conjugated with
50 pl M-280 Dynabeads (Invitrogen) according to the manufacturer’s
practice. HT7-coated beads were used to immunoprecipitate 10 ug of
total protein from brain extracts and all samples were brought to a final
volume of 1 mlwith PBS with 0.05% Triton X-100. To eachsample, 10 pl of
proteinstandards mix (°*N-labelled full-length tau and *C- and ®N-labeled
phosphorylated peptides at lysine or arginine). To have a full coverage
of all peptides reflecting tau isoforms, a mix of ON3R, IN4R and 2N4R
was selected (133 fmol of each isoform). Samples were subsequently
incubated overnightat4 °Conarollingstation. Following bead washing,
elution was achieved with 100 pl of 0.5% formic acid. Eluates were col-
lected and dried ina vacuum centrifuge. Quantification of phospho-sites
synthetic phosphorylated peptides stable isotope-labeled at Lys or
Arg matching definite trypsin cleavage sites (Thermo Fisher Scientific)
were added as internal standards. The labelled peptides were diluted,
mixed and 100 fmol was added to each sample before trypsination,
which was performed by adding 100 ng trypsin (Promega) in 50 mM
ammonium bicarbonate. Samples were brought to a final volume of
50 plwithammoniumbicarbonate and shaken overnight at 100 RPM at
37 °C.Following trypsination quenching with 10% formic acid, samples
were dried in a vacuum centrifuge. Before nanoflow LC-MS analysis,
samples were reconstituted in 7 pl of 8% acetonitrile/8% formic acid. A
Dionex 3000 LC-system (Thermo Fisher Scientific) was coupled to an
electrospray ionization hybrid quadrupole-orbitrap mass spectrometer
(QExactive, Thermo Fisher Scientific). For each sample, 6 plwasloaded
ontoareverse-phase Acclaim PepMap C18 trap column (Thermo Fisher
Scientific) for desalting and sample clean-up. Separation was performed
with areversed-phase Acclaim PepMap C18 analytical column (Thermo
Fisher Scientific) by applyinga50 minlinear gradient from3%to40%Bat
aflowrate of 300 nl min™; buffer Awas 0.1% formic acid and buffer Bwas
84% acetonitrile/0.1% formicacid. The mass spectrometer was operated
in positiveion mode using data-dependent acquisition so that for each
fullmass scan, up to five MS/MS scans followed. Fragmentation was per-
formed using higher-energy collisional dissociation (HCD). Acquisition
settings for both full scans and MS/MS scans were: resolution 70,000,
one microscan, target value 104, injection time 250 ms; for MS/MS the
normalized collision energy was set at 25. LC-MS data were searched
against a custom-made tau database using Mascot Deamonv.2.6/Mascot
Distiller v.2.6.3 (Matrix Science) for charge and isotope deconvolution
before the search using the Mascot search engine. Quantitative analysis
was performed using Skyline v.20.1.0.31 (MacCoss laboratory) on the
LC-traces from the full mass scans. Every peak was inspected manu-
ally and adjusted when required. The ratio between the endogenous
peak and the heavy-labeled standard was used to get arelative peptide
quantification.

Tissue fixation and preparation for FFPE and free-floating staining.
Brains were perfusedin PBS and 4% paraformaldehyde (Nacalai Tesque,
cat.no.09154-85) and embedded in paraffin. For free-floating staining,
following perfusion, brains were immersed in 30% sucrose/PBS for
48 hat4 °Cand embedded in optimal cutting temperature compound
(SakuraFinetek, cat. no. 4583).

Immunohistochemistry and immunofluorescence. For immu-
nostaining of several tau antibodies, 30 um free-floating sections
were washed in PBS, followed by endogenous peroxidase quenching

in 0.3% H,0, in methanol for 15 min at room temperature. Sections
were blocked for1h 30 minin M.O.M. blocking solution (Vector labo-
ratories) and incubated in primary antibody overnight at 4 °C (Sup-
plementary Table 3). Sections were washed in PBS, followed by 15 min
secondary antibody incubation and 10 min signal-amplification with
avidin-biotin complex (Vector Laboratories) incubation. Positive signal
was detected using 3,3’-diaminobenzidine activated with H,0,. For
signal quantification, five 30 um horizontal sections were selected
from each mouse brain at the following bregmas (according to Paxi-
nos and Franklin mouse brain atlas): -1.24 mm, -2.36 mm, -3.28 mm,
—4.28 mm and -5.36 mm. For each bregma N = 6 mice were stained
(N=S5fornontransgenic WT mice). All sections were stained together,
blinded to genotypes. Ascore from 0 to 2 was added by visually assess-
ing all the anatomical regions on the atlas. Scoring was performed by
twoindependentscientists. Data wereimported on Prism for heatmap
generation, and anatomical representative images were performed
using BrainGlobe-Heatmap’'. Labels were added manually.

For immunostaining of Homer1, synaptotagmin and vGLUTI,
30 um free-floating tissue sections were pretreated in 1% Triton X-100
for 20 min. Sections were then blocked in 20% NGS, 1% BSA and 0.3%
Triton, in PBS for 2 hfollowed by standard primary antibody incubation
overnight at 4 °C. Sections are washed in 0.3% Triton X-100 in PBS for
30 minfollowed by secondary incubation for 4 hatroom temperature
and washed for 30 min before mounting.

For human FFPE staining, 8 um sections were deparaffinized in
xylene and rehydrated using graded alcohols. Following pressure
cooker pretreatment in citrate buffer for 10 min and endogenous per-
oxidase quenching for 10 min, sections were blocked in10% dried milk
solution. Tissue sections were incubated with primary antibodies for1h
atroom temperature, followed by biotinylated secondary incubation
for 30 minat room temperature and avidin-biotin complex for 30 min.
Color was developed with 3,3’-diaminobenzidine/H,0,.

For paraffin-embedded mouse brain sections, antigen retrieval
was performed by autoclaving sections at 121 °C for 5 min after depar-
affinization. Sections were then treated with 0.3% H,0, in methanol
toinactivate endogenous peroxidases, which was followed by rinsing
several times with TNT buffer (0.1 M Tris pH 7.5, 0.15 M NaCl, 0.05%
Tween-20), blocking for 30 min (TSA Biotin Systemkit), and incubation
overnightat4 °Cwith primary antibody diluted in TNB buffer (0.1 M Tris
pH 7.5,0.15 M NaCl). Sections were rinsed several times and incubated
for1hatroomtemperature with biotinylated secondary antibody (Vec-
tor Laboratories). Next, sections were incubated with horseradish per-
oxidase (HRP)-conjugated avidin for 30 min and tyramide-enhanced
fluorescein isothiocyanate or rhodamine for 10 min. Finally, sections
were stained with 4,6-diamidino-2-phenylindole (Cell Signaling Tech-
nology, cat. no. 4083S) diluted in TNB buffer before mounting with
PermaFluor (Thermo Fisher Scientific, cat. no. TA-030-FM). Sections
were scanned on aNanoZoomer Digital Pathology C9600 (Hamamatsu
Photonics) and analyzed by the Definiens Tissue Studio (v.3.60).

Gallyas silver staining. The sections were deparaffinized and hydrated
with xylene and ethanol and placed the sections in 5% periodicacid for
3-5min. Then, the sections were rinsed with H,0 and placed in silver
iodide solution (300 ml H,0 containing 12 g sodium hydroxide, 30 g
potassiumiodide, and10.5 ml1%silver nitrate) for 1 min. The sections
were placed in 0.5% acetic acid for 10 min and rinsed with H,0O. The
sections were placed in the solution containing 200 ml of 5% anhy-
drous sodium carbonate, 100 ml of buffer (0.19 g ammonium nitrate,
0.2 g silver nitrate, 1g tungstosilicic acid in H,0) and 100 ml of buffer
(0.19 gammonium nitrate, 0.2 g silver nitrate, 1 g tungstosilicicacid and
0.76 ml 37% formaldehyde in H,0) and stopped development in 0.5%
aceticacid for 5 min, followed by dehydration with ethanol and Xylene.

