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SUMMARY
Alzheimer’s disease (AD) is a proteinopathy exhibiting aggregation of b-amyloid (Ab) as amyloid plaques and
tau as neurofibrillary tangles (NFTs), whereas primary tauopathies display only a tau pathology. Ab toxicity is
mediated by Fyn kinase in a tau-dependent process; however, whether Fyn controls tau pathology in dis-
eases that lack Ab pathology remains unexplored. To address this, we generate the Tg/Fyn�/�mouse, which
couples mutant tau overexpression with Fyn knockout. Surprisingly, Tg/Fyn�/�mice exhibit a near-complete
ablation of NFTs, alongside reduced tau hyperphosphorylation, altered tau solubility, and diminished synap-
tic tau accumulation. Furthermore, Tg/Fyn�/� brain lysates elicit less tau seeding in tau biosensor cells.
Lastly, the fibrillization of tau is boosted by its pseudophosphorylation at the Fyn epitope Y18. Together,
this identifies Fyn as a key regulator of tau pathology independently of Ab-induced toxicity and thereby rep-
resents a potentially valuable therapeutic target for not only AD but also tauopathies more generally.
INTRODUCTION

Protein aggregation is a defining feature of all neurodegenerative

disorders. Affecting more than 50 million people worldwide,

Alzheimer’s disease (AD) is the most prevalent form of dementia

(Polanco et al., 2018a). AD is a proteinopathy characterized by

two histopathological lesions: extracellular amyloid plaques

consisting of aggregated b-amyloid (Ab) peptides and neurofi-

brillary tangles (NFTs) consisting of the microtubule-associated

protein tau within the somatodendritic domain of neurons. Ab

and tau act synergistically in impairing neuronal and synaptic

functions (Polanco et al., 2018a). However, to date, the signaling

pathways that underlie this toxic cascade remain incompletely

understood.

Tau is an intrinsically disordered and highly soluble, axonally

enriched protein that in its longest human isoform has 80 serine

and threonine residues and 5 tyrosine residues, which can

potentially be phosphorylated (Wang and Mandelkow, 2016). In

disease, tau becomes abnormally hyperphosphorylated at spe-

cific sites (Grundke-Iqbal et al., 1986), which reduces its affinity

for its primary ligand tubulin (Biernat et al., 1993) and promotes

its accumulation in the somatodendritic compartment (Hoover

et al., 2010; Xia et al., 2015). Multiple factors, including (but not

limited to) specific phosphorylation patterns (Despres et al.,

2017), interactions with other proteins (Apicco et al., 2018; Shel-

ton et al., 2017), and templated prion-like misfolding (Clavaguera

et al., 2013; Mirbaha et al., 2018; Sanders et al., 2014), combine

to drive its oligomerization. Eventually, these tau oligomers fibril-

lize and undergo a phase transition from the soluble to the insol-

uble state, finally depositing as NFTs (Wegmann et al., 2018). It

appears that tau is particularly neurotoxic in its soluble, oligo-

meric form (Fá et al., 2016; Lasagna-Reeves et al., 2011) and
Ce
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that this tau species is capable of propagating from neuron to

neuron, a phenomenon that is thought to underlie the stereo-

typed spreading of tau pathology in the diseased human brain

(Polanco et al., 2018b, 2016; Takeda et al., 2015).

Several lines of evidence support a central role for tau in AD

pathogenesis and neurodegeneration. These include the fact

that tau is capable of causing neurodegeneration by itself, as evi-

denced by familial tauopathies (such as frontotemporal lobar

degeneration [FTLD] with tau) (Forrest et al., 2018; Hutton

et al., 1998), as well as other sporadic tauopathies (Li et al.,

2019). Furthermore, the severity and duration of AD correlates

with the gradual region-to-region spreading of NFTs, but not

that of amyloid plaque deposition (Nelson et al., 2012). More-

over, tau and not Ab pathology is the predominant cause of

neuronal silencing in animal models of AD (Busche et al.,

2019). Lastly, there is accumulating evidence that postsynaptic

Ab-initiated synaptic dysfunction is dependent on tau (Götz

et al., 2001; Ittner et al., 2010; Roberson et al., 2007).

A crucial mediator of this tau-dependent, Ab-initiated synaptic

toxicity is the Src family non-receptor tyrosine kinase Fyn. Fyn is

a central hub for N-methyl D-aspartate receptor (NMDAR)

signaling and a key enzyme in synaptic plasticity and long-

term potentiation (Grant et al., 1992; Trepanier et al., 2012). Initial

interest in Fyn in an AD framework came from the observation

that Fyn levels rise in AD (Ho et al., 2005), and that the enzyme

regulates the synaptic deficits elicited by Ab; Fyn overexpression

exacerbates cognitive defects and loss of synapses in Ab-form-

ing transgenic mice (Chin et al., 2005), while genetic Fyn deple-

tion or inhibition protects from Ab-induced cell death and mem-

ory deficits (Chin et al., 2004; Kaufman et al., 2015; Lambert

et al., 1998). Critically, Fyn physically interacts with tau through

its SH2 and SH3 domains (Bhaskar et al., 2005; Lau et al.,
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2016; Lee et al., 1998; Usardi et al., 2011) and directly phosphor-

ylates tau at residue Y18 (Bhaskar et al., 2010; Lee et al., 2004),

an event that enhances the affinity of Fyn for tau and mirrors the

progression of tauopathy in humans and tau transgenic mice

(Bhaskar et al., 2010; Neddens et al., 2018).

Mechanistic insight into the pathological basis of the tau-Fyn

interaction was provided by the demonstration that tau’s target-

ing of Fyn to the postsynapse facilitates Ab neurotoxicity by sta-

bilizing the coupling of NMDARs with PSD95 (Ittner et al., 2010).

Additional neuronal pathways of Ab-induced synaptic dysfunc-

tion involving the tau-Fyn axis have since been reported (Frande-

miche et al., 2014; Larson et al., 2012; Nygaard, 2018; Um et al.,

2012, 2013). Furthermore, the phosphorylation of tau at Y18 by

Fyn specifically appears to aid the targeting of tau to the postsy-

napse (Larson et al., 2012; Usardi et al., 2011), where pY18-tau is

capable of inducing excitotoxic NMDAR activity even without

binding Fyn directly (Miyamoto et al., 2017). Additional evidence

for the importance of the tau-Fyn interaction in AD comes from

the recent discovery that these proteins jointly boost the misloc-

alization and hyperphosphorylation of tau through the Ab-in-

duced activation of the ERK/S6 pathway, thereby causing local

de novo translation of tau in the somatodendritic compartment

(Li and Götz, 2017).

Although the shared pathways of tau and Fyn in Ab signaling

have been extensively investigated, to our knowledge, there

are no studies that have examined how Fyn itself influences

tau aggregation in a system that lacks Ab. We therefore gener-

ated the Tg/Fyn�/� transgenicmouse strain in which FTLD-asso-

ciated mutant tau overexpression is coupled with a Fyn

knockout.

To our surprise, these mice exhibited a remarkable reduction

in NFT formation, reduced tau histopathology with respect to

multiple tau phosphoepitopes, altered tau solubility, and

decreased synaptic accumulation of tau. Furthermore, using a

tau biosensor cell line, we showed that Tg/Fyn�/� brain lysates

seed fewer tau aggregates, which are more fragmented and

disordered than those induced with rTg4510 lysates. Finally,

our results revealed that tau fibrillization is accelerated by the

phosphorylation of tau at Y18. Together, these findings lead us

to conclude that Fyn is essential in mediating the formation of

high-molecular-weight tau aggregates and thereby drives tau

pathology independently of Ab.

RESULTS

The Novel Mouse Strain Tg/Fyn�/� Exhibits a Near-
Complete Loss of Cortical NFTs
In order to understand the function of Fyn in the development of

tau pathology, we crossed the tauopathy model rTg4510 (that

expresses P301L FTLD mutant tau) with a mouse with a com-

plete knockout of the kinase Fyn, generating a new strain that

we named Tg/Fyn�/�.
We first sought to evaluate the degree of neurofibrillary tau pa-

thology in the Tg/Fyn�/� strain relative to the parental rTg4510

strain by using Gallyas silver staining to detect argyrophilic tau

inclusions (Figure 1). Three neocortical optical fields were used

in this analysis (Figure 1N): the dorsal neocortex, comprising

retrosplenial and parietal association areas (Figures 1A–1D);
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the somatosensory cortex, comprising regions S1 and S2 (Fig-

ures 1E–1H); and the temporal neocortex, comprising the tem-

poral association area and ectorhinal cortex (Figures 1I–1L).

For each region, the number of NFTs per field was reported,

together with a combined total for the entire neocortex (Fig-

ure 1M). NFTs were not quantified in the hippocampal formation

due to their relative sparsity in rTg4510 mice at 6 months of age,

when the analysis was performed.

As previously reported (Santacruz et al., 2005), the rTg4510

mice presented with pronounced cortical NFT accumulation.

Strikingly, however, Tg/Fyn�/� mice displayed a near-complete

abolishment of neocortical NFTs, with reductions relative to

rTg4510 NFT counts of �90% in the dorsal neocortex, 94% in

the somatosensory cortex, and 96% in the temporal neocortex,

amounting to an overall mean cortical decrease of 94%.

Despite their tight correlation with disease progression, it has

been suggested that NFTs themselves may be benign and inac-

tive with respect to eliciting neuronal toxicity and that aggrega-

tion-intermediary soluble tau oligomers are in fact the most

neurotoxic tau species (Kuchibhotla et al., 2014; Lasagna-

Reeves et al., 2011). Accordingly, the strong reduction in NFT

burden was complemented by a significant 58% reduction in

tau oligomers as assessed by dot-blot analysis of PBS brain ly-

sates using the tau-oligomer-specific antibody TOC1 (Figures

1O and 1P). Thus, Tg/Fyn�/� mice display a delay in the appear-

ance and progression of the hallmark aggregated species in

tauopathy.

