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INTRODUCTION
Neuro�brillary tangles (NFTs), the cytoplasmic �lamentous 

accumulations of tau protein, are hallmark lesions of Alzhei-

mer’s disease (AD) and other age-related neurodegenerative 

diseases, collectively termed tauopathies (Lee et al., 2001). 

Tau is a microtubule (MT)-associated protein predomi-

nantly expressed in neuronal axons with a primary function 

of promoting assembly and stability of MTs (Weingarten et 

al., 1975; Cleveland et al., 1977b). The adult brain expresses 

six isoforms of tau with three or four MT-binding repeats 

(3R or 4R) that bind the inner surface of MTs and zero to 

two acidic N-terminal inserts (0N, 1N, or 2N) that project 

away from MTs (Goedert et al., 1989). Although normally 

a highly soluble protein without well-de�ned secondary or 

tertiary structures, tau assembles into β sheet–rich insoluble 

amyloid �brils, commonly known as paired helical �laments 

(PHFs), to form NFTs in AD brains (Cleveland et al., 1977a; 

Lee et al., 1991; Mandelkow et al., 2007). These pathological 

tau aggregates are believed to play critical roles in neuronal 

dysfunction and neurodegeneration.

Increasing evidence suggests �lamentous tau aggregates 

are self-perpetuating entities capable of undergoing cell-to-

cell transmission, whereby extracellular tau �brils enter cells 

through endocytosis and seed the recruitment of soluble tau 

into growing aggregates, some of which get released and 

taken up by healthy cells to induce another cycle of seeded 

�brillization (Frost et al., 2009; Guo and Lee, 2011, 2013; 

Kfoury et al., 2012; Wu et al., 2013). Importantly, a single in-

tracerebral inoculation of synthetic tau �brils assembled from 

recombinant tau (rTau) protein or tau aggregate–containing 

brain homogenates into transgenic (Tg) mice overexpressing 

tau was shown to induce and propagate NFT-like tau pathol-

ogy to anatomically connected brain regions (Clavaguera et 

al., 2009, 2013; Iba et al., 2013). This connectome-dependent  

transmission of pathological tau is proposed to underlie the 

stereotypical spatiotemporal progression of NFTs in AD 

brains (Guo and Lee, 2014; Walker and Jucker, 2015).

Most studies demonstrating transmissibility of tau aggre-

gates were conducted in the presence of tau overexpression, 

often coupled to mutations that further enhance the �brilli-

zation propensity of tau. However, increased tau expression is 

not a cause of AD or other tauopathies, and tau mutations are 

only found in rare cases of frontotemporal dementia. Hence, 

cellular and animal models that recapitulate the vast major-

ity of tauopathies, which are sporadic in nature, remain to 

be developed. Although we and others demonstrated that it 

is possible to trigger aggregation of non-overexpressed WT 

tau in cultured neurons and in mice (Lasagna-Reeves et al., 

2012; Clavaguera et al., 2013; Guo and Lee, 2013), the limited 

extent of induced pathology was far from su�cient to model 

cell-to-cell transmission as the underlying basis for progres-

sion of sporadic tauopathies.

Because of its high solubility, e�cient �brillization of 

tau in vitro can only be achieved in the presence of polyan-
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ionic cofactors, with heparin being the most commonly used 

agent (Goedert et al., 1996; Kampers et al., 1996; Chirita et 

al., 2003). Heparin-induced tau �brils were thought to re-

semble AD PHFs and were widely used to investigate the 

structural mechanism of PHF assembly (Friedho� et al., 1998; 

Mandelkow et al., 2007; Siddiqua and Margittai, 2010). Al-

though these �brils can seed robust tau aggregation in cul-

tured cells and mouse brains overexpressing human mutant 

tau, only low levels of pathology were induced in primary 

neurons derived from non-Tg mice (Guo and Lee, 2013). 

Based on studies suggesting conformational diversity of tau 

aggregates (Clavaguera et al., 2013; Sanders et al., 2014), we 

hypothesize di�erent conformational variants of tau �brils 

exist, with di�erential potency to seed the �brillization of 

physiological levels of  WT tau.

RESULTS
Generating different variants of tau �brils with distinct 
seeding patterns in non-Tg neurons
In an attempt to generate more potent tau seeds than hep-

arin-induced tau �brils, we performed repetitive self-seeded 

�brillization of recombinant T40 (4R2N human tau) in vitro, 

a method we previously used to generate di�erent conforma-

tional variants of α-synuclein (α-syn) �brils with di�erential 

seeding activities (Guo et al., 2013). As expected from the 

high solubility of tau, de novo �brillization of T40 (passage 1 

[P1]) without any cofactors did not result in any appreciable 

insoluble tau (Fig.  1  A). Interestingly, continual seeding of 

T40 monomers with �brillization mixture from the previous 

passage (see the rTau puri�cation and in vitro �brillization 

section of Materials and methods) led to progressive increase 

in the percentage of pelletable tau and successful formation 

of �brils con�rmed by negative staining electron micros-

copy (EM; Fig. 1, A–C).

We also developed a simple protocol to purify tau PHFs 

from AD brains using di�erential centrifugation of the sarko-

syl-insoluble brain fraction (Fig. 1, D–F; and Table S1). Com-

pared with the traditional puri�cation method using sucrose 

gradient (Lee et al., 1999), our new protocol resulted in much 

higher yields of PHF-tau (15–30 µg tau per gram of gray 

matter using our new protocol vs. 1–5 µg tau per gram of 

gray matter using the traditional protocol) with remarkable 

purity, whereby the dominant protein bands revealed by silver 

staining at 50–75 kD matched immunoreactivities of di�er-

ent anti-tau antibodies, and negative staining EM showed the 

presence of abundant �laments (Fig.  1, G and H). Further 

characterizations using bicinchoninic acid (BCA) assay and 

sandwich ELI SA showed 10–28% purity of our AD PHF 

preparations (hereafter referred to as AD-tau), which contain 

minimal Aβ and α-syn (Table S2).

Seeding capacities of self-seeded T40 �brils and AD-tau 

were compared with heparin-induced T40 (Hep-T40) �-

brils in non-Tg hippocampal or cortical neurons. Consistent 

with our previous study (Guo and Lee, 2013), treatment with 

Hep-T40 �brils resulted in limited aggregation of endoge-

nous mouse tau, manifested as rare puncta labeled by a mouse 

tau–speci�c antibody in methanol-�xed neurons (Fig.  2, A 

and C). In contrast, cofactor-free self-seeding sometimes gen-

erated a unique variant of T40 �brils (hereafter referred to as 

X-T40 �brils) capable of inducing profuse thread-like mouse 

tau aggregates, which were also observed when non-Tg neu-

rons were treated with AD-tau (Fig. 2, A and B). For both 

variants, the widespread mouse tau pathology mostly stayed 

in the axons, although occasional perikaryal depositions oc-

curred with X-T40 treatment (Fig. 2 D).

To rule out the possibility that contaminants in AD-

tau preparations nonspeci�cally caused abnormal tau ac-

cumulations, we performed immunodepletion of tau from 

these preparations and found abolishment of seeding activity 

in neurons (Fig. 2, E and F). Furthermore, when added to-

gether with synthetic tau �brils to non-Tg neurons, AD-tau 

preparations that had been immunodepleted of tau neither 

enhanced the seeding activity of Hep-T40 �brils (Fig. 2 G 

compared with Fig. 2 A) nor altered the pattern of tau pa-

thology induced by X-T40 �brils (Fig. 2 H compared with 

Fig.  2  A), suggesting extrinsic factors present in AD-tau 

preparations do not directly in�uence the seeding properties 

of tau �brils. Collectively, these results support the idea that 

tau �brils puri�ed from AD brains are intrinsically di�erent 

from synthetic tau �brils.