Sucrose gradient separation. The sucrose gradient separation of tau
oligomers was adapted fromJackson and colleagues®. Briefly, mice at
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6 and 18 months were euthanized by cervical dislocation and decapita-
tion. Whole brains were homogenizedin 1.5 mlice-cold PBS with HALT
Protease and Phosphatase inhibitor cocktail (Thermo Fisher Scientific,
cat.no. 78441) usingadounce homogenizer. Homogenates were spun
downat13,000gfor10 minat4 °C. The supernatants were set aside, and
the pellet was re-extracted a further three times, being careful not to
exceed atotal volume of 3 ml. Protein concentrations were determined
using a bicinchoninic acid assay (Thermo Fisher Scientific cat. nos.
23228and 23224);2.5%,5%,10% and 20% sucrose were prepared in water
and layered onto13.2 mlultraclear centrifuge tubes (Beckman, cat. no.
344059) in decreasing density (4 mlof 20% sucrose and 1.5 ml of 10%, 5%
and 2.5% each). Equalamounts of total proteinin 3 mlfrom each mouse
brainlysate wereadded ontop of thegradient. The prepared gradients
were then spunat250,000gfor4 hat4 °CinaSW41Tirotor (Beckman),
withnobreaking during deceleration. Six fractions were collected and
stored at —-80 °Cuntil analysis. The PBS fraction remaining at the top of
the sucrose gradient following centrifugation was called ‘Top. The tube
pellet that formed was sonicated into PBS for 3 min at 50% amplitude
(30 s on, 15 s off) at 4 °C and saved at —80 °C. For analysis of Sarkosyl
insolubility, 1 ml of each fraction was incubated with 1% final volume
of Sarkosyl for1hat room temperature with gentle rotation. Samples
were then centrifuged for1hat100,000gin a MLA-55 rotor. The pellet,
containing sarkosyl-insoluble tau, was sonicated into PBS for 1 min at
60% amplitude (15s on, 5soff) at4 °C.

Western blot analysis of sucrose gradient separation. Total tau
and sarkosyl-insoluble pellets from each fraction were prepared in
4x Laemmli sample buffer (Bio-Rad, cat. no. 1610747) containing
355 mM2-mercaptoethanol, and boiled at 95 °C for 5 min. Samples were
resolved using 7.5% Criterion TGX Stain-Free gels (Bio-Rad). Proteins
were transferred to low-fluorescence PVDF membranes (Bio-Rad) and
visualized using ultraviolet lightina Chemi-Doc MP imager (Bio-Rad).
Membranes were blocked with 5% milk powder in Tris-buffered saline
(20 mM Tris-HCI pH 7.4, 150 mM NaCl) containing 0.02% Tween-20
(TBST) for 1 h at room temperature. Primary antibodies were diluted
in Superblock TBS blocking buffer (Thermo Fisher Scientific) and
incubated with the membrane overnight at 4 °C. Membranes were
thenwashed twice in TBST and twice in 5% milk powder for 10 mineach.
Secondary HRP-conjugated secondary antibodies were diluted in 5%
milk powder and incubated with the membrane for 1 h at room tem-
perature. Membranes were then washed four timesin TBST for 10 min
each.Subsequently, proteins were visualized using Bio-Rad Clarity Max
Chemiluminescent substrate (cat. no. 1705062) in a Chemi-Doc MP
imager. The total protein signal, visualized using ultraviolet light, was
used to normalize labeled protein signal using the Image Lab software
packagev.6.1, build 7 (Bio-Rad). Dilution ratios of antibodies are listed
inSupplementary Table 3. This experiment was repeated at least three
times with consistent observations.

Processing of human FFPE tissue for seeding analysis. From each
case, five sections of 8 um thickness were cut on a microtome (Histo-
CoreBiocut, Leica). Antigen retrieval was performed by autoclaving for
5minat121°C. Gray matter from each of the five sections was scraped
offtheglassslide, pooled and placed into 10% w/v EDTA buffer (10 mM
Tris, pH 8.0, 1 mM EDTA). Samples were heated for 25 min at 95 °C
and allowed to cool down at 4 °C for 15 min. The samples were then
sonicated with a water bath sonicator (Qsonica, cat. no. Q800R3) at
4 °Cat50 amplitude for 60 minand stored at—80 °Cuntil further use.

Processing of mouse fresh frozen tissue for seeding analysis. The
posterior cortex of one hemibrain was homogenized using a manual
homogenizer (Kimble Pellet Pestle Cordless motor) in 10% w/vice-cold
TBS (50 mM Tris-HCI, pH 7.5,150 mM NaCl) containing cOmplete pro-
teaseinhibitors (Roche). Samples were sonicated with a water bath son-
icator (Qsonica Q800R3) at4 °Cfor 5 minat 65 amplitude (30 son, 60 s

off). Lysates were centrifuged at 21,000g for 15 min to remove cellular
debris. Protein concentrations were determined using a bicinchoninic
acid assay (Thermo Fisher Scientific, cat.no.23228 and 23224). Super-
natants were aliquoted and stored at =80 °C until further use.

Transduction of biosensor cell lines, flow cytometry and seeding
analysis. HEK Tau RD P301S FRET biosensors (ATCC CRL-3275) or HEK
TauRD S305N-YFP biosensors were culturedin DMEM (Thermo Fisher,
cat.no.41966-029) with10% FBS and 1% Pen-Strep. Cells were plated at
adensity of 38,000 cells per wellin a96-well plate ina volume of 130 pl
medium per well. Cells forimaging were plated ina PhenoPlate 96-well
microplate (Perkin Elmer) coated with poly-L-ornithine (Sigma-Aldrich,
cat. no. P4957). At 18 h later, cells were transduced with proteopathic
seeds; 1.25 pllipofectamine 2000 (Invitrogen) was mixed with 8.75 pl
Opti-MEM (Gibco, Life Technologies) and incubated at room tem-
perature for 5 min before mixing with 10 pg of total protein for mouse
samples or 4 pl for human samples. Negative controls received Lipo-
fectaminein Opti-MEM. After incubating mixtures at 37 °C for 30 min,
afinal volume of 20 plwas added to each well, and cells were incubated
for 48 h. For each sample, three technical replicates were included.

Flow cytometry. Tau RD P301S FRET biosensor cells were collected
with 0.25% trypsinand fixed in 4% PFA for 10 min, then resuspendedin
flow cytometry buffer (1x PBS and 1 mM EDTA). An LSR Fortessa Flow
Cytometer (BD Biosciences) was used to perform FRET flow cytometry
onthe TauRD P301S FRET biosensors. FRET was quantified as described
previously”. Briefly, single cells that were double-positive for YFP and
CFPwereidentified and FRET-positive cells within this population were
quantified. The gating strategy is described in Extended Data Fig. 6b.
The percentage of FRET (the number of FRET-positive cells per total
cell count) and the integrated FRET density (the product of percent
positivity and median fluorescence intensity) were used as output
measures. Data analysis was performed using FCS express v.7 (De Novo
Software) and GraphPad Prism v.9.4.1 for Mac OS X.