Given the strong reduction in tau pathology in the Tg/Fyn�/�

mice, we next investigated their spatial memory with a 6-day

active place avoidance paradigm, revealing no recuperation of

the memory defects observed in the parent rTg4510 strain (Fig-

ure S1A–S1E). Analysis of baseline locomotion and anxiety-like

phenotypes using open-field activity monitors similarly revealed

no alterations in Tg/Fyn�/� behavior relative to rTg4510 (Figures

S1F–S1H), and measurement of coordination and equilibrium

using an accelerating Rotarod revealed no significant differ-

ences between wild type (WT) and either transgenic strain (Fig-

ure S1I). Interestingly, Tg/Fyn�/� mice displayed a slight yet sig-

nificant reduction in brain mass (Figure S1J). This may reflect the

fact that Fyn-knockout animals exhibit altered neural develop-

ment and myelination (Umemori et al., 1994), abnormal electro-

physiological profiles, reduced long-term potentiation, and

impaired spatial memory (Grant et al., 1992; Kojima et al.,

1997). Furthermore, recent findings have shown that neurode-

generation in rTg4510 mice may result from a major deletion in

the Fgf14 locus that is, at least to some degree, independent

of tau pathology (Gamache et al., 2019; Goodwin et al., 2019).

Fyn performs well-characterized roles in mediating inflamma-

tory signaling pathways in astrocytes and microglia (Lee et al.,

2017; Panicker et al., 2015), and hyperactivation of these cell

types correlates with increased tau pathology and contributes

to disease progression (Asai et al., 2015; Laurent et al., 2018;

Narasimhan et al., 2017). However, we also found that the

amelioration of NFT burden in Tg/Fyn�/� mice was not accom-

panied by a reduction in glial activation compared to the parental

rTg4510 strain (Figure S2), suggesting that the reduction in tau

aggregation is unlikely due to a global decrease in neuroinflam-

mation and rather is mediated by Fyn through a neuronal



Figure 1. Tg/Fyn�/� Mice Exhibit a Near-

Complete Ablation of Cortical NFTs and

Reduced Tau Oligomer Levels

(A–L) Representative images of Gallyas-stained

silver-positive NFTs in 6-month-old rTg4510 and

Tg/Fyn�/� mice. NFTs were manually counted in

three neocortical regions, as outlined in (N): dorsal

neocortex (DsCx), comprising retrosplenial and

parietal association areas (A–D); somatosensory

cortex (SsCx), comprising regions S1 and S2

(E–H); and temporal neocortex (TpCx), comprising

the temporal association area and ectorhinal cor-

tex (I–L). High-magnification images are presented

in (B), (D), (F), (H), (J), and (L). Scale bars represent

100 mm (K) and 25 mm (L).

(M) Quantification of cortical silver-positive neu-

rons counts for each neocortical region with the

mean across the three regions graphed alongside.

Data represent mean ± SEM; n = 8 for rTg4510

mice and n = 7 for Tg/Fyn�/� mice. *p < 0.05, **p <

0.01, and ***p < 0.001 (t test).

(O) WT, rTg4510, and Tg/Fyn�/� PBS-soluble

brain lysates, generated with low-speed centrifu-

gation to preserve tau oligomers, were probed by

dot blot with the anti-oligomeric tau antibody

TOC1. GAPDH was utilized as a loading control.

(P) Quantification of (O). Data are presented as

mean ± SEM; n = 3 mice. *p < 0.05 (one-way

ANOVA with Holm-Sidak’s multiple comparisons

test).
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mechanism. However, as outlined above, care must be taken

when interpreting these results due to the large genomic alter-

ations present in the parental rTg4510 strain.

Based on these data, we focused our subsequent analyses on

the histological and biochemical aspects of tau aggregation in

our novel strain.

Phosphorylation of Tau at Y18 Is Reduced in Tg/Fyn�/�

Mice
Fyn phosphorylates tau directly at residue Y18 (pY18), an

epitope that is present early in the progression of human FTLD

(Neddens et al., 2018), as well as in mice overexpressing

P301L tau (Bhaskar et al., 2010; Lee et al., 2004). Moreover,

pY18 has been shown to facilitate the targeting of tau to dendritic

spines through its interaction with the SH2 domain of Fyn (Usardi

et al., 2011). More recently, pY18-tau has been shown to be

capable of mediating excitotoxic NMDAR Ca2+ influx in cultured

neurons (Miyamoto et al., 2017). Because of the apparent etio-

logical importance of this phosphoepitope, we evaluated the

localization and prevalence of pY18 tau in Tg/Fyn�/� mice rela-
C

tive to the rTg4510 strain (Figure 2). Our

analysis revealed that pY18 was

modestly reduced in the Tg/Fyn�/� hip-

pocampal formation (Figures 2A–2C and

2F–2H), with only the CA2/3 subregion

presenting a significant decrease in inte-

grated fluorescence intensity and per-

centage area of positive labeling (61%

for the latter parameter, Figures 2C and
2H). Interestingly, the CA2/3 subregion of Tg/Fyn�/� mice pre-

sented a strong decrease of pY18 in the neuronal somas but a

strong labeling of mossy fibers, a phenomenon that was notably

inverse in rTg4510 mice (see arrowheads in Figures 2A and 2C),

suggesting that Fyn kinase contributes to the somatic subcellu-

lar localization of pY18 tau. Both the somatosensory and tempo-

ral cortical regions exhibited strongly attenuated pY18 reactivity,

resulting in a combined 56%mean neocortical reduction in pY18

staining (Figures 2D, 2E, and 2I–2K).

Morphologically, pY18 staining was largely restricted to the

soma, and as such, it mirrored mature NFTs, with only a small

proportion of CA1 (Figure 2B) and cortical neurons (Figures

2D–2E) in rTg4510 mice presenting with tau in dystrophic apical

dendrites. However, this finding was never observed in Tg/

Fyn�/� mice (Figures 2B, 2D, and 2E). The incomplete abolition

of neuronal pY18 staining suggests the existence of alternative

tau tyrosine kinases, which include the spleen tyrosine kinase

Syk (Köhler et al., 2017) and the proline-rich tyrosine kinase

Pyk2 (Li and Götz, 2018), and highlights the importance of this

tau species in neuronal physiology.
ell Reports 32, 108045, August 18, 2020 3



Figure 2. Neuronal pY18-Tau Immunolabeling Is Reduced in a Region-Dependent Manner in Tg/Fyn�/� Mice

(A–E) Representative images of pY18 immunofluorescence (green) with DAPI counterstaining for nuclei (blue) in hippocampal neurons. Arrowheads in (B), (D), and

(E) indicate pY18 tau accumulations in the apical dendrites of rTg4510 mice that are largely absent in Tg/Fyn�/�mice. Arrowheads in (A) and (C) show somas and

mossy fibers, with prominent mossy fiber pY18 labeling emanating from CA2/3 neurons in Tg/Fyn�/� but strongly decreased in the neuronal somas. Scale bars

represent 500 mm (A), 50 mm (B and C), and 100 mm (D and E).

(F–K) Quantification of rTg4510 and Tg/Fyn�/� pY18 levels by integrated fluorescence signal and thresholded percentage areawithin the regions shown in (A) –(E).

Data are presented as mean ± SEM; n = 8 for both genotypes in (I) and (J); for (F)–(H) and (K), n = 8 for rTg4510 mice and n = 7 for Tg/Fyn�/�. *p < 0.05; **p < 0.01;

***p < 0.001; and ns, not significant (t test).
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Tg/Fyn�/� Mice Display Region-Specific Reductions in
Hyperphosphorylated Tau
We next sought to establish the amount of pathological, hyper-

phosphorylated tau present in 6-month-old Tg/Fyn�/� mice.

Phosphorylation of specific serine and threonine residues of

tau, in both humans and mice, correlates spatiotemporally with

disease progression and can be used to stage the cytopatholog-

ical status of tauopathy (Braak et al., 2006). In our study (Fig-

ure 3), we used antibodies directed at the pathological phos-

phoepitopes AT8 (pS202/pT205) and AT180 (pT231/pS235).

We found that AT8 labeling in the hippocampus as a whole

was significantly reduced relative to that in rTg4510 mice (Fig-

ures 3B and 3M), with the CA2/3 subregion also exhibiting a

similar decrease (Figures 3D and 3M). A nonsignificant reduction

in the degree of positive labeling was observed for CA1 neurons

(Figures 3C and 3M). AT8 staining was most predominantly

diminished in the cortex, with a 39% decrease in percentage

area of positive cellular labeling when averaged across two

neocortical regions (Figures 3E, 3F, and 3M). Notably, AT8 phos-

pho-tau was largely excluded from apical dendrites in the CA1

stratum radiatum and neocortical regions in Tg/Fyn�/�mice (Fig-

ures 3C, 3E, and 3F).

AT180 immunostaining revealed fewer differences between

rTg4510 and Tg/Fyn�/� mice, with no significant decreases

found in hippocampal formation (Figures 3H–3J and 3N). How-

ever, as for AT8, cortical AT180 positivity was significantly atten-

uated in Tg/Fyn�/� mice, where a mean 29% reduction was

found (Figures 3K, 3L, and 3N). Notably, the Tg/Fyn�/� neuropil

in both hippocampal and cortical regions exhibited decreased

basal AT180 staining intensity (Figures 3I–3L and 3N), and as

for AT8, the presence of AT180 phospho-tau in CA1 (Figure 3I)

and cortical apical dendrites (Figures 3K and 3L) was reduced.

Overall, Tg/Fyn�/� mice displayed a phospho-tau phenotype

characterized by reduced cortical AT8 and AT180 levels and

an apparent decrease in the targeting of pathological tau to den-

dritic compartments. Combinedwith our analyses of NFT burden

and pY18 labeling, these histological findings suggest that the

Tg/Fyn�/� model displays an amelioration of tau pathology,

particularly within the neocortex, with reduced accumulation of

somatodendritic high-molecular-weight tau.