Additionally, the di�erential activity of Hep-T40, 

X-T40, and AD-tau �brils in inducing endogenous tau pa-

thology was con�rmed biochemically through immunoblot-

ting of sarkosyl-soluble and -insoluble fractions from treated 

neurons (Fig. 2 K). Although cultured non-Tg neurons ex-

press both 3R and 4R mouse tau (Fig. 2, I and J), only 4R 

tau was recruited into the insoluble fraction by X-T40 �brils, 

but both 3R and 4R tau were recruited by AD-tau (Fig. 2 K).

AD-tau induces and propagates abundant tau 
pathology in non-Tg mice
We further tested whether these tau �bril variants can prop-

agate tau pathology in young (2–3 mo) non-Tg mice after a 

single unilateral injection into the dorsal hippocampus and 

overlying cortex (Fig. 3 A). Consistent with poor seeding in 

cultured neurons, inoculation of 9 µg Hep-T40 �brils failed 

to induce appreciable tau pathology up to 24 mo postinjec-

tion (p.i.; Fig. 3, B and C). Despite considerable variability 

among injected animals, 9 µg X-T40 �brils overall resulted in 

only a small number of tau inclusions, detected by phospho-tau 

antibody AT8 (pS202 and T205), in the ipsilateral hippocam-

pus up to 9 mo p.i. (Fig. 3, B and D). In stark contrast, inoc-

ulation of 8 µg or even 2 µg AD-tau gave rise to numerous 

AT8-positive tau aggregates in several brain regions as early as 

3 mo p.i. (Figs. 3 B and Fig. 4 A). This result was con�rmed 

with inoculation of 2 µg AD-tau independently prepared 

from two additional AD cases (not depicted and Table S4).

To eliminate the possibility of detecting residual AD-

tau, we monitored inoculated human tau using both AT8 and 

human tau–speci�c antibody HT7 at earlier time points and 
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Figure 1. Preparation of different variants of tau �brils. (A) Sedimentation test for passages 1–6 of repetitively self-seeded T40 �brillization without 

heparin. Supernatant (S) and pellet (P) fractions were resolved on SDS-PAGE and stained by Coomassie blue. Data are representative of more than three 

independent �brillization series. (B) Sedimentation test for T40 �brils induced with and without heparin; three different preparations are shown for each 

category. The heparin-free �brils were from passages 9 or 10 of repetitively self-seeded �brillization as shown in A. (C) Negative staining EM images for T40 

�brils induced with and without heparin after sonication. Bar, 100 nm. (D) A schematic diagram summarizing the main steps of tau PHF puri�cation from 

AD brains. (E and F) Different fractions from PHF puri�cation (refer to the schematic in D) were immunoblotted with 17025 (a polyclonal pan-tau antibody) 

and PHF-1 (a monoclonal antibody speci�c for tau phosphorylated at S396/S404). (F) Ponceau S staining for the �nal puri�cation steps revealed further 

removal of contaminants from the sarkosyl pellet. The �nal supernatant (fraction 3, red in D) is the fraction used in the study and referred to as AD-tau. 

Data are representative of at least eight independent extractions (Table S2). (G) Silver staining of AD-tau shows prominent bands between 50 and 75 kD, 

recognized by a panel of tau antibodies, including T14 (a monoclonal antibody speci�c for human tau), 17025, PHF-1, RD3 (a 3R tau-speci�c monoclonal 

antibody), and an anti-4R tau polyclonal antibody. Representative preparations from the frontal cortices of three AD cases are shown (1a and 1b are two 

different preparations from the same case). (H) Negative staining EM images for AD-tau with (+) and without (−) sonication. Bar, 100 nm. (A, B, and E–G) 

Molecular mass is indicated in kilodaltons. 
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Figure 2. Different variants of tau �brils differentially seed tau pathology in non-Tg neurons. (A) Induction of endogenous mouse tau pathology 

in non-Tg neurons treated with the different variants of tau �brils (amount of tau per coverslip: 4.5 µg for Hep-T40 and X-T40; 1.5 µg for AD-tau). Neu-

rons were �xed with methanol to remove soluble tau (Fig. 2 C) and immunostained with T49, a mouse tau–speci�c monoclonal antibody (green). Data are 

representative of more than three independent experiments. Bar, 100 µm. (B) Quanti�cation of the area occupied by mouse tau pathology normalized to 

total cell count, shown as mean + SEM. For each �bril variant, three different preparations were tested across three independent sets of neurons; AD-tau 

preparations from three different cases were tested. (C) Immunostaining of mouse tau (mTau; T49; green) and MAP2 (polyclonal antibody 17028; red) in 

DPBS-treated non-Tg neurons �xed with 4% PFA or with cold methanol. In these control neurons, MAP2 immunoreactivity, which is in the neuronal cell 

bodies and dendrites, remains intact with methanol extraction, but the axonally located mouse tau is largely removed by methanol �xing. The results are 

veri�ed in two independent experiments. Bar, 50 µm. (D) The thread-like neuritic tau aggregates induced by both X-T40 and AD-tau �brils rarely colocalized 

with MAP2 staining, suggesting their axonal location. X-T40 but not AD-tau �brils induced tau aggregation in a subset of neuronal cell bodies (shown by 

asterisks in the top panels). Bar, 50 µm. (E and F) Mouse tau pathology induced by AD-tau preparations after a mock immunodepletion using control mouse 

IgG (E) or after immunodepletion of tau using Tau 5 (F). The volume of unbound fraction added per coverslip contained 0.2 µg of AD-tau before immuno-

depletion. Seeding activity of AD-tau was abolished by Tau 5 but not by the control mouse IgG. (G and H) Mouse tau pathology induced by 4.5 µg Hep-T40 

�brils (G) or 1.5 µg X-T40 �brils (H) that had been mixed with tau-immunodepleted AD-tau preparations. (E–H) Images are representative of three AD cases 

tested. Bar, 100 µm. (I) RIPA-extracted lysates from non-Tg neurons that were 6, 10, 15, and 20 d in vitro (DIV) were probed for 3R and 4R tau expression 
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found visible immunoreactivities around the injection sites at 

2 d p.i. but not at 7 d p.i. (Fig. 5, A and B). Thus, AT8 immu-

noreactivities detected thereafter must represent endogenous 

mouse tau recruited by injected AD-tau that was internalized 

and survived degradation. This was con�rmed by labeling of 

the tau inclusions by mouse tau–speci�c antibody R2295 

(Fig.  5  E). Moreover, inoculation of control brain extracts 

containing equivalent concentrations of total proteins but lit-

tle abnormal tau did not result in any tau pathology (Tables 

S1 and S2 and Fig. 5 F), thus excluding any nonspeci�c in-

duction of tau aggregation by injection-associated brain dam-

age or by exposure to human brain materials.

Unexpectedly, only modest neuropil accumulations of 

tau ever developed near the injection sites after the clearance 

of inoculated AD-tau (Fig. 5, C and D), whereas abundant 

perikaryal inclusions were observed in brain regions ana-

tomically connected to the injection sites, such as the poly-

morphic layer (hilus) of the ventral dentate gyrus on both 

ipsilateral and contralateral sides, the raphe nucleus, and the 

mammillary area (Fig. 3 B and Fig. 4 A). Tau pathology in 

the abovementioned regions persisted up to 9 mo p.i., with 

8-µg but not 2-µg injections leading to signi�cantly more pa-

thology at 9 mo p.i. than at 3 mo p.i. in the ipsilateral ventral 

hippocampal hilus (Fig. 3 F and Fig. 4 B). Meanwhile, new 

inclusions emerged starting 6 mo p.i. in a few distal sites, in-

cluding the locus coeruleus (Fig. 3 E, Fig. 4 A, and Fig. 6 A). 