Imaging and spot count analysis. Tau RD S305N-YFP biosensors were
fixed in 4% PFA for 10 min and washed three times in DPBS. Cells were
then stained with Hoechst (Invitrogen, cat. no. 33342) at 1:1,000 for
10 min at room temperature, washed three times in DPBS and left in
PBS at4 °Cuntilimages were acquired with the high-content confocal
microscope Opera Phenix Plus (Perkin EImer). Excitation wavelengths
and emission filters used were as follow: YFP 488 nm, 650-760 nm,
Hoechst: 375 nm, 435-480 nm. Images were obtained using a x20
water immersive objective, with12fields of view per well, and a Z-stack
of sevenslices (1.5 um). The images were analysed using Perkin EImer
software Columbus v.2.9.1. Briefly, images were loaded as maximum
projection and basic flatfield correction was applied. Cells were seg-
mented by finding nuclei using Hoeschst 33342 channel and cytoplasm
was identified next by using the watershed of the Hoeschst channel.
The YFP-positive tauinclusions were identified using the ‘finding spots’
building block (method D) onthe YFP channel. The analysis result was
exported and the number of spots per nuclei was calculated. Datawere
subsequently plotted in GraphPad Prism.

4R-tau RT-QuIC. RT-QuIC was performed as described previously***.
Briefly, KIICFhrecombinant tau protein, atau fragment comprising R1-
R4 and extending to residue 400 with cysteine to serine mutations, was
purified, and utilized for amplification of 10% w/v PBS (with protease
and phosphatase inhibitors) extracts from human PSP frontal cortex
and 24-month-old posterior cortex of MAPT Kl and MAPTS305N:Int10+3 ]
mouse samples. KI1CFh was thawed from =80 °C and filtered through
100 kDa filters to remove preformed aggregates. Reactions were
seeded with 1x107° concentration of brain homogenates in the pres-
ence of 3 pMK11,10 uM ThT in a buffer containing 250 mM trisodium
citrate, 10 mM HEPES, pH 7.4. Reactions were subjected to rounds of
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60 s shaking (500 rpm, orbital) and 60 s rest, with periodic ThT read-
ings every 15 min at 37°C in a 384-well Nunc microplate (nontreated
polymer base, cat. no. 242764) in a BMG FluoStar lite with aluminum
sealing cover to prevent evaporation.

Super-resolution imaging and synapse analysis. Synapse counts were
performed as previously described”. Super-resolution synapse images
were obtained using a Zeiss LSM980 microscope with Airyscan detec-
torwithax63,1.4 numerical aperture oilimmersion Plan-Apochromat
objective. Theairyscan detector was aligned beforeimaging each new
slide. Five regions of interest (ROIs) of 1.15 pm were obtained in the
hippocampus and entorhinal cortex for each brain section. ROIs were
identified by selecting the same bregma (according to the Paxinos
horizontal mouse brain atlas, thatis, bregma-3.76 mm). An overview of
the whole hippocampusincluding the entorhinal cortex was performed
under the 4,6-diamidino-2-phenylindole channel. For each bregma, the
ROl at x63 was taken in the following regions, trying to maintain the
same location: polymorphlayer of the dentate gyrus, radiatum layer of
the hippocampus around the CA3 molecular layer (CA3-Rad), lacuno-
sum molecular layer of CA1 (CAl-LMol) and layer Il in the dorsolateral
entorhinal cortex (EC-Lyll). Super-resolution synapse images were
processed in Zen Black using three-dimensional Airyscan Processing.
Datawere analyzed independently by two blinded investigators. Imaris
software was then used for pre- and postsynaptic puncta detection,
usingintensity centers to maximize the detection of immunoreactivity
spots. Pre- and postsynaptic spots were colocalized using a MATLAB
colocalizationscript (Colocalize Spots XTension), using a colocalization
distance of 0.25 pm between spot centers. Dilution ratios of pre- and
postsynaptic antibodies are listed in Supplementary Table 3.

Amino-cupric silver staining. This method followed an original
method described previously*. Preimpregnation solution (100 mg
AgNO,,100 mlH,0, 53 mgDL-a-amino-n-butyric acid, 46 mgDL-alanine,
2 ml 0.5% copper nitrate (Cu(NO;),), 0.2 ml 0.5% cadmium nitrate
(Cd(NO,),),1.5 ml 0.5% lanthanum nitrate (La(NO,);), 0.5 ml 0.5% Neu-
tral Red, 1.0 ml pyridine, 1.0 ml triethanolamine, 2.0 ml isopropanol)
was heated in the microwave to 48 °C. Sections were placed into the
preheated solution and cooled at room temperature for 2-3 h. Fol-
lowing, sections were placed ina porcelain filter and washed for 1 min
with H,0 and twice with acetone (45 s-1 min for each wash) to remove
excess pyridine and preimpregnation solution. Tissue was then trans-
ferred inimpregnation solution (5 ml H,0, 412 mg AgNO;, 4 ml 100%
ethanol, 50 pl acetone, 3 ml 0.4% lithium hydroxide, 0.65 ml ammo-
nium hydroxide) for 45-50 min. Sections were transferred for 20 min
to the reduction solution (800 ml H,0, 90 ml100% ethanol, 11 ml10%
formalin, 6.5 ml1% citric acid monohydrate), which was preheated at
30 °C. Subsequently, the tissue was washed with H,0 and placed into
0.25% acetic acid for 1 min to stop the reduction reaction. Sections
were then washed with H,O for 1 min twice and the sections kept at
4 °C for at least 1 h before the bleaching treatment. Sections were
thenincubated in Solution 1 (6% potassium ferricyanide (K;[Fe(CN),]
and 4% potassium chlorate (KCIO; in lactic acid) in a porcelain desic-
cator at room temperature until they became relatively transparent
(approximately 60 s) to remove background silver deposits but not
degenerating elements, then washed with H,0. Sections were then
transferred to Solution 2 (0.06% potassium permanganate KMnO, and
5% sulfuricacidin H,0) in a porcelain desiccator and left until the sec-
tionsbecame yellow (around 15-20 s). Sections were then placed into
H,0 and washed twice for 5 min each before the stabilization step; in
this step, sections were transferred to stabilization solution (2% sodium
thiosulfate (Na,S,05) in H,0) for 1 min where they lost their yellow color
and became transparent. Sections were washed with H,O for 5 min and
placed in Rapid Fixer Solution (KODAK concentrated Rapid solution
A +B, diluted1:6 in H,0) for 1 min. Finally, sections were placed in H,O
and mounted with DPX mounting medium (Merck, cat. no.100579).

Behavior tests. Male mice (15-16 months of age) were used for clas-
sic behavior tests, while female mice (14-16 months of age) were
used in the IntelliCage system. Male mice were not compatible with
group-housing required for IntelliCage, and were therefore used for
the remaining classic behavior experiments. Single-sex studies are a
potential limitation of the study. The results of all behavior tests are
summarized in the Extended Data Fig. 8g.

Y-maze. The Y-maze apparatus (O’Hara) was composed of gray plastic
and consisted of three compartments (3-cm (width) bottom and 10-cm
(width) top, 40-cm (length) and 12-cm (height) radiating out from the
center platform (3 x 3 x 3 cmtriangle). Each mouse was placed onone
ofthearmsand allowed to explore freely for 8 min. A correct spontane-
ous alteration was counted when the mouse entered all three arms in
consecutive entries with overlapping sets of three. This was used as a
measure of short-term working memory performance’™.

Open-field test. Each mouse was placed in the middle of an open-field
maze (600 x 600 mm) (O’Hara) and allowed to explore the area for
10 min. The amount of time that mice spent in the central region was
measured as an indicator of anxiety, whereas the total distance was
measured aslocomotion activity as previously described”. One subject
fromthe WT mouse group wasremoved from the dataset in the analysis
for total distance because the score was identified as an outlier.

New object location test. The day before Session 1 (first day), mice
were placed inthe middle of the box without any object and allowed to
explore freely for 6 min as the habituation period. Onthe first day, two
identical objects were placed inside the box, and mouse exploration for
6 min was recorded. After 24 h, in Session 2, mice were reintroduced
into the box with the same two objects, one placed in an identical
location and the otherin adifferentlocation to thatinSession 1. Char-
acteristics of the exploratory behavior were again recorded for 6 min
and analyzed as described in the next paragraph.