Tau Solubility Is Altered in Tg/Fyn�/� Mice
In solution, tau is a highly disordered protein with little secondary

structure (Mukrasch et al., 2009). In disease, however, tau aggre-

gates and oligomerizes, eventually undergoing a series of phase

transitions to form structured, insoluble deposits. We therefore

analyzed the relative solubility of tau in Tg/Fyn�/� mouse brains

(Figure 4) using a series of pan- and phospho-tau-specific anti-

bodies. WT, rTg4510, and Tg/Fyn�/� brains were serially frac-

tionated to generate RAB-soluble (containing predominantly sol-

uble tau) and RIPA/SDS-soluble (containing mostly insoluble,

fibrillar tau) fractions (Figure 4A). These preparations were

blotted and analyzed using the anti-tau antibodies Tau5 (total hu-

man and murine tau), HT7 (total human tau), AT8, AT180, and

pY18.

In the RAB-soluble fraction, the amount of total Tau5, HT7, and

pY18 tau in Tg/Fyn�/� brains was indistinguishable from that in

rTg4510 brains (Figures 4B and 4D). Intriguingly, Tg/Fyn�/�
AT8 and AT180 levels were strongly decreased (33% and

42%, respectively) from the levels observed in the rTg4510

brains, suggesting that phosphorylation of these sites precedes

the biochemical conversion from the RAB- to the RIPA/SDS-sol-

uble state, consistent with previous studies which show that

these phosphoepitopes enhance the dissociation of tau frommi-

crotubules and prime it to aggregate (Despres et al., 2017). In

agreement with our analysis of tau oligomers obtained with the

TOC1 antibody, tau oligomers of �150 kDa were strongly

reduced in the Tg/Fyn�/� RAB-soluble fraction (Figure S3).

Conversely, strong decreases from rTg4510 levels were

observed for all analyzed total and phospho-tau markers in the

RIPA/SDS-soluble fraction of Tg/Fyn�/� brains, with 33% for

Tau5, 20% for HT7, 52% for AT8, 78% for AT180, and 25% for

pY18 (Figures 4C and 4E). Thus, Fyn knockout not only protects

from the accumulation of hyperphosphorylated tau but also halts

the transition of tau from a soluble to an insoluble state.

Synaptic Accumulation of Tau Is Decreased in Tg/Fyn�/�

Mice
The localization of hyperphosphorylated tau to the synaptic

compartment is an early event in AD pathogenesis in both human

patients and tau transgenic mice (Yoshiyama et al., 2007). Tau is

critical to the dendritic and nanoscale organization of Fyn, and

suppression of the tau-Fyn interaction blocks the induction of

an Ab-induced, NMDAR-mediated postsynaptic excitotoxic

cascade (Ittner et al., 2010; Padmanabhan et al., 2019). It has

also been reported that Fyn itself regulates the dendritic distribu-

tion of tau through its activation by Ab and the prion protein PrPc

(Larson et al., 2012), whichwhen viewed together with the finding

that Fyn is crucial in regulating the dendritic translation of tau (Li

and Götz, 2017) illustrates that the roles of tau and Fyn in synap-

tic targeting are potentially reciprocal in nature. Following our

histological observations of downregulated phospho-tau in den-

drites (Figures 2 and 3) and immunoblots demonstrating a global

loss of hyperphosphorylated tau (Figure 4), we next sought to

directly assess the levels of dendritic tau in the Tg/Fyn�/� model

through synaptosomal fractionation (Figure 5). The final synapto-

some-enriched pellet of the fractionation procedure was serially

fractionated as for whole-brain lysates above, thereby providing

a synaptosomal RAB fraction containing soluble synaptic pro-

teins and a synaptosomal RIPA/SDS fraction that comprised

insoluble and membrane-associated proteins (Figure 5A). These

preparations were then analyzed by immunoblot.

Total and phospho-tau levels were dramatically reduced in

both RAB- and RIPA/SDS-synaptosomes. Unlike in the whole-

brain RAB-soluble fraction, total tau and pY18-tau levels were

significantly decreased by 29% and 27%, respectively (Figures

5B and 5D). Furthermore, the differences between rTg4510

and Tg/Fyn�/� AT8 and AT180 phospho-tau in the RAB-soluble

synaptosomal fraction were greater than at the whole-brain level

(for AT8, 62% versus 33% reduction; for AT180, 60% versus

42% reduction, comparing rTg4510 synaptosomes versus

whole-brain lysates, respectively), an observation in line with

previous reports that highlight an enhancement of dendritic tar-

geting upon pseudophosphorylation at these sites (Hoover et al.,

2010; Xia et al., 2015). Interestingly, depletions of all forms of

RIPA/SDS-soluble tau in the synaptosomes of Tg/Fyn�/� mice
Cell Reports 32, 108045, August 18, 2020 5



Figure 3. Tg/Fyn�/� Mice Exhibit a Region-

and Epitope-Specific Decrease in Hyper-

phosphorylated Tau

(A–L) Representative images of rTg4510 and Tg/

Fyn�/� mouse strains immunostained for tau

phosphoepitopes AT8 and AT180. Arrowheads

signify the accumulation of phospho-tau in the

apical dendrites that are largely absent in Tg/

Fyn�/� mice, within the CA1 region (C and I) or

neocortical regions (E, F, K, and L). Scale bars

represent 1,000 mm (A and G), 500 mm (B and H),

and 100 mm (C–F and I–L).

(M and N) Quantification of thresholded DAB im-

munolabeling presented as the percentage area of

the given region for AT8 and AT180, respectively.

Data are presented as mean ± SEM; n = 8 mice.

*p < 0.05; **p < 0.01; ***p < 0.001; and ns, not

significant (t test).
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Figure 4. Tau Solubility and Phosphoryla-

tion Are Altered in Tg/Fyn�/� Mice

(A) Schematic depicting serial fractionation pro-

tocol used in the analysis of tau solubility in whole-

brain lysates.

(B and C) RAB- and RIPA/SDS-fractionated ly-

sates probed by immunoblot for total mouse and

human tau (Tau5), total human tau (HT7), patho-

logical tau species AT8 and AT180, pY18 tau, and

Fyn (not quantified). Blots were normalized by total

protein staining.

(D and E) Quantification of (B) and (C), presented

as fold change relative to rTg4510 levels. Data are

presented as mean ± SEM; n = 4, 5, and 5 for WT,

rTg4510, and Tg/Fyn�/� mice, respectively. *p <

0.05; **p < 0.01; ****p < 0.0001; and ns, not sig-

nificant (one-way ANOVA with Holm-Sidak’s

multiple comparisons test).
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did not exceed those observed at thewhole-brain level, suggest-

ing that this more fibrillar form of tau is less mobile (Figures 5C

and 5E).

Importantly, the loss of synaptic tau targeting in Tg/Fyn�/�was

not due to a disruption of the Fyn/ERK/S6 translational activation

pathway (Li and Götz, 2017; Roux et al., 2007) as assessed by

ERK1/2 phosphorylation (Figure S4), thereby underscoring the

dependence of this pathway on Ab. Taken together, these results

support the notion that Fyn plays an important role in the synap-

tic accumulation of pathological tau.

Tg/Fyn�/� Tau Seeds Exhibit Reduced Efficiency in
Inducing Tau Aggregation and Generate Less-Ordered
Aggregate Morphologies in Tau Biosensor Cells
The fact that tau pathology spreads throughout the human brain

in a transneuronal, region-to-region manner is thought to reflect

a prion-like ability of the tau protein to seed its own aggregation

(Clavaguera et al., 2013; de Calignon et al., 2012; Polanco et al.,

2018b). Proteopathic tau seeding is among the earliest markers

of tauopathy in vivo, preceding histopathological staining for

phospho-tau epitopes (Holmes et al., 2014), and occurs in a

time- and concentration-threshold-dependent manner (Polanco

et al., 2016). Hyperphosphorylated high-molecular-weight tau

species are the most efficient inducers of tau aggregation, sug-

gesting a role in the transcellular propagation of tauopathy

(Takeda et al., 2015). As Tg/Fyn�/� mice display diminished for-
C

mation of NFTs and hyperphosphory-

lated tau (Figures 1, 2, and 3), together

with decreased insoluble total and phos-

phorylated tau levels (Figure 4), we inves-

tigated whether Tg/Fyn�/� tau seeds

were impaired in their ability to elicit ag-

gregation in fluorescence resonance en-

ergy transfer (FRET) tau biosensor cells.

These cells are an engineered line of

HEK293T cells that stably co-expresses

the tau microtubule-binding repeat

domain (RD) with the pathological FTLD

P301S mutation conjugated to CFP and
YFP proteins (RD-CFP and RD-YFP tau moieties), the aggrega-

tion of which following treatment with exogenous tau seeds gen-

erates a FRET signal that is quantifiable by flow cytometry and

fluorescence microscopy (Holmes et al., 2014).

Brain lysates were produced from WT, rTg4510, and Tg/

Fyn�/� brains and used to treat HEK293T biosensor cells for

72 h (Figure 6). Remarkably, Tg/Fyn�/�-treated biosensor cells

displayed a nearly 4-fold decrease in FRET positivity compared

to cells seeded with rTg4510 lysates (1.32% versus 0.37% of

cells were FRET-positive; Figures 6C and 6D), corresponding

to a significant 73% decrease in FRET signal integrated density

(Figure 6I). When analyzed microscopically, the reduction in

FRET signal was reflected by a decrease of an even greater

magnitude in the percentage area of aggregates, with Tg/

Fyn�/�-treated cells displaying levels of only 12% of those in

rTg4510-treated cells.