Together, these results provide evidence for retrograde (and 

possibly anterograde) transmission of pathological tau and se-

lective vulnerability of di�erent neuronal populations to the 

development of tau pathology in non-Tg mice (Fig.  6  B). 

Furthermore, other markers of tau pathology (AT180, TG3, 

and MC1) displayed increased immunoreactivities over time, 

with a subset of tau inclusions turning ThS positive, indicat-

ing time-dependent maturation of pretangles into NFT-like 

aggregates (Fig. 6, C and D). However, no overt neuron loss 

was ever detected up to 9 mo p.i., even in the ventral hip-

pocampal hilus where the highest density of tau pathology 

developed (Fig. 3 G and Fig 4 C).

We also performed AD-tau inoculation into aged 

(15–19 mo) non-Tg mice, in which a very similar pattern of 

induction and propagation of tau pathology was observed. In-

terestingly, although inoculation of 2 µg AD-tau led to min-

imal pathology in the ipsilateral entorhinal cortex of young 

non-Tg mice, the same low dose of AD-tau resulted in appre-

ciable pathology in the ipsilateral entorhinal cortex of mice 

injected at 15–19 mo old (Fig. 4, D and E). In addition, more 

pronounced neuropil accumulations of tau were observed in 

the aged mice at 6 mo p.i. in several white matter regions, 

such as the �mbria and corpus callosum (Fig. 4, D, F, and G). 

Therefore, the age of mice appears to have a modifying e�ect 

on the spreading of AD-tau–induced tau pathology.

Elucidating structural arrangement  
of 4R and 3R tau in AD PHFs
Next, we tried to identify unique structural features of AD-tau 

that could underlie its higher seeding activity. AD PHFs are 

known to consist of both 4R and 3R tau at an ∼1:1 ratio (Lee 

et al., 2001), but the exact structural relationship between 4R 

and 3R tau within �laments is unclear because epitopes that 

distinguish these isoforms are in the MT-binding repeat do-

mains, which are deeply buried in the �bril core (Goedert et 

al., 1996; von Bergen et al., 2006; Espinoza et al., 2008). Three 

models of 4R/3R tau arrangement in PHFs are conceivable 

(Fig. 7 A): (1) alternating 4R and 3R tau molecules are oblig-

atory building blocks, (2) 4R and 3R tau segregate into dis-

tinct �brils that do not cross-seed, and (3) 4R and 3R tau can 

coassemble into the same �brils in a random, nonobligatory 

manner. To identify the correct model and also circumvent 

di�culties in analyzing AD PHFs directly, we adopted an 

alternative strategy of examining rTau �brils templated by 

AD PHFs, whereby 10% AD-tau seeds were incubated with 

human rTau T40 (4R2N) and T39 (3R2N) monomers, either 

separately or mixed at a 1:1 ratio at the same total protein 

concentration. In a subset of experiments, we attached a Myc 

tag to T40 and a hemagglutinin (HA) tag to T39 at the C ter-

minus, which would be positioned outside the �bril core and 

thereby allow visualization of incorporated rTau.

In the presence of 10% AD-tau seeds, ∼30% of starting 

rTau monomers (with or without tags) were incorporated 

into the insoluble fraction regardless of single- or mixed- 

isoform �brillization (Fig. 7, C–E), whereas rTau alone re-

mained largely soluble under the same �brillization condition 

(Fig. 7 B). This is di�erent from heparin-induced �brillization, 

wherein 3R tau was reported to inhibit �brillization of 4R 

tau (Adams et al., 2010). Immuno-EM of singly seeded Myc-

T40 and HA-T39 (designated as [AD]Myc-T40 and [AD]

HA-T39) showed abundant �laments labeled by anti-Myc or 

anti-HA antibodies proximal to stretches of PHF-1 (pS396/

using isoform-speci�c monoclonal antibodies RD3 and RD4, respectively. Total tau was shown by K9JA (a polyclonal antibody recognizing residues 243–441 

of tau) or R2295 h&mTau (a fraction of polyclonal serum recognizing both human and mouse tau). Data are representative of three independent sets of 

neurons tested. (J) Dephosphorylation of neuronal lysates showed that the two predominant isoforms of mouse tau expressed in culture are the shortest 

ones (i.e., 3R0N and 4R0N) when aligned to the six isoforms of human tau (the lane marked by an asterisk). The blot was probed with R2295 h&mTau. 

Because a mouse tau sequence is shorter than a human tau, 4R0N mouse tau is aligned with 3R0N human tau, and 3R0N mouse tau runs even lower. 

Three dephosphorylation experiments were performed on two independent sets of neuronal lysates. (K) Supernatant (S) and pellet (P) fractions from 1% 

sarkosyl extraction of treated non-Tg neurons were immunoblotted with mouse tau (mTau)–speci�c antibodies (R2295 and T49), with two preparations of 

�brils tested for each variant (9 µg Hep-T40, 3 µg X-T40, and 3 µg AD-tau for each well on a 12-well plate). Black and red arrows indicate 4R and 3R mouse 

tau, respectively. The asterisk indicates a nonspeci�c band detected by R2295. Data are representative of three independent sets of non-Tg neurons tested.  

(I–K) Molecular mass is indicated in kilodaltons.
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S404 tau)–positive AD-tau (Fig.  7  F), indicating successful 

templated recruitment of rTau by AD PHFs, as previously 

shown for 4R0N rTau (Morozova et al., 2013). The observa-

tion that 4R or 3R rTau alone can be recruited by AD PHFs 

to form �brils suggests the unlikelihood of model 1, which 

was also argued against by the induction of tau pathology by 

AD-tau inoculation in adult mouse brains, which only express 

4R tau (Fig.  3). Furthermore, immuno-EM on co-seeded 

Myc-T40 and HA-T39 (i.e., [AD]Myc-T40 + HA-T39) re-

vealed frequent occurrences of individual �laments decorated 

by both anti-Myc and anti-HA antibodies amid occasional 

�laments with single immunoreactivity (Fig. 7, G–I), suggest-

ing model 3 is the most accurate model (Fig. 7 A).

Propagation of AD-tau seeding properties to rTau
To determine whether rTau �brils seeded by AD-tau inherit 

biological properties of their parental seeds, we tested their ac-

tivities in cultured non-Tg neurons. Indeed, [AD]T40, [AD]

T39, and [AD]T40 + T39 all elicited signi�cantly more abun-

dant tau pathology than the 10% AD-tau seed control, and 

the exclusive neuritic localization of induced tau aggregates 

phenocopies their parental seeds (Fig.  8, A and B). Immu-

Figure 3. AD-tau is a more potent seed 
for tau aggregation in non-Tg mice.  
(A) Schematics showing injection sites in the 

dorsal hippocampus and overlying cortex in-

dicated by red dots (Bregma −2.54 mm, 2 mm 

from midline, and −1.4 mm from skull [for 

the cortex] and −2.4 mm from skull [for the 

hippocampus]). (B) Differential induction of 

tau pathology recognized by AT8 (a monoclo-

nal antibody speci�c for tau phosphorylated 

at S202/T205) in non-Tg mice at 3 mo p.i. of 

different tau �brils. Amount of tau injected 

per mouse: 9 µg for Hep-T40 (four mice) and 

X-T40 �brils (six mice); 8 µg for AD-tau (four 

mice). Contra, contralateral; Ctx, cortex; HP, 

hippocampus; Ipsi, ipsilateral. Bar, 100 µm. (C) 

AT8 immunostaining at 24 mo p.i. of Hep-T40 

�brils (9 µg/mouse; two mice). (D) AT8 immu-

nostaining at 9 mo p.i. of X-T40 �brils (9 µg/

mouse; three mice). Considerable variability 

was found among injected animals, with the 

one mouse developing the most abundant pa-

thology shown here. (C and D) Bars, 200 µm. 