Discrimination index is calculated as time spent exploring the
replaced object minus the time spent exploring the familiar object
divided by total exploration time, whichis notinfluenced by differences
in exploration time’. If mice did not reach a10-s minimum of explora-
tion for both objects at 6 min, they were exclude from analysis, as this is
notenough time exploring tolearn/discriminate. We also used a cut-off
of 55% to define the preference of the mouse towards new locations, as
previously described”’. Mice showing less than 55% preference towards
new locations were considered to show no preference and therefore
includedin the failed population.

Barnes maze test. The Barnes maze test was performed usingacircular
open field with 12 holes around the perimeter (O’Hara); this was
placed on a frame set to a final height of 90 cm above the floor. Each
mouse was trained for 2 min (habituation), three times per day on
two consecutive days to move via one of the holes from the brightly
lit (800 Ix) circular field to an escape box, composed of black Plexi-
glas (17 x 13 x 7 cm), without any visual cues. Acquisition training to
analyze their learning ability also consisted of three trials daily at an
intertrial interval of 30 min. Tracking of each mouse’s movements
was recorded using video hardware (O’Hara). At the start of each
trial, mice were placed in a start chamber located at the center of the
circular open field. Subsequently, the start chamber was removed,
and mice were allowed to explore the goal. The trial was terminated
when mice accessed the escape box or when 5 min had passed. Inthe
latter case, mice were compulsorily placed into the escape box and
held there for 1 min. To avoid any olfactory bias, the apparatus was
cleaned by wiping with 70% ethanol after each trial. Finally, the probe
test to analyze their memory ability for 3 min was performed without
the escape box 24 h after the final acquisition training to assess the
memory parameter dependent on the spatial information based on
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environmental cuesin the room. Four distal cues were placed around
the circular open field during the whole test. Latency to reach the
goal and the time spent around the goal were calculated at both the
acquisition training and probe test.

Rotarod test. Motor performance was assessed with aRotarod Tread-
mill (Muromachi Klkai Co., Inc., cat. no. MK-610A) according to the
protocol as described with some modifications’®. This task took place
over two consecutive days. Onthe first day, the mice were placed on the
rod for 2 mintobe habituated to the environment. On the second day,
mice were placed on the rod rotating 16 rpm, and the retention time
was measured (maximal latency to fall is 300 s). The scores averaged
with two trials were calculated as the mean latency to fall from therod.
To avoid any olfactory bias, the apparatus was cleaned by wiping with
70% ethanol after each trial. Two subjects from the WT mice group and
one subject from the MAPTS3®N0S Kl mice group were removed from
the dataset in the analysis for latency to fall because the scores were
identified as an outlier.

Principal component analysis. Behavior results were first scaled so
thatevery variable had amean value of 0 and ans.d. of 1, across experi-
mental groups. PCA was performed, and variance axes (or PCs) were
retained if efficient dimensionality reduction was displayed (individual
variance > 1/number of input variables). Individual PC scores were
projected in the two strongest variance vectors and averaged per
experimental group to highlight broad behavior differences.

IntelliCage system

Housing and testing environment. All behavior tests using Intelli-
Cage (TSE Systems GmbH) were conducted at the animal facility of
Phenovance LLC (Chiba, Japan), in accordance with that company’s
Animal Care and Use Committee guidelines (experiment approval
no. PRT202103_17RS). The animal facility was maintained at 20-26 °C,
40-70% relative humidity, 10-25 ventilation per hour and a12 h
light-dark cycle (08:00 on, 20:00 off). Two weeks before starting the
IntelliCage experiments, mice were anesthetized by isoflurane inhala-
tion with the aid of an SN-487-1T Scan instrument (Shinano Manufac-
turing) and implanted with a small, glass-covered radio-frequency
identification (RFID) microchip via a disposable injector with nee-
dle (2.12 x 12 mm, FDX-B 1SO11784/11785, FAREAD Technology).
The mice were housed in conventional plastic cages (2000P type,
612 x 435 x 216 mm, Tecniplast) in groups of 12-13 animals until the
experiment.

Apparatus (IntelliCage system). IntelliCage is a fully automated test-
ing apparatus for monitoring spontaneous and cognitive behaviors of
group-housed RFID-tagged mice in a home cage’. The corners of the
cage are equipped with four triangular operant chambers (hereafter
referredas corner A, B, Cand D) that permit the entry of a single mouse
at atime. The RFID antenna at each corner entrance recognizes the
microchip IDimplanted ineach mouse, whileinfrared sensors and lick-
ing sensorsinside the corner chambers monitor mouse behavior. Each
corner holds two water bottles, the nozzles of which can be accessed
through two nosepoke holes with motorized doors; the infrared
beam-break response detector on the nosepoke hole responds to the
mouse nosepokes, which trigger door opening/closing. Experimenters
can flexibly program the rules for opening/closing of the doors and
the lighting pattern of three LEDs located above each nosepoke hole.
Four IntelliCages were used for experiments and each group of mice
was divided as evenly as possible (two to four mice per genotype per
IntelliCage) for atotal of 12to 13 mice per IntelliCage. Each IntelliCage
was usually cleaned once a week, at which time the general health of
eachmouse was also carefully checked (bodyweights were measured;
condition of skin, hair, eyes, mouth, tail and basic walking movements
inan open cage were assessed visually.

Programs used for IntelliCage experiments. For the following Intel-
liCage experiments, each task program was selected from the Pheno-
vance Task Library, which contains a collection of task programs for
IntelliCage created by Phenovance LLC using specialized software
(Designer software, TSE Systems).

Exploratory behavior, basal activity and stereotypical behaviors.
Onthefirstday (Day 1) of the IntelliCage experiment, mice were trans-
ferred from the conventional 2000P cages to IntelliCages by tunnel
handling®, 2 h into the light period (10:00). All doors in the corner
chambers were kept open and mice were free to drink water from
any corner. From10:00 on Day 4, all the doors were closed to let mice
acquire nosepoke behavior to access water. A single nosepoke opened
the door for 3,000 ms to allow mice to drink water. The number of cor-
ner visits, nosepokes and lickings from Day 5 to Day 19 were measured
asindices of basal activity and stereotypical behaviors (corner prefer-
ences, nosepoke hole preferences and movement patterns between
corners).

Self-paced learning and behavioral flexibility test. This test is
designed to assess mice’s learning ability of the behavioral sequence
rule and behavioral flexibility to adapt to repetitive rule shifts (modi-
fied from an original protocol developed in a previous study®'. Each
mouse was assigned a pair of corners as rewarding corners and had
to shuttle between them to obtain water as a reward; water could not
be obtained from the other two corners (nonrewarding corners) until
the rule switched. When a mouse nosepoked at one of the rewarding
corners, thedooropened for 2,000 ms to permit the water intake, with
the followingrestrictions: (1) The door opened only once per visit and
(2) amouse was not permitted to obtain the reward by consecutively
re-entering the same corner. Because of these restrictions, mice were
forced to go back and forth between the assigned two rewarding cor-
nerstoobtain thereward, one defined asthe active corner and the other
as the inactive corner. A success response was defined as obtaining a
reward by a direct move from the previously active rewarding corner
to the current active rewarding corner, while a failure response was
defined as visiting one of the two nonrewarding corners and apply-
ing at least one nosepoke. The success and failure responses were
detected automatically and input to Wald’s sequential probability
ratio test (SPRT) statistics to calculate each mouse’s probability of
success. The significance level for the acceptance of each criterion
was 0.05. Corner visits without nosepokes were omitted from the SPRT
calculation. Whenever the performance of amouse reached the preset
upper criterion (30%), the assignment of rewarding and nonrewarding
corners for that mouse switched. Note that the switch occurred only for
mice whose successrate reached the upper criterion of SPRT. The test
consisted of two sessions called the ‘CS (complete shift)-only’ session
and the ‘CS (complete shift)/PS (partial shift)-shuffled’ session, each
of which lasted 24 h per day for 7 days. The detailed protocol for each
sessionis described below (see also a previous study conducted using
the same protocol)®.