In order to understand why the magnitude of this reduction

was greater than when cells were assessed by FRET, we sought

to establish if the size andmorphology of the cytoplasmic tau ag-

gregates induced by Tg/Fyn�/� lysates were different to those in

rTg4510-treated cells. To this end, inclusion morphology was

semiquantitatively assessed according to a system similar to

that used by Sanders et al. (2014), who originally graded the

morphology of tau aggregates within biosensor cells seeded

with tau derived from different human tauopathy samples to

delineate prion-like strains of tau aggregate conformers
ell Reports 32, 108045, August 18, 2020 7



Figure 5. Total and Phospho-Tau Levels

Are Reduced in Tg/Fyn�/� Synaptosomes

(A) Overview of protocol for the generation of

crude synaptosomal RAB- and RIPA/SDS-soluble

tau fractions.

(B and C) RAB-soluble (B) and RIPA/SDS-soluble

(C) synaptosomes were probed for HT7, AT8,

AT180, pY18, and Fyn. Immunoblots were

normalized by total protein staining.

(D and E) Quantification of (B) and (C), respec-

tively, represented as fold change of rTg4510

levels. Data are presented as mean ± SEM; n = 3

mice. *p < 0.05 and **p < 0.01 (one-way ANOVA

with Holm-Sidak’s multiple comparisons test).
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(Figure 6K). Our results revealed that tau inclusions in Tg/Fyn�/�-
treated cells were indeed morphologically shifted to a more

punctate or fragmented phenotype, in stark contrast to the

largely ordered formations observed in their rTg4510-treated

counterparts (Figure 6L). Thus, Tg/Fyn�/� tau seeds are limited

in their ability to induce aggregation in vitro and are perhaps

less able to self-assemble into higher-order, more complex

structures.

Pseudophosphorylation of Residue Y18 Enhances Tau
Fibrillization In Vitro

Finally, we aimed to clarify whether phosphorylation of pY18 was

sufficient to affect tau fibrillization (Figure 7), in contrast to amore

generic physical tau-Fyn interaction. To investigate this, we pro-

duced full-length recombinant human tau (hTau) bearing either

the phospho-mimetic point mutation Y18E or the non-polar mu-

tation Y18A. Fibrillization was induced in vitrowith heparin (Goe-

dert et al., 1996) and monitored with Thioflavin T (ThioT) fluores-

cence for 72 h (Figure 7A). Interestingly, Y18E-tau displayed

increased fibrillization relative to nonmutant hTau, reaching

maximal ThioT fluorescence levels of �130% after 72-h incuba-

tion. In contrast, the fibrillization of Y18A-tau was strongly in-

hibited. Kinetic modeling revealed Y18E-tau accumulated a

significantly larger area under the curve (Figure 7B), although

interestingly, the half-time of maximum aggregation (t1/2) and

lag time (tlag) for each of the types of tau were comparable

(�40–45 h and �25–32 h, respectively), suggesting similar rates
8 Cell Reports 32, 108045, August 18, 2020
of aggregation (Figure 7A). Therefore,

Y18E appears to stabilize and trap tau in

a higher-molecular-weight state while

not directly catalyzing its aggregation. In

concordance with this notion, TOC1

dot-blot demonstrated increased Y18E-

tau oligomers after heparin-induced ag-

gregation (Figures 7C and 7D). Thus,

Fyn appears to act as a direct regulator

of tau aggregation, a mechanism

enhanced by its phosphorylation of Y18.

DISCUSSION

Fyn is the major intermediary in the path-

ological signaling cascade of Ab to tau
(Ittner et al., 2010; Li and Götz, 2017). In the current study, we

sought to determine whether Fyn also drives tauopathy in the

absence of Ab. To address this question, we generated a novel

Tg/Fyn�/� mouse strain and complemented the in vivo analyses

with in vitro studies and incubations of tau biosensor cells.

Together, our work indicates that Fyn is a key regulator of tau

pathology.

The accumulation of tau as insoluble NFTs is a hallmark of AD

and correlates with impaired cognition (Nelson et al., 2012).

Intriguingly and unexpectedly, Gallyas silver staining for mature

NFTs in Tg/Fyn�/� mice revealed a 94% decrease in overall

cortical NFT burden relative to that in rTg4510 mice. The magni-

tude of this decrease was greater than that observed for TOC1-

tau oligomers, pY18, AT8, or AT180 cortical immunolabeling or

total and phospho-tau markers in the RIPA/SDS-soluble tau

fraction. This suggests different thresholds for different phos-

phoepitopes and tau oligomers, tau species, and assemblies

that would be on a path to develop fibrils in a nonmutant mouse.

However, in Tg/Fyn�/�mice, there is a pronounced and selective

decrease in the formation of fibrillar, insoluble high-molecular-

weight tau. This had not previously been explored, given our

limited understanding of the function of Fyn, which mostly pre-

scribes a role of Ab in pathways relating to tau-dependent exci-

totoxicity in the postsynapse (reviewed by Nygaard, 2018). Inter-

estingly, and possibly related to Fyn’s predominantly synaptic

localization (Ohnishi et al., 2011) or the strong reduction in phos-

pho- and total tau in whole-brain fractions, we observed



Figure 6. Tg/Fyn�/� Brain Lysates Induce Less Tau Seeding and More Fragmented Inclusions in FRET Tau Biosensor Cells

(A–D) FRET tau biosensor cells were treated with PBS brain lysates for 72 h, whereupon they were analyzed by FRET flow cytometry and confocal microscopy.

Representative FRET flow cytometry plots with average percentage of FRET-positive cells (mean ± SEM, n = 3 mice per experiment, 40,000 cells analyzed per

experiment). No aggregates were observed for untreated control (A) or WT lysates (B).

(E–H) Representative 203 confocal fluorescence images of biosensor cells after treatment with PBS alone (E) or brain lysates (F–H), with FRET-positive tau

aggregates shown in bright green and nuclear Hoechst staining in blue. Arrowhead in (H) denotes punctate aggregate. Scale bar, 10 mm.

(I) Quantification of (C) and (D). The integrated FRET signal, the product of the mean FRET fluorescence intensity and the percentage of FRET-positive cells, was

calculated and data normalized to rTg4510 FRET signals. Data are presented as mean ± SEM; n = 3 mice per experiment, 40,000 cells per experiment analyzed

from two replicate experiments. **p < 0.01 (t test).

(J) Confocal images were thresholded by intensity, and the percentage area of tau aggregates, normalized to DAPI area, was calculated. Data are presented as

mean ± SEM and expressed as a fold change of rTg4510. n = 3 mice per experiment, with at least four images per experiment. ****p < 0.0001 (t test).

(K) To semiquantitatively assess themorphology of biosensor cells seededwith transgenic mouse PBS lysates, a variety of aggregate phenotypes (Sanders et al.,

2014) were delineated: no seeding, punctate (arrowhead), fragmented, disordered, ordered, and mosaic. Scale bar, 5 mm.

(L) Inclusion-positive rTg4510 and Tg/Fyn�/�-seeded cells weremanually examined, and the relative proportion of eachmorphology defined in (K) was quantified.

The mean number of positive cells for each genotype ± SEM is displayed (n = 3).
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impaired targeting of tau to the synaptic domain in the Tg/Fyn�/�

mice.

There are several scenarios whereby Fyn could regulate NFT

biogenesis in vivo. The most obvious, and most readily sup-

ported by our histological and biochemical data (Figures 2, 3,

and 4), relates to the apparent Fyn-dependent reduction in tau

hyperphosphorylation at serine and threonine residues in the

proline-rich region of tau. Furthermore, NFT formation could be

enhanced by the apparent role of Fyn in an increased somatic

subcellular localization of pY18 tau (Figures 2C and 2H). Physio-
logical tau function is governed by phosphorylation, yet in a dis-

ease setting, excessive phosphorylation drives the release of the

protein from microtubules and its fibrillization (Alonso et al.,

2001; Despres et al., 2017). Fyn acts widely in neuronal and

non-neuronal cells as an integrator of signaling cascades and

activates numerous serine/threonine kinases through tyrosine

phosphorylation (Martin et al., 2013; Salmond et al., 2009).

Biochemical analyses of whole-brain tau solubility highlighted

a preferential loss of AT8 and AT180 in the soluble tau fraction

preceding reduced accumulation of total and pY18-tau in the
Cell Reports 32, 108045, August 18, 2020 9



Figure 7. Enhanced In Vitro Tau Fibrillization with Y18 Pseudo-

phosphorylation Reveals a Unifying Role for Fyn in Tauopathies that

Lack Ab

(A) Fibrillization of recombinant full-length human tau (hTau) and hTau

harboring Y18 phospho-mimetic (Y18E) or non-polar (Y18A) point mutations

was induced by heparin and monitored by thioflavin T (ThioT) fluorescence

over a 72-h period. Curves represent mean ± SEM (as shaded envelope) and

are an average from n = 3 experiments, each performed in triplicate. Kinetic

constants t1/2 and tlag (time of half-maximum aggregation and lag time,

respectively) were derived from curve fitting to a sigmoid function. ****p <

0.0001 (two-way ANOVA for main effect in time versus hTau species, with

Tukey’s multiple comparisons test).

(B) Area under the curve (AUC) for each curve in (A), normalized to hTau. Data

represent mean ± SEM; n = 3 replicates (in triplicate). **p < 0.01 and ****p <

0.0001 (one-way ANOVA with Holm-Sidak’s multiple comparisons test).

(C) Dot blot for TOC1 of completed 72-h tau aggregation reaction. Presented

dot blots were from a separate experiment and were probed in triplicate.

(D) Quantification of (C). Data represent mean ± SEM; n = 3 replicates. ****p <

0.0001; and ns, not significant (one-way ANOVA with Holm-Sidak’s multiple

comparisons test).

(E) A model for Fyn’s regulatory role in NFT biogenesis in non-Ab tauopathies.