(E) AT8 immunostaining at 3, 6, and 9 mo p.i. of 

AD-tau (8 µg/mouse; four mice per time point). 

Bar, 100 µm. (F) Quanti�cation of percent area 

occupied by AT8-positive tau pathology de-

veloped in the ventral hippocampal hilus with  

8 µg AD-tau injection (four mice per time point; 

each dot represents one mouse). One-way ANO 

VA was performed across different time points 

for ipsilateral and contralateral pathology 

separately. Signi�cant differences were found 

for ipsilateral pathology, and Tukey’s multiple 

comparison test identi�ed a signi�cant dif-

ference between 3 and 9 mo p.i. *, P < 0.05. 

mpi, months p.i. (G) AD-tau inoculation (8 µg/ 

mouse) did not lead to signi�cant neuron 

loss in the ventral hippocampal hilus region 

as compared with mice injected with control 

(Ctrl) brain extracts. Data are shown as mean +  

SEM. One-way ANO VA found no signi�cant 

differences among the groups. Data shown 

in this �gure were obtained from injections 

performed all on 2–3-mo-old non-Tg mice 

(C57BL6 or C57BL6/C3H F1). Refer to Table S4 

for the details of animals analyzed per group.
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noblotting of neuronal lysates con�rmed endogenous mouse 

tau was recruited into the sarkosyl-insoluble fraction beyond 

what could be attributed to the 10% seeds (Fig. 8 C). These 

results suggest successful ampli�cation of seeding-competent 

AD-tau conformers with rTau. Importantly, insoluble mouse 

tau recovered from neurons invariably consisted of an equal 

ratio of 4R and 3R mouse tau, regardless of whether the ex-

ogenous �brils were composed of mostly 4R or 3R human 

rTau (Fig.  8 C). This observation lends further support for 

model 3 because model 2 would entail di�erential recruit-

ment of 4R and 3R mouse tau by [AD]T40 and [AD]T39, re-

spectively (Fig. 7 A). Unlike the structural equivalency of 4R 

and 3R tau in AD PHF assembly, 3R tau isoforms are signi�-

cantly impaired in acquiring the neuronal seeding properties 

of X-T40 �brils as compared with 4R tau isoforms (Fig. 7, D 

and E), suggesting a conformational barrier between the iso-

forms for this particular variant of �brils, similar to what has 

been demonstrated in cell-free systems for heparin-induced 

tau �brils (Dinkel et al., 2011; Siddiqua et al., 2012).

We noted that rTau �brils seeded by AD-tau were less 

potent than an equal mass of AD-tau in seeding endogenous 

mouse tau pathology in non-Tg neurons (Fig. 8 B), but this 

could be explained by only ∼30% of rTau turning insoluble 

upon seeding (Fig. 7 E), as only the pelletable fraction ex-

hibited appreciable seeding activity (not depicted). Although 

rTau remaining in the soluble fraction appeared to be C-ter-

minally truncated by unknown proteases copuri�ed with 

AD-tau (Fig. 7, C and D), an additional boiling step included 

during puri�cation eliminated the protease activity without 

augmenting the amount of pelletable tau (not depicted), im-

Figure 4. Propagation of tau pathology 
after inoculation of a lower dose of AD-
tau into young and aged non-Tg mice.  
(A) AT8 immunostaining for various brain re-

gions after a lower dose of AD-tau inoculation 

(2 µg/mouse) into the dorsal hippocampus (HP) 

and overlying cortex of 2–3-mo-old non-Tg 

mice (C57BL6). Only weak AT8 immunoreac-

tivities were detected in the ipsilateral (Ipsi) 

ventral hippocampus at 1 mo p.i. (three mice). 

More prominent AT8-positive tau inclusions 

appeared in both the ipsilateral and contralat-

eral (Contra) ventral hippocampus at 3 mo p.i. 

(three mice), which showed a trend of decline 

between 6 and 9 mo p.i. (four and three mice, 

respectively). Bar, 100 µm. (B) Quanti�cation of 

percent area occupied by AT8-positive tau pa-

thology developed in the ventral hippocampal 

hilus with 2-µg AD-tau injection (three to four 

mice per time point; each dot represents one 

mouse). (C) Quanti�cation of NeuN+ cells in the 

ventral hippocampal hilus region with 2-µg 

AD-tau injection. Data are shown as mean +  

SEM. (B and C) One-way ANO VA showed 

no signi�cant differences among groups.  

(D) Comparisons of AT8-positive tau pathol-

ogy developed in the ipsilateral entorhinal 

cortex, ipsilateral �mbria, and corpus callosum 

at 6 mo p.i. of AD-tau into young (2–3 mo) 

versus aged (15–19 mo) non-Tg mice (2 µg/

mouse; four young and three aged mice at  

6 mo p.i. with each dot representing one 

mouse; all C57BL6). Bar, 100 µm. (E–G) Quan-

ti�cation of percent area occupied by AT8 

immunoreactivities in regions shown in D fol-

lowed by Student’s t tests indicated that aged 

mice developed signi�cantly more pathology 

in the ipsilateral entorhinal cortex (*, P < 0.05) 

and a trend of more abundant pathology in 

the ipsilateral �mbria and corpus callosum. 

Data represent three to four mice per time 

point; each dot represents one mouse.
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plying that other variables rather than the availability of solu-

ble tau are limiting templated recruitment.

Because AD PHFs consist of all six isoforms of tau that 

are hyperphosphorylated, we performed an in vitro kinase 

assay to generate phosphorylated recombinant T40 (Fig. 9 A) 

and then tested the ability of phosphorylated T40 as well as a 

mixture of all six isoforms of rTau to propagate AD-tau confor-

mation in vitro. However, neither substrate showed enhanced 

recruitment into the insoluble fraction by AD-tau compared 

with untreated T40 or T39 (Fig. 9, B and C, compared with 

Fig. 7 C). Consequently, neither substrate seeded by AD-tau 

induced more abundant pathology in non-Tg neurons than 

equivalently seeded nonphosphorylated T40 (Fig.  9, D–G). 

Therefore, the phosphorylation status of tau and the exact 

complement of tau isoforms do not appear to signi�cantly 

in�uence in vitro propagation of AD-tau. We speculate that 

in vitro reactions may be lacking certain intracellular factors 

required for e�cient ampli�cation of AD-tau conformers.

Molecular basis of differential seeding activities
To verify that the distinct variants of tau �brils with di�er-

ential seeding activities are structurally di�erent, Hep-T40, 

X-T40, and [AD]T40 �brils were treated with increasing 

concentrations of trypsin, and indeed three distinct patterns 

of trypsin-resistant fragments were observed (Fig.  10 A). A 

direct comparison was not made with AD-tau because of 

complexity arising from tau hyperphosphorylation and the 

presence of all six isoforms, but [AD]T40 �brils presumably 

have adopted at least some conformational aspects of AD-tau 

based on ampli�ed seeding activity in neurons (Fig. 8, A–C). 