Session 1(CS-only session): in this session, the mice were required
tolearnabehavioral sequenceinwhich they were rewarded for moving
back and forth between two diagonally opposite corners (for example,
corners A, C) out of four corners (corners A, B, C, D). When the perfor-
mance reached the upper criterion of SPRT, the two corners that had
been rewarding (corners A and C) and the two nonrewarding corners
(corners B and D) were reversed. Note that the term CS means that all
the previously rewarding corners and all the previously nonrewarding
corners were reversed at the same time. Within a session, there were
several test phases:the Original learning phase (Org) is the phase of initial
learning of the behavioral sequence rule until the first reversal occurs;
Orgwas followed by the CS1phase, when the rewarding and nonreward-
ing corners assignments reversed for the first time; the phases proceed
every timethereversal occurs (for example, CS2,CS3, and soon).
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Session 2 (CS/PS-shuffled session): in this session, the same pro-
tocol asinthe CS-only session was used until the end of the CS1phase.
When a mouse reached the upper criterion of SPRT in the CS1 phase,
only one of the two rewarding corners was replaced by one of the two
nonrewarding corners (henceforth referred to as PS). After that, the CS
and PS phases were imposed alternately on each mouse. All combina-
tions of the two corners out of four corners were presented twice each.

The number of trials, which is defined as the sum of the success
and failure responses required to reach the upper criterion, was used
to assess the efficiency of learning and behavioral flexibility at each
task phase. In addition, the average numbers of nosepokes per active
rewarding corner, inactive rewarding corner and nonrewarding corners
were calculated as secondary indices of behavioral flexibility. This is
based onthe notion that, no matter what type of corner visit it is, more
thanasingle nosepokeis redundantin this task—the second nosepoke
willnot provide any further reward in the active rewarding corner, and
neither the inactive rewarding corner nor the nonrewarding corner
provide reward, regardless of how many nosepoke attempts a mouse
may make. Therefore, repetitive nosepokes in each corner visit can
be interpreted as an inability to flexibly terminate the meaningless
actions; in other words, behavioralinflexibility derived from impulsive
or perseverative characteristics.

Behavioral inhibition and sustained attention test. This test was
designed based on the protocol of an operant schedule called dif-
ferential reinforcement of low rates with limited hold (DRL-LH): the
protocol assesses whether mice could maintainimpulsive nosepoking
behavior under control for a certainamount of time and whether they
could sustain attention during that time.

Inthis test, all mice were permitted to obtain water asarewardin
any of the four corners by making nosepokes in a way that followed
theserules: when amouse entered a corner, the leftmost and rightmost
LEDs above nosepoke holes were lit yellow. The LED lights turned off
when the mouse made its first nosepoke on either side, but the door
did notopen. Then, after acertainamount of time (delay time), the LED
lights turned back on (‘reward signal’), at which time the mouse could
obtain areward by making its second nosepoke. The door opened for
4,000 msinresponseto the nosepoke; after it closed, the trial for that
corner visitended, meaning that the mouse had to leave the corner and
re-enter it for more reward.

On the first day of the training phase (Training Day 1), the delay
time was set to 0, so mice were rewarded for nosepoking twicein arow.
OnTraining Day 2, the delay time was set to 100 ms, on Training Day 3
t0200 msand on Training Days 4-5to 500 ms. If the mouse nosepoked
during the delay time, the timer was set back to zero, meaning that
mice had to suppress nosepoke activity during the delay time to obtain
rewardsin an efficient manner.

At the end of Training Day 5, the following three test sessions were
conducted (4 days per session): in Session 1, a delay time of 500 ms,
1,000 ms or 1,500 ms was presented randomly in each trial. If a nose-
poke was made during the delay time, the timer was set back to zero and
recorded as one premature response. Inthe analysis, the percent of pre-
matureresponses during each delay time was used as anindicator of the
difficulty of behavioralinhibitory control. Anosepoke during the reward
signal opened the door for 4,000 ms to permit mice to drink water as a
reward. However, the reward signals were presented only for 5s,and ifno
nosepoke was made during that time, the reward opportunity was lost
forthattrial. The response time between the presentation of the reward
signal and the nosepoke was used as ameasure of sustained attention. In
Session 2,adelay time of1,000 ms, 1,500 ms or 2,000 ms was presented
randomly and, in Session 3, adelay time 0f 1,500 ms, 2,000 msor 2,500 ms
was presented randomly, otherwise the rules were the same as for Ses-
sion 1. For each of Sessions 1, 2 and 3, data from the second day onward
were used to evaluate performance, as the first day of each 4-day session
required familiarization with the new delay time condition.

Taste sensitivity and motivation/apathy. In the first part of this test,
sensitivity to taste was evaluated using differently flavored water.
After confirming that there was no significant difference inthe general
taste sensitivity between the groups, the motivation to obtaina highly
preferred sweet reward was evaluated based on an operant schedule
called progressive ratio®.

The following reagents were used for the taste sensitivity test: a
0.1% aqueous solution of saccharin (FUJIFILM Wako Pure Chemical
Corporation, cat. no.199-08665), a3 mM aqueous solution of citric
acid (FUJIFILM Wako Pure Chemical Corporation, cat. no. 038-06925)
and a 0.1 mM aqueous solution of (-)-quinine sulfate dihydrate (FUJI-
FILM Wako Pure Chemical Corporation, cat.no.175-00382). Saccharin
was used at a concentration known from previous evaluations to be
highly preferred by C57BL/6] strainmice. Citricacid and quinine, which
induce no preference in the strain atany concentrations, were used at
concentrations known to achieve aneutral to slight avoidance response
in C57BL/6) strain mice.

In the taste sensitivity test and the subsequent motivation test,
mice were able to drink flavored or plain water freely from any of the
four corners;intwo corners, they were able to drink flavored water from
the right nosepoke holes and plain water from the left. In the remaining
two corners, the positions of the left and right bottles were reversed.

The protocol for the taste sensitivity test was as follows. When
amouse visited a corner, the doors of the left and right nosepoke
holes were opened automatically. When the mouse nosepoked on
eitherside, the door on the side of the nosepoke closed after1,500 ms
(henceforth called the ‘tasting trial’). After the tasting trial, when the
mouse nosepoked the closed door again, the door opened for2,000 ms
(hereafter called ‘preference-based choice’). The mouse could repeat
the preference-based choice as many times asit wanted in asingle cor-
ner visit. In the analysis, the percentage of preference-based choices
made for flavored water out of the total choices made for both types of
solutions was used as a taste sensitivity index. The sensitivity to each
type of flavored water was assessed by testing over 2 days for each water
type. Day 1began at 12:00 noon, 4 h after the start of the light period,
withthe flavored and water bottlesinserted into the IntelliCage. Onthe
second day of the test, the positions of the bottles onthe left and right
sides of each corner werereversed at12:00 noon. Data were collected
until 12:00 noon the next day, when the study was completed for a
particular flavor. The mean value of the preference-based choice rate
for the flavored water on each day was used as a representative value
for comparison between groups. Taste sensitivities were evaluatedin
the order of saccharin as a sweet taste, citric acid as a sour taste and
quinine as a bitter taste.

After confirming that no significant difference in preference for
the 0.1% saccharin solution was apparent between the groups, the
degree of motivation for acquiring this sweet reward was tested using
the progressive ratio operant schedule. In this test, as in the previ-
ous sensitivity test protocol, the mice were able to choose between
the saccharin solution and plain water at each corner, but the fol-
lowing rules were added: for both saccharin water and plain water,
preference-based choice was initially considered to have been made
by making two nosepokes in a row after the tasting trial, where mice
were given 4,000 ms to drink the water. Thereafter, each time the
total number of preference-based choices exceeded 50, the number of
nosepokes required to drink saccharin water wasincreased one by one
untilten nosepokes were required for mice to obtain an opportunity to
drink saccharin water. During this period, the rates of preference-based
choice forsaccharin water to total preference-based choice were used
inthe analysis as anindex of motivation to seek palatable pleasure.