Fyn activates prominent tau serine/threonine kinases (i) and thereby indirectly

enhances the hyperphosphorylation of tau and its resultant release from mi-

crotubules (ii). Hyperphosphorylated or ‘‘free’’ tau not bound tomicrotubules is

then phosphorylated by Fyn at Y18 (iii), thereby directly increasing the oligo-

merization of tau (iv) and its deposition as NFTs (v). Processes supported by

our data or within the literature are indicated by black arrows, whereas hy-

pothetical mechanisms are indicated by gray arrows.
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insoluble tau fraction, suggesting that Fyn may be upstream of

the hyperphosphorylation events that trigger aggregation (Fig-

ure 4). This report is not the first to observe decreased serine/

threonine phosphorylation of tau with genetic (Minami et al.,

2012) or pharmacological Fyn depletion (Kaufman et al., 2015),

although these studies were performed using animal models

overexpressing mutant amyloid precursor protein (APP) and

thereby displaying Ab pathology. Perhaps more cogently,

increased tau serine/threonine phosphorylation was observed

in a mouse model expressing constitutively active Fyn (Xia and

Götz, 2014).

Prominent tau kinases that may be activated by Fyn-mediated

tyrosine phosphorylation include GSK-3b (Lesort et al., 1999),

Cdk5 (Sasaki et al., 2002) and the mitogen-activated protein ki-

nase (MAPK) p38 (Kapus et al., 1999), although the degree to

which each of these kinases is activated in our model was not

tested. It is noteworthy that the activity of the MAPK ERK1/2,

which not only phosphorylates tau directly at many serine/threo-

nine sites but also mediates local tau synthesis after Ab treat-

ment, was unchanged among WT, rTg4510, and Tg/Fyn�/�

mice (Li and Götz, 2017), highlighting the in vivo requirement of

a stimulus, such as (but not limited to) Ab, to induce this cascade.

Importantly, our data also highlight an underappreciated role

for Fyn’s phosphorylation of tau at Y18 in tau aggregation, olig-

omerization, and NFT formation. We found that pseudophos-

phorylated Y18E mutant tau displayed significantly enhanced fi-

brillization, whereas Y18A-tau exhibited strongly curtailed

aggregation. This could be interpreted as suggesting that tau ag-

gregation is driven by the local charge of the N-terminus, with the

phosphorylation of tau at Y18 inducing a conformational change

that stabilizes high-molecular-weight conformers of tau and, ul-

timately, promotes the formation of NFTs. Further (albeit circum-

stantial) evidence for a role for pY18 in NFT formation comes

from nanostructural reconstruction of the PHF-tau core with

cryo-electronmicroscopy, which has revealed a role for N-termi-

nal residues 7–9 of tau in stabilizing the protofilament interface of

both paired-helical and straight filaments, a site in close prox-

imity to Y18 but hundreds of residues away from the amyloido-

genic core (Fitzpatrick et al., 2017; Stöhr et al., 2017). Given

our findings that pY18-tau and total tau levels correlate strongly

in RAB- and RIPA/SDS-soluble fractions, it is tempting to hy-

pothesize that Y18 tau phosphorylation is a rate-limiting step in

NFT biogenesis. More specifically, the fact that pY18 staining

was not reduced as completely as NFT burden suggests that

the amelioration of the NFT burden in Tg/Fyn�/� mice occurs

through the restriction of the phosphorylation of this epitope

below a required threshold.

Another, possibly related mechanism through which Fyn may

mediate NFT formation relates to the propensity of these mole-

cules to undergo phase transitions from the soluble to the insol-

uble state. Proteins with intrinsically disordered regions (such as

the long N-terminal projection domain of tau and the unique SH4

domain of Fyn) and modular binding motifs (such as tau’s four

microtubule-binding repeats and Fyn’s SH3 domain) (Li et al.,

2012) drive liquid-liquid phase separation, a biophysical phe-

nomenon through which a molecule will demix from the sur-

rounding cellular milieu and become enriched in highly dynamic

membraneless organelles (reviewed by Shin and Brangwynne,
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2017). Aberrant phase behavior, subsequent gelation, and even-

tual amyloidogenic aggregation is increasingly viewed as a

generalizedmechanism that drives neurodegenerative disorders

(Narayanan et al., 2019), as postulated for proteins FUS (Patel

et al., 2015), hnRNPA1 (Molliex et al., 2015), and TIA1 (Mackenzie

et al., 2017) in amyotrophic lateral sclerosis, and for TDP-43 in

FTLD (Mann et al., 2019).

Tau phase separation, a phenomenon observed in vitro and

largely mediated by its microtubule-binding repeats, can

nucleate, and is gated by, microtubules (Ambadipudi et al.,

2017; Hernández-Vega et al., 2017; Tan et al., 2019). Further-

more, the ability of tau to reversibly demix is enhanced by

RNA binding and phosphorylation and prolonged maintenance

of tau in the condensed phase leads to the formation of amy-

loid-like fibrils (Wegmann et al., 2018; Zhang et al., 2017). Inter-

estingly, the SH3 domain of Fyn also undergoes phase separa-

tion upon binding with the RNA-binding protein hnRNPA2

(Amaya et al., 2018). Moreover, considering that protein charge

distribution (Nott et al., 2015) and tyrosine content (Wang et al.,

2018) regulate phase separation, we speculate that pY18-tau

may display altered phase behavior. In agreement with this,

chemical inhibition of Fyn in neuronal cultures has been shown

to block not only tau hyperphosphorylation but also its accu-

mulation in stress granules (Vanderweyde et al., 2016), which

are phase-separated membraneless organelles that are

thought to represent nucleation ‘‘hot-spots’’ in tauopathy

through the pathological association of tau with the RNA-bind-

ing protein TIA1 (Apicco et al., 2018; Maziuk et al., 2018).

Whether physiological or pathological tau-Fyn binding or

pY18 phosphorylation specifically promotes the phase separa-

tion of tau and Fyn and the subsequent fibrillization of the

former remains to be established.

Given that disease-related serine/threonine phosphorylation

of tau increases Fyn’s affinity for tau and that tau’s binding to

Fyn-SH3 regulates phosphorylation at Y18 (Bhaskar et al.,

2010; Bhaskar et al., 2005), we propose that the role of Fyn in

enhancing tau aggregation may occur through both indirect

and direct pathways (see Figure 7E). Fyn may first gate the activ-

ity of important tau kinases, thereby indirectly promoting the

release of tau from microtubules; this could then result in

increased tau-Fyn binding, which may boost Y18 phosphoryla-

tion and/or induce phase separation, leading to eventual fibrilli-

zation of tau into NFTs. What regulates the activity of Fyn in

non-AD tauopathies, however, remains obscure.

The interneuronal propagation and prion-like seeding of tau

in vivo is well characterized (de Calignon et al., 2012; Polanco

et al., 2018b; Wu et al., 2016; Yamada et al., 2014), and the

conformational shift of tau that promotes templated proteo-

pathic aggregation is among the earliest detectable pathological

alterations (Holmes et al., 2014). Hyperphosphorylated, high-

molecular-weight tau is most efficient at transducing recipient

cells (Takeda et al., 2015), although many forms of tau (including

disaggregated monomers) are capable of inducing de novo tau

seeding (Mirbaha et al., 2018). Our studies in tau biosensor cells

revealed that Tg/Fyn�/� brains contain tau conformers that

induce less tau aggregation and that these aggregates manifest

as smaller, more fragmented entities. This lends further support

to our findings that tau fibrillization is blocked in the absence of
Fyn in vivo or that Fyn knockout may contribute to tau forming

an alternative prionoid strain (Sanders et al., 2014).

To conclude, our study identifies a role for Fyn as a key regu-

lator of pathological tau aggregation separate from its previously

established role in transducing Ab signaling in AD. Further exper-

iments are required to dissect exactly which pathways are

altered in the absence of Fyn, although the phosphorylation of

tau at Y18 appears to significantly influence tau fibril formation.

Targeting Fyn in order to block not only Ab-induced neurotoxicity

but also tau oligomerization and fibrillization may represent a

therapeutic strategy not only for AD but also for other

tauopathies.
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Fá, M., Puzzo, D., Piacentini, R., Staniszewski, A., Zhang, H., Baltrons, M.A., Li

Puma, D.D., Chatterjee, I., Li, J., Saeed, F., et al. (2016). Extracellular tau olig-

omers produce an immediate impairment of LTP and memory. Sci. Rep. 6,

19393.

Fitzpatrick, A.W.P., Falcon, B., He, S., Murzin, A.G., Murshudov, G., Garringer,

H.J., Crowther, R.A., Ghetti, B., Goedert, M., and Scheres, S.H.W. (2017).

Cryo-EM structures of tau filaments from Alzheimer’s disease. Nature 547,

185–190.

Forrest, S.L., Kril, J.J., Stevens, C.H., Kwok, J.B., Hallupp, M., Kim, W.S.,

Huang, Y., McGinley, C.V., Werka, H., Kiernan, M.C., et al. (2018). Retiring

the term FTDP-17 as MAPT mutations are genetic forms of sporadic fronto-

temporal tauopathies. Brain 141, 521–534.