Digestion by higher concentrations of trypsin revealed clear, 

albeit distinct, resistant domains for Hep-T40 and [AD]T40 

Figure 5. Pathology developed after AD-
tau inoculation is composed of endogenous 
mouse tau and cannot be induced by con-
trol brain extracts. (A and B) IHC of the in-

jection site with AT8- and human tau–speci�c 

antibody HT7 at 2 and 7 d p.i. (2 µg/mouse; 

two mice per time point). (C and D) AT8-pos-

itive neuropil staining, presumably caused by 

endogenous mouse tau accumulations, was 

observed near the injection site at 3 and 6 mo 

p.i. (2 µg/mouse for C; 8 µg/mouse for D; four 

mice per condition except for three mice at 

3 mo p.i. of 2 µg/mouse). (E) IHC with mouse 

tau–speci�c R2295 con�rms recruitment 

of endogenous mouse tau into aggregates 

formed in the ipsilateral ventral hippocampus 

(Ventral HP Ipsi) and raphe nucleus at 3 mo p.i. 

(8 µg/mouse; four mice). (F) Lack of AT8 immu-

noreactivity throughout the brains after injec-

tions of extracts from control brains prepared 

the same way as AD-tau. Bars: (A–D) 200 µm; 

(E and F) 100 µm. Data shown in this �gure 

were obtained from injections performed all 

on 2–3-mo-old C57BL6 mice.
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�brils that were ∼12 and ∼18 kD in size, respectively, but 

there is less of a well-de�ned resistant fragment for X-T40 

�brils. Immunoblotting of trypsin-resistant tau fragments 

using antibodies recognizing di�erent domains of tau showed 

that, as expected, the MT-binding repeat region is the most 

shielded domain, whereas the N terminus is the most acces-

sible to trypsin digestion for all variants (Fig. 10 B). Among 

the three �bril variants, both the N and C termini of tau ap-

Figure 6. Spreading and maturation of tau pathology induced by AD-tau inoculation in non-Tg mice. (A) Heat maps showing semiquantitative 

analyses of tau pathology based on AT8 immunostaining (0: no pathology, gray; 3: maximum pathology, red) at 3 and 6 mo p.i. of AD-tau (8 µg/mouse; 

four mice per time point). Six coronal planes are shown from left to right: bregma 0.98 mm, −2.18 mm, −2.92 mm, −3.52 mm, −4.96, and −5.52 mm. 

The distribution of tau pathology at 9 mo p.i. is very similar to that at 6 mo p.i. (not depicted). (B) A schematic showing various brain regions connected 

to the dorsal hippocampus, the primary site receiving inoculums (Fig. 5, A and B), with both afferents and efferents indicated by directional arrows. Brain 

regions with tau aggregate formation after AD-tau injections are marked in red. The diagram was created based on data from the Allen Brain Atlas C57BL/6 

mouse connectivity studies (Oh et al., 2014). (C) Brain sections were immunostained with antibodies AT180 (recognizing tau phosphorylated at T231), MC1 

(recognizing a pathological conformation of tau found in the AD brains), and TG3 (recognizing conformationally altered tau phosphorylated at T231), which 

all demonstrated increased immunoreactivities over time after AD-tau inoculation (8 µg/mouse; four mice per time point). Double-labeling immuno�uo-

rescence using AT8 (red) and ThS (green) shows a subset of pretangles matured into β sheet–rich tangle-like aggregates starting 6 mo p.i. (D) AT8 and ThS 

double labeling of the ipsilateral ventral hippocampus at 9 mo p.i. of AD-tau (8 µg/mouse; four mice). Bars, 100 µm. Data shown in this �gure were obtained 

from injections performed all on 2–3-mo-old C57BL6 mice.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/je

m
/a

rtic
le

-p
d
f/2

1
3
/1

2
/2

6
3
5
/1

1
6
5
3
9
0
/je

m
_
2
0
1
6
0
8
3
3
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u

s
t 2

0
2
2



A mouse model of sporadic tauopathies | Guo et al.2644

Figure 7. rTau �brils templated by AD-tau reveal structural relationship between 4R and 3R tau. (A) Three possible models of 4R/3R tau arrange-

ment in AD PHFs (left) and proposed patterns of recombinant T40/T39 (rT40/rT39) recruitment by AD-tau based on models 2 and 3 (right). (B) Sedimentation 

test for nonseeded T40 and T39 after 3-d incubation at 37°C with constant agitation at 1,000 rpm. Co�brillization was conducted at the same total protein 

concentration as single-isoform �brillization with T40 and T39 mixed at a 1:1 ratio. S, supernatant; P, pellet. (C) Sedimentation test for singly or co�brillized 

T40 and T39 seeded by 10% AD-tau ([AD]T40, [AD]T39, and [AD]T40 + T39) under the same �brillization condition as in B. Monomers were used as the con-

trols. rTau remaining in the soluble fraction appeared to be truncated. (D) Sedimentation test for singly or co�brillized Myc-T40 and HA-T39 seeded by 10% 

AD-tau ([AD]Myc-T40, [AD]HA-T39, and [AD]Myc-T40 + HA-T39) under the same �brillization condition as in B, with monomers as the controls. Supernatant 

and pellet fractions were immunoblotted with anti-Myc and anti-HA antibodies. These two antibodies do not label truncated tau in the supernatant as seen 

in C, suggesting the C terminus of tau was cleaved together with the tag. (B–D) Data shown are representative of at least two independent experiments.  

(E) Quanti�cation for the percentage of starting tau monomers recruited into the pellet fraction with AD-tau seeding as shown in C and D. Data are dis-

played as mean + SEM and are based on three independent experiments. (F) Double-labeling immuno-EM images for [AD]Myc-T40 and [AD]HA-T39 �brils, 

stained with PHF-1 and anti-Myc or anti-HA antibody. Secondary antibodies are conjugated to colloidal gold particles of two different sizes (6 nm or 12 nm). 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/je

m
/a

rtic
le

-p
d
f/2

1
3
/1

2
/2

6
3
5
/1

1
6
5
3
9
0
/je

m
_
2
0
1
6
0
8
3
3
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u

s
t 2

0
2
2



2645JEM Vol. 213, No. 12

pear to be the most exposed in [AD]T40 �brils, whereas the  

C terminus seems to be the most preserved in X-T40 �brils. 

Structural di�erences among the three variants were further 

con�rmed by proteinase K digestion, which also presented 

three distinct banding patterns (Fig. 10 C).

Besides conformational di�erences, the poor seeding 

by Hep-T40 �brils could be partly caused by the inhibitory 

e�ect of heparin on �bril internalization, as heparin com-

petes with cell-surface heparan sulfate for binding to tau �-

brils (Holmes et al., 2013). Although Hep-T40 �brils were 

pelleted and resuspended in heparin-free bu�er before being 

added to neurons, heparin has been reported to form a tight 

complex with tau during �brillization (Zhu et al., 2010), 

and a dose of heparin equivalent to that contained in our 

Hep-T40 �brils was found to signi�cantly reduce the seed-

ing e�cacy of X-T40 and AD-tau �brils in cultured neu-

rons (Fig. 10, D and E).