Social/competitive dominance in a group. In this test, mice were
acclimated to awater supply restriction schedule required for the test
by progressively limiting the water-available period during the day as
follows (Adaptation Days 1-10): In Adaptation Days 1-2, mice were able
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todrinkwater only during the 12 h of the dark period (20:00-8:00); in
Adaptation Days 3-4 from 21:00 to 05:00; in Days 5-6 from 22:00 to
04:00 and in Days 7-10 from 22:00 to 02:00. During this period, mice
were allowed to visit any corner during the water-available period,
and the door opened with each nosepoke, giving them 2,000 ms of
drinking opportunity. They were able to drink water repeatedly during
asingle corner visit.

To allow mice to distinguish between the water-available period
and the water not-available period, the following conditions were
added. First, the water-available period was signaled by an alarm
device (Tokyo Devices, cat. no. IWT120-USB) fitted to the outside of
the IntelliCage (but visible from inside the cage). The device was run
by aWindowsbatch filetobeep for 20 s at the beginning of the period
and a flashing red-colored LED light, which is known to be perceived
asalow-intensity light for mice, until the end of the period. Also, when
amouse entered the corner during the water-available period, the
leftmost and rightmost LED lights both litup inred.

The test was conducted for 11 days starting from the day after
Adaptation Day 10. Here, as in Adaptation Days 7-10, 4 h from 22:00
to 02:00 were set as the water-available period, and the following
conditions were added: mice could openthe door only once per corner
visit; mice were not able to drink water by re-entering the same corner
repeatedly. Under these conditions, it is known that mice in the Intel-
liCage behave competitively for the opportunity to access the limited
number of water sources (four corners), at the beginning of the test,
especially during the first 5 min, and that they behave dominantly or
subordinately in this competitive situation depending on their growing
environment, genetic factors and so on®*%,

In the analysis, we used the corner visit duration (corner occu-
pancy) of 5 and 10 min immediately after the start of the test as an
index of competitive behavior or dominance. The mean total corner
visit duration during the daily water-available period was calculated
to examine whether there was any difference in the basic motivation
of the mice toward water intake.

Statistics

When comparing means in three or more groups, statistical analysis
was performed by one-way or two-way analysis of variance (ANOVA)
(depending on the number of independent variables assessed) fol-
lowed by a post hoc test; Tukey’s test was applied if the data passed
the Brown-Forsythe equal variance tests. If the normality test or the
equalvariancetest did not pass, Kruskal-Wallis one-way ANOVA on the
ranks followed by Dunn’s multiple comparison tests was performed. A
x> goodness of fit test was performed to investigate statistical differ-
ence for sample group (MAPTKI, MAPTS*N"103 K and PSP) comparing
the expected distribution (mean of observed values) of the samples
from the observed values of each group. To identify outliers, we used
the ROUT method provided by Prism software (San Diego). The spe-
cific statistical test performed in each assessment can be found in
the respective figure legend and individual genotype comparison
results can be found in the statistical summary. All data are shown as
themean + s.e.m. All data were analyzed and displayed with Prism soft-
ware. PCA analysis and plotting used Python (Python software founda-
tion v.3.9.12, available at https://www.python.org/) and the scientific
Python stack: scipy (v.1.8.1), numpy (v.1.23.1), scikit-learn (v.0.19.3)
and matplotlib (v.3.5.2). No statistical methods were used to predeter-
mine sample sizes but our sample sizes are similar to those reported
in previous publications*?’***2, Animals were assigned randomly to
different experimental groups. The experiments were blinded to the
genotype of the animal. In the behavioral test with IntelliCage, the mice
were implanted with RFID microchip allowing for recognition of each
mouse; therefore, for this experiment we could not be blinded to the
genotype. However, we randomly chose the mice across the genotype
and transferred them to the IntelliCage apparatus. Experiments with
human samples were performed blindly.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets generated during and/or analyzed during the current
study are available from the corresponding author on request. The
whole-genome resequencing data are deposited in SRA (NCBI) under
the accession number SAMN43357596 (MAPT KI), SAMN43357597
(MAPT™°*3 K1) and SAMN43357598 (MAPTS305NInt10+3 K1) under project
accession number PRJNA1152251. The mutant mice described will be
shared withtheresearch community uponrequest to T.C.S.and RIKEN
BRC. Source data are provided with this paper.
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Extended Data Fig. 1| Sanger sequencing of other mutant MAPT KI mice. Sanger sequencing results determined MAPT™" KI, MAPT™%'S KI, MAPT***V K1,
MAPTPOILINIOS KT and MAPTO1S1n10+3 KT mice. Mutation loci are indicated by arrowheads in black and the substituted amino acids are highlighted inred.
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tauin MAPT K1, MAPT"°* Kl and MAPTS>05%"193 K mice. a, The relative in MAPTS30SN:nt103 K line was not detected because serine (S) at position 305 was
expression of 3 Rand 4 R tau were calculated by semi-quantitative RT-PCR using converted to asparagine (N). c-e, Immunostaining of 3 Rand 4 Rtauin the brains
the brain from Mapt KO, MAPTKI, MAPT™°*KI, and MAPT®*%N"103 K| and PS19 of 3-month-old MAPT KO, MAPT KI, MAPT"™°"* KI, and MAPTS**SN"10*3 Kl mice
(n=3foreachgroup).b, Amount of tau peptides based on the isoform resulting (n=4foreachgroup,n=2femalesand n=2males).Scalebar represents1 mm.
from alternative splicing by LC-MS/MS analysis in the brains of 12-15 month-old Datain (b), (d), and (e) represent the mean + SEM. (two-way ANOVA followed by
MAPTKI (n = 6; sex-matched), MAPT™*KI (n = 5; n = 3 female and n =2 males), Tukey’s multiple comparison test).
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Extended DataFig. 4 | Immunostaining of tauin MAPTKI, MAPT"°"* Kl and
MAPTS30N 103 KT mijce. a, Immunostaining of phosphorylated tau detected by
AT8antibody in the brains of 12-month-old MAPTKI, MAPT""°*K1, and

MAPTS3OSN 1053 K mice. Scale bar represents 1 mm in upper panel (hemibrain),
500 pmin the middle panel (hippocampus), 100 umin the lower panel (piriform/
entorhinal (Pir/Ent) cortex) and 50 pm in the insert. b, Immunostaining of
phosphorylated tau detected by AT8 antibody in the brains of 15-month-old
MAPTKI, MAPT™ 0% K1, and MAPTS305N"t10+3 K| mice. Scale bar represents 200 pm
inlest panel (hemibrain), 50 pmin the middle panel (CA3), and 100 pminright

panel (EC). ¢, Immunostaining of phosphorylated tau detected by AT8 antibody
in the brains of 6-month-old MAPT K1, and MAPTS35N: 103 K mice. Scale bar
represents 200 umin the left panel and 100 pm in the right panel. Arrowhead
indicates AT8 positive signals. d, Immunostaining of tau using several anti-

tau antibodies (CP13, AT8, T22, MC1, and TOC1) in the brains of 30-month-old
MAPTS3ONn103 K mijce, Scale bar represents 200 pmin the left panel (hemibrain)
and 100 pm in the right panel (EC). All experiments were repeated independently
atleast three times with similar observations.
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7 Ok