Frandemiche, M.L., De Seranno, S., Rush, T., Borel, E., Elie, A., Arnal, I., Lanté,
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Antibodies

Mouse monoclonal anti-oligomeric tau TOC1, 1:10000 DB Dr Nicholas Kanaan N/A

Rabbit monoclonal anti-GAPDH, 1:1000 DB Millipore #ABS16; RRID: AB_10806772

Mouse monoclonal anti-tau pY18, 1:1000 IF and IB Medimabs #MM0194P

Mouse monoclonal anti-tau AT8, 1:500 IHC, 1:1000 IB Thermo Fisher #MN1020; RRID: AB_223648

Mouse monoclonal anti-tau AT180, 1:500 IHC, 1:1000 IB Thermo Fisher #MN1040; RRID: AB_223649

Mouse monoclonal anti-tau Tau5, 1:5000 IB Thermo Fisher #AHB0042; RRID: AB_2536235

Mouse monoclonal anti-tau HT7, 1:5000 IB Thermo Fisher #MN1000; RRID: AB_2314654

Rabbit polyclonal anti-Fyn, 1:1000 IB Cell Signaling

Technology

#4023; RRID: AB_10698604

Mouse monoclonal anti-GFAP, 1:500 IF Millipore #MAB360; RRID: AB_11212597

Rabbit monoclonal anti-Iba1, 1:500 IF Wako #016-26721; RRID: AB_2811160

Goat-anti-mouse Alexa Fluor 488 secondary antibody, 1:500 IF Thermo Fisher #A11001; RRID: AB_2534069

Goat-anti-rabbit Alexa Fluor 647 secondary antibody, 1:500 IF Thermo Fisher #A21245; RRID: AB_2535813

Rabbit-anti-mouse biotinylated secondary antibody, 1:500 IHC Dako #E0413

Goat-anti-mouse IR Dye 800CW, 1:10000 IB LI-COR #926-32210; RRID: AB_621842

Goat-anti-mouse IR Dye 680RD, 1:10000 IB LI-COR #926-68070; RRID: AB_10956588

Goat-anti-rabbit IR Dye 800CW, 1:10000 IB LI-COR #926-32211; RRID: AB_621843

Goat-anti-rabbit IR Dye 680RD, 1:10000 IB LI-COR #926-68071; RRID: AB_10956166

Goat-anti-mouse IgM IR Dye 800CW, 1:10000 IB LI-COR #925-32280

Mouse monoclonal anti-p44/42 MAPK (Erk1/2), 1:2000 IB Cell Signaling Technology #4696; RRID: AB_390780

Rabbit monoclonal anti-phospho-Erk1/2 (Thr202/Tyr204),

IB 1:2000

Cell Signaling

Technology

#4370; RRID: AB_2315112

Bacterial and Virus Strains

BL21(DE3) New England Biolabs #C2527I

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

3, 30-diaminobenzidine (DAB) Dako #K3468

RAB buffer G Biosciences 786-91

RIPA buffer Cell Signaling

Technology

#9806

Recombinant hTau This paper N/A

Recombinant hTau-Y18E This paper N/A

Recombinant hTau-Y18A This paper N/A

Heparin Sigma #H3393

Thioflavin T Sigma #T3516

Critical Commercial Assays

VECTAstain ABC HRP Kit Vector Laboratories #PK4000; RRID:AB_2336818

DC Protein Assay Bio-Rad #5000112

REVERT 700 Total Protein Stain LI-COR #926-11011

Deposited Data

Experimental Models: Cell Lines

HEK293T ATCC CRL-3216; RRID:CVCL_0063

Tau RD-CFP Dr Michael Diamond N/A
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Tau RD-YFP Dr Michael Diamond N/A

FRET tau RD-CFP RD-YFP biosensor cell Dr Michael Diamond N/A

Experimental Models: Organisms/Strains

rTg4510 (0N4R-P301L-tau) mouse The Jackson Laboratory JAX:024854; RRID:IMSR_JAX:024854

129-Fyntm1Sor/J (Fyn-knockout) mouse The Jackson

Laboratory

JAX:002271; RRID:IMSR_JAX:002271

Tg/Fyn�/� mouse This paper N/A
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hTau-Y18E site-directed mutagenesis FW primer: CGCTGGG
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This paper N/A

hTau-Y18A site-directed mutagenesis FW primer: CGCTGG
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This paper N/A

hTau site directed mutagenesis RV primer: TGATCTTCCAT

CACTTCGAACTCCTGGC

This paper N/A

hTau/Y18E/Y18A LIC FW primer: TACTTCCAATCCAATGCAA

TGGCTGAGCCCCGCCAG

This paper N/A

hTau/Y18E/Y18A LIC FW primer: TTATCCACTTCCAATGTT

ATTACAAACCCTGCTTGGCCAG

This paper N/A

Recombinant DNA

pET-His6-TEV-LIC vector 1B Scott Gradia Addgene #29653; RRID:Addgene_29653

pENTR hTau 441aa Xia et. al., 2015 N/A

hTau-pET-His6-TEV-LIC This paper N/A

Tau-Y18E-pET-His6-TEV-LIC This paper N/A

Tau-Y18A-pET-His6-TEV-LIC This paper N/A

Software and Algorithms

ImageJ (FIJI) NIH https://fiji.sc/

Prism 8.0 GraphPad https://www.graphpad.com/scientific-

software/prism/

LI-COR Image Studio LI-COR https://www.licor.com/bio/image-studio/

FlowJo xV software Tree Star https://www.flowjo.com/solutions/flowjo

ImageJ histology percentage area quantification macro This paper GitHub; https://github.com/QBI-Software
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Juan

Carlos Polanco (j.polanco@uq.edu.au).

Materials availability
All unique resources generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability
Custom ImageJ scripts used in the analysis of histological images generated during this study are available at GitHub [https://github.

com/QBI-Software]. Original data generated by this study are available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
rTg4510 mice, which express 0N4R human tau with the FTLD-associated P301L mutation (Santacruz et al., 2005), and homozygous

Fyn-knockout mice (Grant et al., 1992) were obtained from Jackson Laboratories, and backcrossed for >5 generations onto the

C57BL/6 background. The novel Tg/Fyn�/� strain was generated by crossing rTg4510 with Fyn-knockout mice until the homozygos-

ity of the knockout within the progeny was reached. The genotype of all mice was confirmed by sequencing and each mouse was
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re-genotyped after sacrificing. All mice were used at 6 months of age, at which point the rTg4510 strain displays significant tau pa-

thology and neuronal loss (Santacruz et al., 2005). Fyn-knockout and Tg/Fyn�/�micemaintained on theC57BL/6 background display

obstructive hydrocephalus, a phenotype observed in our hands with a penetrance of �25% (Goto et al., 2008). We made significant

efforts to exclude such mice from our analyses.

Gender-matched (n = 4 male and females each) rTg4510 mice, wild-type (WT) littermates, and Tg/Fyn�/� mice were used for his-

tological analyses. Biochemical analyses and lysates used in the treatment of biosensor cells (n = 3 or 5, depending on the exper-

iment) were performed with female mice only due to availability constraints. Animals were housed in pathogen-free cages and main-

tained on a 12 h light/dark cycle, with ad libitum access to food and water. Experiments were approved by the Animal Ethics

Committee of the University of Queensland (approval numbers QBI/412/14/NHMRC and QBI/554/17/NHMRC).

Cell culture
Modified HEK293T cell lines (generously provided by Dr Marc Diamond, UT Southwestern Medical Center, USA) were used for tau

aggregation experiments, while unmodified HEK293T (ATCC, CRL-3216) were used for retroviral production. Two fluorophore-con-

trol polyclonal cell lines, stably expressing tau repeat domain (RD)-CFP or RD-YFP, were used alongside a monoclonal FRET

tau biosensor cell line that expresses both RD-CFP and RD-YFP (Holmes et al., 2014). All cell lines were grown in DMEM (Life

Technologies, #11965092) supplemented with 5% FBS (Scientifix Life, #FFBS500), 2mM GlutaMAX (Life Technologies,

#35050061), 100 units/ml penicillin and 100 mg/ml streptomycin (Life Technologies, #15140122) at 37�C and 5% CO2.

METHOD DETAILS

Behavioral analyses and brain mass measurements
Mice were subjected to active place avoidance (APA) test using a six-day paradigm. Briefly, the animals were handled for 2 min each

day for the week prior to behavioral testing. The APA arena consisted of a rotating (1 rpm), elevated, circular arena with a grid metal

floor fenced by clear Perspex, with four A3-sized black-and-white visual cues hung from the four surrounding walls. The specific cues

did not change over the course of the experiment. Mice were habituated in the arena one day prior to the first experimental day for

10 min. On experimental days 1-6, mice (tracked by an overhead camera) which entered into a 60 sector of the arena aligned with a

given visual cue (the position of which did not change in relation to the room), received a footshock (0.5mA, 500ms, 60 Hz, 1.5 s in-

tervals), driven by Track Analysis software (Bio-Signal Group). The animals always entered the arena opposite the footshock zone,

and the arena was thoroughly cleaned between mice. Males were run on separate days to females to further prevent any possible

scent distraction. The total number of entrances to the shock zone, total distance covered, and time to first and second entrances

were recorded over the 10-minute session using Track Analysis software.

Open-field activity monitors were used to analyze baseline locomotion and assess for anxiety phenotypes (Belzung and Griebel,

2001). Mice were placed into the center of roughly cubic (27.5 cm x 27.5 cm x 30 cm high) clear Perspex arenas, each of which con-

tained two arrays of 163 16 infrared beams. One of these arrays was positioned �1 cm above the floor so that beams were broken

when the mouse was moving laterally; the other was positioned �8 cm above the floor, so that beams would be broken when the

animal reared. Mice were tracked throughout a 30 min session, in which they were allowed to freely ambulate and explore. Mouse

position data were automatically calculated and tracked with EthoVision� software (Noldus, Sydney, NSW, AUS). Data were binned

into 5 min blocks, and a center zone comprising a central square of size half the length and breadth of the arena was defined. The

number of center entries, the time spent in the center zone, and the total distance traveled per bin were recorded.

Mouse coordination and equilibrium were analyzed using an accelerating Rotarod (Ugo Basile). Mice were placed on the Rotarod

apparatus in acceleration mode for 180 s (accelerating linearly from 3-30 rpm over 90 s, maintained at 30 rpm for 90 s). Each mouse

was trialled three times, and the median latency to fall off the rod was recorded.

Brain mass ofWT, rTg4510 and Tg/Fyn�/�mice was recorded immediately after perfusion and excision from 6-month-old mice, as

described below for immunostaining and biochemical analyses. A total of 20 mice (10 males and 10 females) were measured; data-

sets were merged after no significant differences were found between male and female mice of the same strain in terms of brain

mass. For each mouse, the entire cerebrum (with cerebellum still attached) was weighed.