DISCUSSION
In recent years, a rapidly growing body of literature has rein-

forced the hypothesis that prion-like, cell-to-cell transmission 

of amyloid protein aggregates underlies disease progression 

of numerous neurodegenerative disorders (Guo and Lee, 

2014; Walker and Jucker, 2015). Unsatisfactorily, except for 

PrPSc (Weissmann et al., 2002) and α-syn (Luk et al., 2012a; 

Masuda-Suzukake et al., 2013; Paumier et al., 2015), tem-

plated induction and propagation of other disease-associated 

protein aggregates have never been robustly demonstrated 

in non-Tg animals without overexpression of the respective 

proteins (Guo and Lee, 2014). This shortcoming has left lin-

gering doubts on whether experimental evidence supporting 

the transmission hypothesis, predominantly from Tg animals, 

is applicable to neurodegenerative diseases in humans where 

the disease-associated proteins are almost never up-regulated.

We hypothesized that di�culties in generating signif-

icant tau pathology in non-Tg animals were partly caused 

by the use of suboptimal seeding materials. Studies from us 

and others showed that amyloid aggregates composed of one 

single protein can exhibit di�erent conformations (Petkova et 

al., 2005; Furukawa et al., 2011; Guo et al., 2013; Sanders et 

al., 2014; Peelaerts et al., 2015), and we previously described 

distinct conformational variants of synthetic α-syn �brils 

with di�erential seeding capacity (Guo et al., 2013). Although 

arti�cially generated tau �brils induced by heparin have been 

used extensively to propagate tau pathology in Tg mice over-

expressing mutant tau (Iba et al., 2013, 2015; Peeraer et al., 

2015; Stancu et al., 2015), they are ine�cient in templating 

�brillization of non-overexpressed WT tau (Guo and Lee, 

2013). Here, we demonstrate that authentic tau �brils pu-

ri�ed from AD brains (i.e., AD-tau) far surpass synthetic tau 

�brils generated with or without heparin in seeding physio-

logical levels of WT tau to aggregate in vivo. For the �rst time 

in non-Tg mice, abundant tau inclusions are convincingly in-

duced in multiple brain regions that are anatomically con-

nected within a few months after intracerebral inoculation of 

AD-tau. This observation provides the strongest support thus 

far for the pathophysiological relevance of tau transmission to 

human tauopathies, which are mostly sporadic. Importantly, 

we never detected injected materials (recognized by AT8 or 

HT7) in periventricular areas at 2 d or 7 d p.i., and the endog-

enous mouse tau pathology induced by AD-tau inoculation 

was also never observed in any periventricular areas up to  

9 mo p.i. Therefore, the spreading of tau pathology observed 

in the inoculated non-Tg mice was unlikely caused by a sim-

ple leakage of AD-tau seeds into the ventricles. Although a 

previous study also tested inoculation of AD brain extracts 

into non-Tg mice, the extent of tau pathology induced in the 

brains of those injected mice was much lower than what we 

described here even after prolonged incubation, perhaps be-

cause of the use of crude brain homogenates which were not 

enriched with AD-tau in that study (Clavaguera et al., 2013).

Parallel with our �ndings of higher speci�c seeding ac-

tivity of human brain–derived tau �brils than synthetic tau 

�brils, tau aggregates formed in tau Tg mice were shown to 

seed more e�ciently than heparin-induced tau �brils in cul-

tured cells overexpressing mutant tau (Falcon et al., 2015). A 

similar discrepancy between synthetic- and brain-derived pro-

tein aggregates has been observed for other disease-associated 

proteins, including prion, Aβ, and α-syn (Colby and Prusiner, 

2011; Luk et al., 2012b; Stöhr et al., 2012). We speculate that 

this phenomenon could be explained by three possible mech-

anisms. First, in vitro reactions cannot recreate the cellular 

milieu required for generating potent seeding conformers, in-

cluding a lack of certain cofactors. Our study shows that even 

direct seeding by AD-tau cannot e�ciently impart AD-tau 

conformation to rTau in vitro. Although heparin is a potent 

inducer of tau �brillization in vitro, it is unlikely the intrinsic 

cofactor that initiates NFT formation, considering the low 

transmissibility of heparin-induced tau �brils and their con-

formational di�erence from AD-tau. Heparin was also shown 

to interfere with propagation of the AD-tau conformation to 

rTau (Morozova et al., 2013). Second, posttranslational mod-

i�cations of tau that are found in vivo are absent in rTau. 

Although phosphorylation of tau does not appear to promote 

Arrowheads point to examples of Myc or HA immunoreactivity (12 nm), and arrows point to examples of PHF-1 immunoreactivity (6 nm). (G) Immuno-EM 

images of [AD]Myc-T40 + HA-T39 �brils stained with a single primary antibody (anti-Myc alone at the top and anti-HA alone at the bottom) but with both 

secondary antibodies showed labeling by single-size gold particles, suggesting lack of nonspeci�c binding by secondary antibodies. (H and I) Double-label-

ing immuno-EM images for [AD]Myc-T40 + HA-T39 �brils stained with both anti-Myc and anti-HA antibodies showed frequent intermingling of Myc (12 

nm) and HA (6 nm) immunoreactivities on the same �laments (H) and occasional �laments with only Myc or only HA immunoreactivities (I). Bars, 100 nm.  

(F–I) Images are representative of at least two independent experiments. (B–D) Molecular mass is indicated in kilodaltons.
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its seeding e�ciency, as shown in this and another study (Fal-

con et al., 2015), we have not ruled out the e�ect of other 

modi�cations, including acetylation, glycosylation, ubiquiti-

nation, glycation, prolyl-isomerization, polyamination, oxida-

tion, nitration, and sumoylation (Martin et al., 2011). Third, 

many di�erent conformations of protein aggregates may arise 

in human brains, but the particular variants that dominate dis-

eased brains are likely those that are kinetically favored, more 

resistant to degradation, and/or more readily transmitted than 

other misfolded conformers. In this regard, the emergence of 

such pathogenic tau conformers would be less likely to occur 

during in vitro �brillization because processes that favor the 

selection of these pathogenic conformers over protracted pe-

riods of time in the brain are mostly missing in vitro. Hence, 

the unexpectedly low seeding activity of X-T40 �brils in 

vivo could be caused by the lack of certain properties that are 

important for in vivo pathogenicity.

Our study also provides novel insights into the archi-

tectural arrangement of 4R and 3R tau in AD PHFs. Unlike 

most of the other tauopathies where tau aggregates are pre-

dominantly composed of either 4R (e.g., in corticobasal de-

generation [CBD] and progressive supranuclear palsy [PSP]) 

or 3R tau (e.g., in Pick’s disease), AD NFTs consist of an 

equimolar of 4R and 3R tau (Lee et al., 2001). Both in vitro 

and cell culture studies performed using heparin-induced tau 

�brils showed very poor cross-seeding of 3R tau monomers 

Figure 8. rTau �brils templated by AD-tau acquire 
seeding competency in non-Tg neurons. (A) Mouse 

tau aggregates (methanol-resistant T49 staining in green) 

induced in non-Tg neurons by [AD]rTau �brils compared 

with the same dose of AD-tau (100% AD-tau) and 10% 

AD-tau seed control (amount of tau per coverslip: 0.15 

µg for 10% AD-tau and 1.5 µg for the rest). (B) Quanti�-

cation of the area occupied by mouse tau pathology nor-

malized to total cell count for the experiment shown in A, 

displayed as mean + SEM. Four different sets of [AD]rTau 

�brils that were seeded by three different preparations of 

AD-tau were tested; two independent sets of non-Tg neu-

rons were used. Pairwise Student’s t tests were performed 

between seeded rTau �brils and 10% seed control. *, P < 

0.05; ***, P < 0.0005; ****, P < 0.00005. (C) Immunoblotting 

for sarkosyl-soluble (sup) and -insoluble (pel) fractions of 

non-Tg neurons treated with [AD]rTau �brils or 10% AD-

tau seed control (9 µg [AD]rTau and 0.9 µg AD-tau for each 

well on a 12-well plate). Black and red arrows indicate 4R 

and 3R mouse tau, respectively. Data are representative of 

two independent experiments. mTau, mouse Tau. Molecu-

lar mass is indicated in kilodaltons. (D) AT8-positive mouse 

tau pathology induced by different isoforms of tau seeded 

by 10% X-T40 �brils. (E) Quanti�cation of tau pathology 

for the experiment shown in D. The same preparation of 

X-T40 �brils was used to seed different batches of inde-

pendently puri�ed monomers: four batches of monomers 

for T40 and two batches of monomers for T34, T39, and 

T37. Data are shown as mean + SEM. Pairwise Student’s t 
tests were conducted between seeded T40 and the other 