Extended DataFig. 5| Neurodegenerative analysis in MAPT KI, MAPT KI, MAPT 13 KImice, and AD patient. Gallyas staining in the brains of 15-month-
old MAPT K1, MAPT"™°* K1, and MAPT®*%N: 1103 K| mice (n = 3 animals per genotype, n = 2 females and n =1 male) and AD patient. Scale bar represents 100 pm in mouse
samples and 50 pumin the AD patient.
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Extended DataFig. 6 | Insolubility of tau in PS19 mice and seeding assays

of tau with P301S biosensor cell line. a, Immunoblotting of tau detected by
CP13 antibody in separated fractions (Top-50% range) of brain lysates from

PS19 and WT mice at 9 months of age, with at least three technical replicates
with similar observations. b, The gating strategy for FRET Flow cytometry. Cell
population (left) and singlet/doublet (middle) gates are drawn using standard
flow cytometry methodology. A FRET gate (right) is constructed from untreated
CFP /YFP cells without YFP single-positive cells. Analysis parameters include:
percent FRET positivity, median fluorescence intensity (MFI) of FRET-positive
events, and the Integrated FRET Density (Integrated FRET Density = Percent FRET
- positive cells x MFI). ¢, FRET versus donor (CFP) bivariate plots showing FRET-
positive and FRET-negative P301S biosensor cellsincubated with brain lysates
from MAPT KI, MAPT™™°*3KI, and MAPTS305N:1nt10+3 K| mijce at 15 months and from
PS19 mice at 9 months. d, FRET versus donor (CFP) bivariate plots showing the
FRET-positive and FRET-negative P301S biosensor cells incubated with extracts

from FFPE-embedded tissue from AD and FTLD patients with Intron10 + 3 and
S305N mutations in the MAPT gene. e, Integrated FRET density from brain lysates
from MAPTKI (n =5), MAPT™° KI(n = 4) and MAPTS3SN 103 K| (n = 5) mice at
15months and PS19 (n =1) mice at 9 months as a positive control. f, Integrated
FRET density from AD (n =3) and FTLD patients with Intron10 + 3 (n = 3) and
S305N (n=1; due to un availability of tissue) mutations on the MAPT gene. Data
represents the mean + SEM. (one-way ANOVA with Tukey’s multiple comparison
test). g, RT-QuIC aggregates half-way curve (t,,) from the combination of the
biological replicates from 24 M posterior cortex MAPT K1 (n = 5) and MAPTS**N:
Ini0+3 K[ (n = 5) and positive control progressive supranuclear palsy (PSP; n = 3)
motor cortex brain homogenates, where the points arranged in a horizontal
alignment at 67 hdenote reactions where ThT fluorescence levels did not surpass
the threshold, suggesting the absence of fibril formation. h, RT-QuIC ThT
maxima from the combination of biological replicates asing.
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Extended DataFig. 7| Synaptic loss in MAPTS3*N 103 K mice.

a, Representative super-resolution images of Homerland vGLUT1 puncta
colocalization in the entorhinal cortex layerll (EC-Lyll) regions of 16-month-old
MAPTKI, MAPT"™%3, and MAPT®%Nn103 K mice. Scale bar represents 5 pm.

b, Quantification of vGUT1/ Homerl1 colocalization density in the polymorph
layer of the dentate gyrus (PoDG), CA3 stratum radiatum (CA3-Rad), CAl1
lacunosum molecular layer (CAl-Lmol), and entorhinal cortex layerIl (EC-LylI)
regions of 16-month-old MAPT KI, MAPT™%3 and MAPTS30SN: 103K | mijce

(n=>5animals per genotype). c,d, Inmunoblotting of synaptophysin, Homer1,
PSD-95, and tublinin the tris-soluble fraction of brain lysates from WT, MAPT KI
and MAPTS30N 103 KT mice at 16 months of age (n = 3 for each group, n = 2 female
and n =1males) and in PS19 (n =1) mice at 9 months of age. These blots were
derived from separate membranes, with an equal amount of protein loaded. In
(b), the datarepresent the mean + SEM (two-way ANOVA with Tukey’s multiple
comparison test). In (d), the data represent the mean + SEM.
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Extended DataFig. 8 | Locomotor performance indicated in MAPT305V Int10+3G>4
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2" day of novel object location test (WT: n =17, MAPTKI: n =15, MAPT™°* Kl

n =14, MAPTON10S K. n = 14). ¢, Higher failure (defined as <55% preference) in
visuospatial memory tests on the novel object location for MAPTS3%N "0 K mice
compared to WT, MAPTKI, MAPT™°** Kl mice at 15-16 months of age (WT:n=17,
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d, Total distance of WT, MAPTKI, MAPT™ %3 KI, and MAPTS39N:nt103 K mijce at
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Rotarod test (WT:n =15, MAPTKI: n =15, MAPT™ %3 K]: n = 14, MAPTS305N: Int10+3

KI: n=15) (created with BioRender.com). g, Summary of the behavior tests. In
(b) and (d), the data represent the mean + SEM (one-way ANOVA with Tukey’s
multiple comparison test). In (c), the data represent the mean + SD. In (f), the
datarepresent the mean + SEM (Kruskal-Wallis one-way ANOVA test with Dunn’s
multiple comparison test).
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Results from SP-FLEX (behavioral sequence learning
and behavioral flexibility task), behavioral inhibition and competitive
dominance tests. a-c, Number of trials to reach criteria and nosepokes of
14-16-month old WT, MAPT KI, MAPT"°*3 K1, and MAPTS3%N:n10+3 K mice in the CS
(complete shift)-only session of Self-paced Learning and Behavioral Flexibility

Test (SP-FLEX) (WT: n =14, MAPTKI: n =11, MAPT"0*3KI: n = 15, MAPTS3 05N Int103 K

n=10).d, Percentage of premature responses displayed by 14-16-month old WT,
MAPTKI, MAPT™ 3 K1, and MAPT>**N"103 K mice in Session 1 of the behavioral
inhibition test (WT: n =12, MAPTKI: n =11, MAPT™ 03 KI: n = 15, MAPTS30SN:Int0+3 (.

n=9).e,f, Average corner occupancy time displayed by WT, MAPT KI, MAPT'"1°*3
KI, and MAPTS30SN:n10%3 K mice at 0-4 h over 11days. (WT:n=10, MAPTKI:n=9,
MAPT™O3KI: n =14, MAPTS*0SN 103 K. n = 9) (created with BioRender.com).

g, Average corner occupancy time displayed by WT, MAPTKI, MAPT™°3KI, and
MAPTS30N:10%3 K mice in the first 5 min over 11days. h, Average corner occupancy
time displayed by WT, MAPT KI, MAPT""°3 K], and MAPTS3N:"103 K mice in the
first 10 min over 11days. In (d), datarepresent the mean + SEM (one-way ANOVA
with Tukey’s multiple comparison test). In (g), data represent the mean + SEM.
(two-way ANOVA with Tukey’s multiple comparison test).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  LC-MS/MS: Dionex 3000 LC-system (Thermo Fisher Scientific). Immunohistochemistry: Zen Black 3.0 (Zeiss) and NanoZoomer Digital Pathology
C9600 (Hamamatsu Photonics). Biosensor cells: LSRFortessa Flow Cytometer (BD Biosciences) and Opera Phenix Plus (Perkin Elmer). Classical
Behavioral analysis (Y-maze, Open-field, Novel object location and Barnes-maze tests): O'hara & CO.LTD. IntelliCage: the software provided by
the Phenovance Research & Technology,LLC.