Immunohistochemistry and immunofluorescence
Immunohistochemistry and immunofluorescence of phospho-tau species were performed as described previously with minor mod-

ifications (Baker et al., 2016). Briefly, mice were anesthetized and perfused transcardially with phosphate-buffered saline (PBS, pH

7.4). The whole brains were then immersion fixed overnight in 4% paraformaldehyde (PFA) in PBS at 4�C, dehydrated by ethanol se-

ries and embedded in paraffin. Serial coronal sections were cut at 7mm with a microtome and mounted onto Superfrost Plus slides

(Menzel-Gläser, #SF41296SP). Sections were rehydrated in accordance with standard protocols and boiled in citrate buffer (pH 5.8)

for 15 min using a microwave. After cooling, sections were blocked for 1 h in 1% BSA and 20% FBS in Tris-buffered saline (TBS, pH

7.4) with 0.05% Triton X-100 (Sigma, #T8787) and then incubated overnight at 4�Cwith primary antibodies diluted in blocking buffer.

For immunohistochemistry of paraffin sections, after incubation with primary antibodies sections were washed with 3% H2O2 in

TBS to quench endogenous peroxidase activity, then incubated with biotinylated secondary antibodies (Dako, #E0413, 1:500 dilu-

tion) for 1.5 h at room temperature. Immunodetection was subsequently performed with 3, 30-diaminobenzidine (DAB) chromogen
e3 Cell Reports 32, 108045, August 18, 2020
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(Dako, #K3468) following treatment with streptavidin-horseradish peroxidase ABC reagent (Vector Laboratories, #PK4000). Sections

were counterstained with hematoxylin to provide cytological detail. For immunofluorescence of paraffin sections, Alexa Fluor 488-

labeled goat-anti-mouse IgG secondary antibodies (Thermo Fisher, #A11001, 1:500 dilution) were used, together with DAPI (0.1mg/

ml) counterstaining for nuclei. Gallyas silver staining for the detection of tau neurofibrillary tangles (NFTs) was performed as previously

reported (Baker et al., 2016) using standard histological techniques

For glial stainings, immunofluorescence was conducted with free-floating 40mm sections cut by a vibratome (Leica). Sections were

blocked in a blocking buffer comprising 5%BSA in PBSwith 0.2% Triton-X at room temperature for 1 h, and subsequently incubated

with primary antibodies against GFAP (Millipore, #MAB360) and Iba1 (Wako, #016-26721, both diluted to 1:500) in the same buffer

supplemented with 0.02% sodium azide for 72 h. Sections were washed thrice in PBS and then probed with the appropriate Alexa

Fluor 488- and 647-conjugated secondary antibodies (Thermo Fisher, # A21245, both used at 1:500 dilution) in PBSwith 0.2%Triton-

X at room temperature for 1 h. Sections were washed as above, incubated with DAPI and mounted.

For paraffin immunohistochemistry and immunofluorescence, tissue sections were imaged with brightfield or fluorescence slide

scanners (Zeiss) at 10x and 20x, respectively. Glial staining was imaged using a spinning-disk confocal system (Marianas; 3I, Inc.)

consisting of an Axio Observer Z1 (Carl Zeiss) equipped with a CSU-W1 spinning-disk head (Yokogawa Corporation of America),

ORCA-Flash4.0 v2 sCMOS camera (Hamamatsu Photonics), and 63x 1.4 NA PlanApo oil immersion objective, with image acquisi-

tion, performed using SlideBook 6.0 (3I, Inc).

Whole-brain RAB-RIPA/SDS fractionation
Brains were dissected from mice transcardially perfused with PBS, and then snap-frozen in liquid nitrogen. For fractionation, the

brains were immersed in six volumes of RAB buffer (G-Biosciences, #78691) with protease and phosphatase inhibitors and homog-

enized using the TissueLyser LT (QIAGEN) for a total of 6 min at 50Hz. Homogenates were then centrifuged at 21,000g for 90 min at

4�C and the supernatant was stored at �80�C as the RAB-soluble fraction. The pellet was homogenized as above with the Tissue-

Lyser LT in the same volume of RIPA buffer (Cell Signaling Technology, #9806) supplemented with 1% SDS, protease and phospha-

tase inhibitors, and then spun again as before. The RIPA/SDS-soluble supernatant was retained and stored at �80�C.

Synaptosomal fractionation
Synaptosomal fractionation was performed as reported previously with minor amendments (D’Amelio et al., 2011). Mice were anes-

thetized and perfusedwith cold Hank’s balanced salt solution (HBSS, pH 7.4, Life Technologies, #14185052), and brainswere quickly

homogenized by hand with 15 strokes of a tight-fitting Dounce tissue grinder in homogenization buffer (320mM sucrose, 4mM

HEPES, pH 7.4) supplemented with protease and phosphatase inhibitors. The homogenate was centrifuged at 1,000g at 4�C for

10min, and the resulting supernatant was centrifuged at 12,000g for 15min. The resulting pellet was resuspended in homogenization

buffer, and centrifuged at 13,000g for 15 min to obtain the final synaptosome-enriched pellet, which was snap-frozen on dry ice and

stored at �80�C.
To prepare synaptosomal fractions for biochemical analyses, the synaptosome-enriched pellet was resuspended in 250ml of RAB

buffer with protease and phosphatase inhibitors, briefly sonicated, and then spun at 10,000g for 20 min at 4�C. The supernatant was

snap-frozen and retained as the RAB-soluble synaptosome. The RAB-insoluble pellet was then resuspended in 250ml of RIPA buffer

supplemented with 1% SDS and protease and phosphatase inhibitors, sonicated, and centrifuged as above, thereby generating a

RIPA/SDS-soluble synaptosome that was snap-frozen and stored at �80�C.

PBS brain lysates
To generate PBS lysates used in tau biosensor cell and dot-blot experiments, brains were Dounce homogenized in PBS with prote-

ase and phosphatase inhibitors with 15 strokes of an electric drill. Samples were kept on ice for 15 min and then spun at 10,000g for

15min for tau seeding experiments, or 3,000g for 5min for dot-blot analysis (both at 4�C). In each case, the resulting supernatant was

snap-frozen and stored at �80�C until use.

Immunoblot and dot-blot
Brain extracts were quantified by DC assay (Bio-Rad, #5000112) and 20mg of protein were boiled for 5 min in sample buffer (125mM

Tris-HCl pH 6.8, 2%SDS, 12.5% glycerol, 90mMDTT) and resolved by SDS-PAGE on 7.5% polyacrylamide gels in Tris-glycine-SDS

buffer (Bio-Rad, #1610732). Gels were transferred using the Trans-Blot Turbo Transfer System (Bio-Rad, #1704150) to low-fluores-

cence PVDF membranes (Bio-Rad, #1620263) and total protein staining for normalization was performed with REVERT Total Protein

Stain Kit (LI-COR, #926-11010) in accordancewith themanufacturer’s instructions.Membraneswere blockedwith Odyssey blocking

buffer (LI-COR, #927-5000) at room temperature for 1 h and subsequently reacted with primary antibodies diluted in Odyssey block

with 0.1% Tween-20 (Sigma, #P1379) overnight at 4�C with gentle rocking. After washing thrice for 5 min in TBS with 0.05% Tween-

20 (TBS-T), membranes were probed with complementary IR Dye 680RD/800CW secondary IgG antibodies (LI-COR, #925-32210,

#925-68070, #925-32211, #925-68071, 1:10,000 dilution in a buffer of 1:1 Odyssey block and TBS-T) for 1 h at room temperature.

After washing again in TBS-T, membranes were rinsed briefly in TBS and scanned with the Odyssey Fc Imaging System (LI-COR) to

detect infrared signal.
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For dot-blotting, PBS brain lysates containing 18mg of protein (quantified as above) were diluted in 100ml of PBS and adsorbed

slowly onto moistened 0.45mm nitrocellulose membranes (Millipore, #HATF00010), followed by washing with PBS by vacuum using

a Bio-Dot apparatus (Bio-Rad, #170-6545). Membranes were then blocked as above and probed with anti-oligomeric tau antibody

TOC1 (a generous gift of Dr Nicholas Kanaan, used 1:10000) and GAPDH (1:2000) (Ward et al., 2013). After overnight incubation at

4�C and rinsing in TBS-T, membranes were reacted with IR Dye 800CW goat anti-mouse IgM (LI-COR, #925-32280) and IR Dye

680RD goat anti-rabbit IgG secondary antibodies and imaged as above.

Aggregation assays with tau biosensor cells
Transduction of tau biosensor cells with PBS-soluble brain extracts derived from tau transgenic mice was performed as previously

described with minor modifications (Polanco et al., 2016). Cells were seeded 24 h prior to treatment with brain lysates in 12-well

plates (Corning, #353043) at a density of 4x104 cells/well. Cells to be analyzed by microscopy were grown on 18mm glass coverslips

with a poly-D-lysine coating (Sigma, #P6407). Tau aggregation was initiated by adding 200ml OptiMEM (Life Technologies,

#31985062) containing 2mg of protein inWT, rTg4510 and Tg/Fyn�/� PBS brain lysates, which was added dropwise to cells. The cells

were then maintained in DMEM containing 1% FBS, without antibiotics, for 72 h until analysis by FRET flow cytometry and confocal

microscopy.

FRET flow cytometry
FRET flow cytometry was performed with unmodified HEK293T, RD-CFP, RD-YFP, and tau biosensor RD-CFP+RD-YFP cell lines

as previously described (Polanco et al., 2016). Cells were harvested with 0.25% trypsin-EDTA (Life Technologies, #25200056),

fixed for 10 min with ice-cold 2% PFA and resuspended in HBSS containing 1mM EDTA. The FRET signal was quantified with

a BD FACSAria cell sorter. To measure CFP and FRET-YFP, cells were excited by a 405nm laser (Coherent Inc.) and the emitted

fluorescence was recorded at 485/22nm-filter and 530/30nm-filter, respectively. For each replicate, 40,000 events were quantified,

and a gating strategy for eliminating doublets was used as outlined previously (Polanco et al., 2016). FRET data were quantified as

an integrated FRET signal, which was calculated by multiplying the percentage of FRET-positive cells by the mean 530nm fluo-

rescence intensity of the sample. Data, which were obtained from two replicate experiments, were analyzed using FlowJo xV soft-

ware (Tree Star).