isoforms. **, P < 0.005. Bars, 100 µm.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/je

m
/a

rtic
le

-p
d
f/2

1
3
/1

2
/2

6
3
5
/1

1
6
5
3
9
0
/je

m
_
2
0
1
6
0
8
3
3
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u

s
t 2

0
2
2



2647JEM Vol. 213, No. 12

by 4R tau �brils and more e�cient recruitment of 3R than 

4R tau monomers by 3R tau �brils, suggesting some de-

gree of conformational mismatch between the two tau iso-

form types in �bril assembly (Nonaka et al., 2010; Dinkel 

et al., 2011; Furukawa et al., 2011). These experiments thus 

provide a possible explanation for the isoform-speci�c com-

positions of tau aggregates in CBD, PSP, and Pick’s disease. 

As 4R tau seeds do not appear to e�ectively recruit 3R tau, 

it would seem that in AD, either a mixture of isoform-spe-

ci�c 3R and 4R tau �brils are formed or initial 3R tau–

nucleating structures recruit both 4R and 3R tau to yield 

a distinct type of hybrid �brils that can seed both isoform 

types equally well thereafter (Dinkel et al., 2011). Our cur-

rent study presents evidence that supports the latter scenario, 

as 4R and 3R tau appear to be interchangeable subunits of 

AD-tau, which can be incorporated into the same �lament in 

a random, nonobligatory manner. This implies that AD PHFs 

display conformations that can be adopted by both 4R and 

3R tau monomers during �bril assembly, thereby o�ering a 

parsimonious explanation for the unbiased recruitment of all 

six tau isoforms into NFTs. Interestingly, a recent paper that 

analyzed the trypsin-resistant core of tau aggregates isolated 

from di�erent tauopathies identi�ed the core structure of AD 

NFTs to consist of R2-R3-R4 MT-binding repeats from 4R 

tau and R1-R3-R4 from 3R tau (Taniguchi-Watanabe et al., 

2016). The inclusion of only three MT-binding repeats from 

4R tau in the �bril core would conceivably allow perfect 

alignment with the three MT-binding repeats from 3R tau, 

leading to �exible recruitment of either 4R or 3R tau into 

AD PHFs. In contrast, the core structures of 4R tau aggre-

gates found in CBD and PSP were shown to span from R1 to 

R4 (Taniguchi-Watanabe et al., 2016), which would preclude 

easy alignment with 3R tau.

Notably, despite the abundance of tau inclusions de-

veloped in select brain regions interconnected with the pri-

mary site receiving AD-tau inoculum, the distribution of 

tau pathology is relatively circumscribed (see Fig.  6, A and 

B), which may indicate selective vulnerability of di�erent 

brain regions to the development of tau aggregation and/or 

a limited transmission of tau pathology. In fact, only a small 

Figure 9. Ampli�cation of AD-tau using 
phosphorylated T40 and all six isoforms 
of tau. (A) In vitro phosphorylation of T40 

mediated by SAPK4. Lane 1: nontreated T40; 

lanes 2 and 4: mock-treated T40 in the same 

buffer condition as the phosphorylation re-

action; lanes 3 and 5: T40 phosphorylated by 

incubation with SAPK4. Concentrations of T40 

in the reactions were 12 µM for lanes 2 and 3 

and 45 µM for lanes 4 and 5. The differently 

treated T40 was immunoblotted with 17025 

and PHF-1 or AT8. (B) Sedimentation test for 

mock-treated T40 (−) and phosphorylated T40 

(+) seeded by 10% AD-tau. (C) Sedimentation 

test for mixed six isoforms of tau with (+) and 

without (−) seeding by 10% AD-tau. (B and 

C) Reactions were incubated at 37°C for 3 d 

with constant agitation at 1,000 rpm. P, pel-

let; S, supernatant. Samples were resolved on 

SDS-PAGE and stained with Coomassie blue. 

(A–C) Data are representative of two indepen-

dent experiments. Molecular mass is indicated 

in kilodaltons. (D and F) Methanol-resistant 

mouse tau pathology (T49 staining in green) 

induced by mock-treated T40 (mock-T40), 

phosphorylated T40 (p-T40), nontreated T40 

(T40 alone), and six isoforms of tau (6hTau), all 

seeded by 10% AD-tau (1.5 µg tau added per 

coverslip). Bars, 100 µm. (E and G) Quanti�ca-

tion of mouse tau pathology for experiments 

shown in D and F. Pathology was normalized to 

that induced by seeded mock-T40 (E) or seeded 

T40 alone (G) in each set of experiments. Data 

from two independent experiments are shown 

as mean + SEM. Student’s t tests showed 

no signi�cant differences between the two 

groups for both E and G.
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Figure 10. The differential seeding activities of distinct tau �bril variants are underlain by their conformational differences and in�uenced 
by the presence of heparin. (A) The different variants of tau �brils (Hep-T40, X-T40, and [AD]T40) and control samples (equal amount of T40 monomer; 

10% of AD-tau) were incubated with increasing concentrations of trypsin (0%, 0.00125%, 0.0025%, 0.005%, and 0.01%) for 30 min at 37°C. The resulted 

digestion products were resolved on SDS-PAGE and stained by Coomassie blue. The asterisk indicates dominant trypsin-resistant fragments for Hep-T40 and 

[AD]T40 �brils. The 10% AD-tau seeds in [AD]T40 did not contribute to the 18-kD fragment, as suggested by the 10% AD-tau control. For each �bril variant, 

three to four independently prepared samples were tested across three independent experiments. (B) Digestion products from incubation with 0.01% trypsin 

were resolved on SDS-PAGE and immunoblotted with tau antibodies recognizing different epitopes. R2: second MT-binding repeat. Data are representative 

of three independent experiments. (C) The different variants of tau �brils (three preparations of Hep-T40 �brils, three preparations of X-T40 �brils, and two 

preparations of [AD]T40 �brils) were incubated with 1 µg/ml of proteinase K for 30 min at 37°C. The resulted products were resolved on SDS-PAGE and 

stained by Coomassie blue. (A–C) Molecular mass is indicated in kilodaltons. (D) Methanol-resistant mouse tau pathology induced by 1.5 µg X-T40 or 0.15 µg 

AD-tau �brils with and without 50 nM heparin cotreatment. The amount of heparin added is equivalent to that contained in 10 µM heparin-induced 40 µM 

T40 �brils added at 4.5 µg of tau per coverslip. Bar, 100 µm. (E) Quanti�cation of mouse tau pathology for experiments shown in D. For each �bril variant, 

three different preparations of �brils were tested across three independent sets of non-Tg neurons. Data are shown as mean + SEM. Pairwise Student’s t 
tests were performed between untreated and heparin-treated cells. *, P < 0.05; ***, P < 0.001.
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number of brain regions had newly emerged tau inclusions 

between 3 and 6 mo p.i., with no further spreading occur-

ring from 6 to 9 mo p.i. These results suggest that, even with 

administration of the pathological tau conformers that plague 

AD brains, the self-ampli�cation of tau aggregates alone is in-

su�cient to fully recapitulate the extent of NFT progression 

observed in AD brains. We speculate that other factors may 

work in concert with pathological tau to sustain and continu-

ously propagate lesions to wider networks in diseased human 

brains. As suggested by previous studies, the presence of Aβ 

plaques may enhance both the development and spreading 

of tau pathology (Götz et al., 2001; Lewis et al., 2001; Pooler 

et al., 2015). Interestingly, our study shows that the age of 

non-Tg mice inoculated with AD-tau has a modulatory ef-

fect on the spreading of tau pathology, conceivably because of 

slightly impaired protein quality control systems in aged mice. 