Data analysis Data representation: Prism 9.4.1 (GraphPad Software, Inc)
Image Analysis: Image J (1.53a) and Fiji software 1.0 (NIH), Imaris Cell Imaging Software 9.8 (Bitplane), and Definiences Tissue Studio (3.60).
Whole genome sequencing: Isaac Genome Alignment software (version 01.15.02.08) and Isaac Variant Caller (ICV) (version 2.0.13) Flow
Cytometry: FCS express v7 (De Novo Software)
LC-MS/MS: Mascot Deamon v2.6/Mascot Distiller v2.6.3 (Matrix Science) and Skyline v20.1.0.31 (MacCoss lab)
Python (v.3.9.12) and the scientific python stack: scipy (v.1.8.1), numpy (v.1.23.1), scikit-learn (v.0.19.3), and matplotlib (v.3.5.2)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets generated during and/or analyzed during the current study are available from the source data or the corresponding author on request. The whole
genome resequencing data are deposited in SRA (NCBI) under the accession number SAMN43357596 (MAPT Kl), SAMN43357597 (MAPTInt10+3Kl), and
SAMN43357597 (MAPTS305N; Int10+3KI) under Project accession number PRINA1152251.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Information regarding sex and gender is included in Supplementary Table 5, however sex and gender were not taken into
consideration when including patient samples, but availability of the tissues.

Population characteristics Post-mortem samples of 3 AD patients (0 male, 3 female; age at death between 61-86y), 3 FTLD-IVS10+3 patients (3 male, O
female; age at death between 42-57y), 1 FTLD-S305N patient (1 male, O female; age at death 46y), and 3 PSP patient (2 male,
1 female; age at death between 67-76) were analyzed. See Supplementary Table 5 for PMI, ApoE, Braak Stage,and brain
region.

Recruitment Samples were selected based on neuropathological examination and availability of the tissues, which is unlikely to have
impacted the results and conclusions.

Ethics oversight All brain samples were donated with informed consent in compliance with the 1998 data protection act and summarized in
Supplemental Table 5. Ethical approval for the study was acquired from NHS and UCL ethics committee (QSBB

UCLMTAO6-23) and in accordance with the human tissue authority’s code of practice and standards under license number
UCLMTA 06-23, with an approved material transfer agreement.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size used in this study are appropriate. FTLD-S305N patient samples were limited. No statistical methods were used to pre-
determine sample sizes but our sample sizes are similar to those reported in previous publications (Watamura et al., 2022; Balan et al., 2021;
Oizumi et al., 2020; Endo et al., 2012; Ishii et al., 2015; Hashimoto et al., 2019).

Data exclusions  Inthe behavioral test with IntelliCage, some mice were excluded because they died during test (Figure8, Supplemental Figure 9 and 10). In
terms of other experiments, there is no data exclusions except for the outliers identified by ROUT method of Prism software in this study.

Replication All presented data are representative of the same experiment performed in at least 3 animals. All experiments were replicated in at least two
independent experiments unless stated otherwise.

Randomization  Animals were randomly assigned to different experimental groups. The allocation of human samples was random.

Blinding The experimentalist were blinded to the genotype of the animal. In the behavioral test with IntelliCage, the mice were implanted with a small,
glass-covered radio-frequency identification (RFID) microchip to recognize each mouse therefore the experimentalist were not blinded to the
genotype. However, we randomly chose the mice across the genotype and transferred them to the IntelliCage apparatuses. Experiments with
human samples were performed in a blinded fashion.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
QD
Y
(e
=
)
§o;
o)
=
o
=
D)
©
o)
=
S
Q@
wv
(e
=
S}
Q
<L

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[] Antibodies [] chip-seq

[] Eukaryotic cell lines [ 1IDX| Flow cytometry

IXI|[ ] Palaeontology and archaeology [ ] MRI-based neuroimaging

[] Animals and other organisms

|Z| |:| Clinical data

IXI|[ ] Dual use research of concern

Antibodies

Antibodies used CP-13 Kindly provided by Cristina D'Abramo WB1:500 IHC1:500
AT8 Inoggenetics #90206 (anti-PHF-TAU)/Thermo Fisher MN1020b WB1:2000 IHC1:500
PHF-1 Kindly provided by Peter Davis WB1:2000 IHC1:1000
AT180 Thermo #MN-1040 [IHC1:100
AT270 Thermo #1050 IHC1:100
TOC1 Kindly provided by Nicholas Kanaan IHC1:1500
T22 Merck ABN454 IHC1:500
MC1 Kindly provided by Cristina D'Abramo IHC1:500
Taul3 Santa Cruz #sc-21796 WB1:2000
Tau5 Thermo #AHB0042 WB1:2000
HT7 Thermo #MN-1000 WB1:2000
K9JA Dako # A0024 WB1:10000
RD3 Merk Millipore #05-803 IHC1:100
RD4 Merk Millipore #05-804 IHC1:100
Synaptotagmin Synaptic System 105-002 [HC1:500
Homer Synaptic System 160-004 WB1:1000 IHC1:500
VGLUT1 Synaptic System 135-303 IHC1:500
B-actin Sigma A5441 WB1:5000
Synaptophysin ab14692 WB1:1000
PSD-95 ab18258 WB 1:1000
Tubulin Sigma MAB1864 WB 1:2000
Secondary antiodies
Goat anti-Rabbit IgG Secondary antibody, Alexa Fluor TM 488 Invitrogen #A-11008 [HC1:500
Goat anti-Chicken IgY Secondary antibody, Alexa Fluor TM 568 Invitrogen #A-11041 [HC1:500

Validation CP-13, AT8, PHF-1, Taul3, Tau5, HT7 and K9JA were validated with Tau KO mice for WB. Validation studies for other antibodies can

be found on the manufacture's website.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) ATCC

Authentication HEK Tau RD P301S FRET Biosensor was obtained from ATCC (CRL-3275) .
HEK Tau RD S305N-YFP was created in house.

Mycoplasma contamination HEK Tau RD P301S FRET Biosensor was not manipulated in our laboratory. HEK Tau RD S305N-YFP was not tested for the
mycoplasma contamination.

Commonly misidentified lines  pygme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals Animals used in this study: C57BL/6J (WT) Stock no. 000664, MAPT KI mice (Saito et al., 2019 and Hashimoto et al., 2019). MAPTInt10
+3 KI, and MAPTS305N; Int10+3 KI mice were generated by the base editors based on the MAPT KI mice (Please see methods). PS19
mice (Yoshiyama et al., 2007) were used as positive controls. ICR (Jcl) mice were used as zygote donors and foster mothers. Animals
between the ages of 3-30 months were used in this study.
Wild animals No wild animals were used in this study
Reporting on sex Both female and male mice were used in this study

Field-collected samples  No field collected samples were used in this study

Ethics oversight All animal experiments were conducted in accordance with guidelines of the RIKEN Center for Brain Science (W2021-2-020(3)) and
UK animal act, 1968 (PP7490525), , and following local ethics committee approval

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Tau RD P301S FRET biosensor cells were harvested with 0.25% trypsin and fixed in 4% PFA for 10 min, then resuspended in
flow cytometry buffer (1X PBS and 1mM EDTA). An LSRFortessa Flow Cytometer (BD Biosciences) was used to perform FRET
flow cytometry on the Tau RD P301S FRET biosensors. Briefly, single cells that were double-positive for YFP and CFP were
identified and FRET-positive cells within this population were quantified. The percentage of FRET (the number of FRET-
positive cells per total cell count) and the Integrated FRET density (the product of percent positivity and median fluorescence
intensity) were used as output measures. Data analysis was performed using FCS express v7 (De Novo Software) and
GraphPad Prism v9.4.1 for Mac OS X.

An LSRFortessa Flow Cytometer (BD Biosciences)

FCS express v7 (De Novo Software) and GraphPad Prism v9.4.1 for Mac OS X.

FRET was quantified as previously described (Furman et al., 2015).

Single cells that were double-positive for YFP and CFP were identified and FRET-positive cells within this population were
quantified. The percentage of FRET (the number of FRET-positive cells per total cell count) and the Integrated FRET density

(the product of percent positivity and median fluorescence intensity) were used as output measures. Gating strategy was
followed with previous literature (Furman et al., 2015) and described in the Extended Data Fig. 6b.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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