Microscopy of cells grown on coverslips
The cell medium was aspirated and PBS containing 1.23mg/ml Hoechst 33342 nuclear stain (Invitrogen, #62249) was applied for

25 min at room temperature. Cells were then rinsed once more in PBS and fixed for 20 min at room temperature in 4% PFA in

PBS. After three brief washes in PBS, coverslips were mounted onto slides with Vectashield antifade fluorescent mounting medium

(Vector, #H1000). Cells were imaged at 20x with a LSM710 scanning confocal fluorescence microscope (Zeiss).

Molecular cloning
pENTR vectors containing full-length (441aa) human tau and Y18E and Y18A point mutations were generated by site-directed muta-

genesis using an in-house modified Q5 Site-Directed Mutagenesis kit (NEB, #E0554S). Tau constructs were further amplified by

primers containing overhangs compatible with ligation-independent cloning (LIC). pET-His6-TEV-LIC vector 1B (Addgene

#29653), a gift of Scott Gradia, was linearized by digestion with SspI-HF (NEB, #R3132S) and gel-purified. Tau inserts and linearized

vector were treated with T4 DNA polymerase (NEB, #M0203S), annealed through LIC, and transformed into BL21(DE3) competent

cells (NEB, #C2527I). Vectors were confirmed by sequencing prior to protein expression. All oligonucleotides were purchased from

IDT.

Recombinant tau expression
Freshly picked colonies of BL21(DE3) containing hTau, Y18E and Y18A bacterial expression vectors were inoculated with vigorous

shaking (275 RPM) overnight at 25�C in 50mL of Terrific Broth containing 55mg/ml kanamycin (AMRESCO, #0408-10G). One-liter cul-

tures of Terrific Broth with 55mg/ml kanamycin were further inoculated with 15mL of overnight cultures, and upon reaching an OD600

of 0.6 (approximately 2 h) were induced with 0.5mM IPTG (Meridian Bioscience, #BIO-37036) and incubated with shaking (275 RPM)

overnight at 25�C. Pellets were recovered by centrifugation and stored at �80�C until lysis.

Bacterial pellets were resuspended in lysis buffer (300mM KCl, 50mM KH2PO4, 5mM imidazole, pH 8.0) with Complete Mini Pro-

tease Inhibitors, 1mg/ml lysozyme (AMRESCO, #0663-10G) and 10U/ml Benzonase Nuclease (Sigma, # E1014). Cells were lyzed by

intermittent sonication (Sonics Vibra-Cell VCX130, 60% amplitude) for a total of 3 min on ice and cleared by centrifugation at 25,000g

for 30 min at 4�C. Lysates were filtered with a 0.22mm filter and His6-tagged proteins were purified with the use of an automated Pro-

finia Protein Purification System (Bio-Rad). In brief, lysates were applied to Profinity IMAC resin columns (Bio-Rad, #7324610),

washed with lysis buffer and wash buffer (lysis buffer with 10mM imidazole) and eluted with elution buffer (same buffer with

250mM imidazole). The eluate was then desalted using aMini Bio-Gel P-6 Desalting Cartridge (Bio-Rad, #7324504) into physiological

fibrillization buffer (10mM HEPES, 100mM NaCl, 1mM DTT, pH 7.4).

Proteins were concentrated to �150ml with Amicon Ultra-4 30kDa MWCO centrifuge units (Millipore, #UFC803024) and further

purified by size-exclusion chromatography using a Superdex 200 Increase 10/300 GL column (GE Healthcare, #28990944) with
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an ÄKTApurifier chromatography system (GE Healthcare) in fibrillization buffer. A280 peak fractions were collected and assayed for

tau expression by Coomassie/REVERT total protein staining and immunoblot with the anti-total-tau antibody Tau5. The same peak

fractions were collected for each of the tau species assayed. Tau-containing fractions were concentrated as above, and the tau pro-

tein concentration was adjusted to 2mg/ml (�40mM) by measuring with a NanoDrop 2000 spectrophotometer (Thermo Fisher) using

molar extinction coefficients (ε/1000) of 8.10 for non mutant hTau and 7.45 for Y18E and Y18A mutants, as calculated by the online

ExPasy ProtParam portal (Gasteiger et al., 2005). Single-use aliquots were snap-frozen on dry ice and stored at �80�C until use in

fibrillization assays.

Thioflavin T tau fibrillization assay
Eight micromolar of each tau species was mixed with 4mM heparin (Sigma, #H3393) and 10mM Thioflavin T (Sigma, #T3516) in fibril-

lization buffer (10mMHEPES, 100mMNaCl, 1mMDTT, pH 7.4), and 100ml volumes were added to black 96-well clear-bottom plates

(Corning). Reactions were incubated at 37�C for 72 h in a CLARIOstar plate reader (BMG Labtech), and fluorescence was read every

5 min at an excitation of 440-10nm and emission of 480-20nm at a focal height of 4.2mm. For each 5 min cycle, the plate was shaken

in a double-orbital fashion for 15 s. Experiments were performed in triplicate and performed three times. After the completion of the

72 h experiment, 30ml of each reaction was mixed diluted 10-fold in cold TBS, and then dot-blotted in triplicate for TOC1 as outlined

above.

Image and immunoblot analysis
Immunohistochemistry and immunofluorescence slide scanner images were cropped to individual images and designated regions of

interest (ROIs) corresponding to cortical and hippocampal subfields were manually drawn in ImageJ (FIJI). The percentage area of

positive labeling was recorded for each ROI. Aminimumof three ROIs for a given brain regionwere analyzed for each animal. For both

DAB and fluorescence, the threshold for positive labeling was defined as the average value that excluded three standard deviations-

worth (i.e., approximately 99.7%) of pixels according to the histograms of aminimum three positive control rTg4510 sections. Images

were scored with a customized, automated macro, thereby negating the requirement for blinding. For fluorescence images, the

macro was adapted to also measure the integrated fluorescence density.

Gallyas-stained sections were imaged as above and individual images were blinded. Silver-positive neurons were manually

counted with ImageJ within three rectangular ROIs positioned semi-randomly in the neocortex. ROIs were kept identical in both

size and orientation for each image. The average count across the three ROIs for each section was recorded.

Confocal images of tissue stained for glia were captured as a z stack of 78 images with a step size of 0.13mm, for a total depth of

10mm. Images were taken in the CA1 hippocampal region and processed in ImageJ by maximum z-projection followed by back-

ground subtraction and thresholding with the inbuilt Otsu threshold, and the percentage area of glia in each image was recorded.

Images of biosensor cells bearing tau aggregates were thresholded in the FRET-YFP channel and Hoechst/DAPI channels, gener-

ating binarymasks for tau aggregates and nuclei respectively. The percentage area of aggregates, normalized to Hoechst/DAPI, was

analyzed by ImageJ. For the analysis of aggregatemorphology in FRET tau biosensor cells, blinded imageswere classified according

to previously described prionoid tau aggregate morphologies (Sanders et al., 2014).

For immunoblots and dot-blots, the intensity of themain immunoreactive region of each lane was quantifiedwith ImageStudio soft-

ware (LI-COR). For immunoblots, values were normalized to REVERT total protein staining across all molecular weights. Dot-blots

were normalized to GAPDH intensity in the case of mouse brain samples or to REVERT for ThioT aggregation assays. As the immu-

noreactivity of WT mouse brain samples in dot-blots and immunoblots for all anti-tau antibodies was negligible, they were excluded

from graphs for additional clarity. Normalized data for rTg4510 and Tg/Fyn�/�, reported as mean and standard error of the mean

(SEM), were therefore represented as fold change relative to the rTg4510 results.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated, all n-values for animal experiments represent individual mice. Mice were assigned to treatment groups in a

randomized fashion, whereas for cell culture experiments randomization was not required. Cell culture and in vitro experiments were

replicated at least twice, with multiple technical replicates. All statistical tests were performed with Prism 8 software (GraphPad).

Values are presented as mean ± SEM, with statistical significance being determined as p values generated with a 95% confidence

interval, as indicated in the figure legends.

For behavioral and histological analyses, two-way ANOVA test with Tukey’s multiple comparisons tests was initially performed to

establish the presence of an interaction between gender and genotype. When no such interactions were discovered (data not

shown), data were pooled by genotype, cleaned by Prism’s inbuilt ROUT outlier identifier analysis (Q = 1%) (Motulsky and Brown,

2006), assessed by Shapiro-Wilk normality test and one- or two-way ANOVA (for behavioral analyses), Student’s t test or nonpara-

metric Mann-Whitney (for histological analyses) test were performed as required. For biochemical analyses and glial analyses, one-

way ANOVA with Holm-Sidak’s post hoc tests for multiple comparisons was used. The integrated FRET signal from flow cytometry

was analyzed by either Student’s t test or nonparametric Mann-Whitney test.
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Kinetic data for ThioT reactions were calculated by fitting the data to a sigmoidal growth curve in Prism with the equation Y =

Ymax=1+ e�kðt�t1=2:Þ (Lin et al., 2020). The parameters for the time of half-maximum aggregation (t1/2) was extracted directly from

model, and lag time (tlag) was calculated with the equation tlag = t1=2 � ð1 =kÞ (please note this modified formula makes use of the

approximation that t1/2 ztm, where tm is the x-coordinate with greatest growth rate) (Shoffner and Schnell, 2016). The area under

the curve was calculated in Prism using the trapezoid rule, with the equation
P

DX 3ðY1 + Y2 =2 � baselineÞ. All data were plotted

after normalization with respect to hTau.
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