One can imagine an even more pronounced e�ect of aging 

in human brains, given the much longer lifespan of humans, 

consistent with aging being the greatest risk factor for AD 

and other neurodegenerative diseases. Importantly, our new 

paradigm of tau pathology induction, which no longer relies 

on tau Tg mice, would enable more convenient interrogation 

of factors modulating pathological tau transmission, using an-

imals with di�erent genetic modi�cations.

In summary, our study suggests that AD PHFs represent 

a unique conformational variant of tau �brils that are distinct 

from synthetic tau �brils, including the commonly used hep-

arin-induced �brils. The higher seeding potency of AD PHFs, 

coupled with our improved protocol of isolating large quanti-

ties of enriched PHFs, allowed us to demonstrate in vivo trans-

mission of pathological tau in non-Tg mice, thus establishing 

a physiologically relevant mouse model of sporadic tauopa-

thies amenable for mechanistic and therapeutic investigations.

MATERIALS AND METHODS
Animals
C57BL6, C57BL6/C3H F1, and CD1 mice were purchased 

from Charles River. 2–3-month-old C57BL6 and C57BL6/

C3H F1 mice were used for intracerebral inoculation of 

di�erent tau �brils. 15–19-mo-old C57BL6 mice were also 

used for AD-tau injection. Embryos from pregnant CD1 

mice were used to obtain primary hippocampal or cortical 

neurons. All animal care and experimental protocols were ap-

proved by the University of Pennsylvania’s Institutional Ani-

mal Care and Use Committee.

Puri�cation of Tau PHFs from AD brains
Human brain tissues from four sporadic AD patients, three 

Down syndrome patients with abundant tau pathology qual-

i�ed for AD (referred to as AD/DS), and two normal con-

trols were used in this study (Table S1). All cases used were 

histologically con�rmed. Two of the AD/DS cases were pro-

vided by the University of Washington brain bank. The use 

of postmortem brain tissues for research was approved by the 

University of Pennsylvania’s Institutional Review Board with 

informed consent from patients or their families. For each 

puri�cation, 6–14 g of frontal cortical gray matter was ho-

mogenized using a Dounce homogenizer in nine volumes 

(v/w) of high-salt bu�er (10 mM Tris-HCl, pH 7.4, 0.8 M 

NaCl, 1 mM EDTA, and 2 mM dithiothreitol [DTT], with 

protease inhibitor cocktail, phosphatase inhibitor, and PMSF) 

with 0.1% sarkosyl and 10% sucrose added and centrifuged at 

10,000 g for 10 min at 4°C. Pellets were reextracted once or 

twice using the same bu�er conditions as the starting materials, 

and the supernatants from all two to three initial extractions 

were �ltered and pooled. Additional sarkosyl was added to 

the pooled low-speed supernatant to reach 1%. After 1-h nu-

tation at room temperature, samples were centrifuged again 

at 300,000 g for 60 min at 4°C. The resulted 1% sarkosyl-in-

soluble pellets, which contain pathological tau, were washed 

once in PBS and then resuspended in PBS (∼100 µl/g gray 

matter) by passing through 27-G 0.5-in. needles. The resus-

pended sarkosyl-insoluble pellets were further puri�ed by a 

brief sonication (20 pulses at ∼0.5 s/pulse) using a hand-held 

probe (QSonica) followed by centrifugation at 100,000 g for 

30 min at 4°C, whereby the majority of protein contaminants 

were partitioned into the supernatant, with 60–70% of tau 

remaining in the pellet fraction. The pellets were resuspended 

in PBS at one �fth to one half of the precentrifugation vol-

ume, sonicated with 20–60 short pulses (∼0.5  s/pulse), and 

spun at 10,000 g for 30 min at 4°C to remove large debris. 

The �nal supernatants, which contained enriched AD PHFs, 

were used in the study and referred to as AD-tau. In a subset 

of the experiments, the samples were boiled for 10 min right 

before the �nal 10,000-g spin to get rid of contaminating 

protease activity. The same puri�cation protocol was used to 

prepare brain extracts from the two normal controls. The dif-

ferent fractions from PHF puri�cation were characterized by 

Ponceau S staining, Western blotting (refer to Table S3 for anti-

bodies), and sandwich ELI SA for tau. The �nal supernatant 

fraction was further analyzed by transmission EM, BCA assay 

(Thermo Fisher Scienti�c), silver staining (SilverQuest Silver 

Staining kit; Thermo Fisher Scienti�c), and sandwich ELI SA 

for Aβ 1–40, Aβ 1–42, and α-syn. The frontal cortex from 

one AD/DS case was puri�ed using the traditional procedure 

with sucrose gradient fractionation as previously reported 

(Boluda et al., 2015). Enriched AD PHFs prepared using both 

methods showed similar seeding activity in primary hippo-

campal neurons from CD1 (non-Tg) mice.

Sandwich ELI SA
The concentrations of tau, Aβ 1–40, and Aβ 1–42 in AD-

tau preparations were measured using sandwich ELI SA as 

previously described (Lee et al., 2003; Guo and Lee, 2011) 

with the following combinations of capture/reporting anti-

bodies: Tau5/BT2 + HT7 for tau, Ban50/BA27 for Aβ 1–40, 

and Ban50/BC05 for Aβ 1–42. For measuring α-syn con-

centrations, a 384-well Maxisorp clear plate (Thermo Fisher 

Scienti�c) was coated with monoclonal antibody 9027 in 

Takeda bu�er overnight at 4°C, washed, and blocked with 
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Block Ace solution (AbD Serotec) overnight at 4°C. AD-tau 

preparations were diluted at 1:100 for loading onto the plate 

with serially diluted recombinant α-syn monomers used as 

standards. After overnight incubation at 4°C, the plate was 

washed and incubated with monoclonal rabbit antibody 

MJF-R1 for overnight at 4°C. After washing and incubation 

with HRP-conjugated goat–anti–rabbit secondary antibody 

for 1 h at 37°C, the plate was developed using 1-Step Ultra 

TMB-ELI SA Substrate solution (Thermo Fisher Scienti�c) 

for 10–15 min, quenched with 10% phosphoric acid, and read 

at 450 nm on a plate reader (M5; Spectramax).

Immunodepletion of tau from AD-tau preparations
Monoclonal anti-tau antibody Tau5 (IgG1) was covalently 

conjugated to Dynabeads (M-280 Tosylactivated; Thermo 

Fisher Scienti�c) per the manufacturer’s instructions. Immu-

nodepletion of tau was performed by incubating 200 µl of di-

luted AD-tau preparations containing 2 µg tau with Tau5/bead 

complex containing 20 µg Tau 5 overnight at 4°C with rota-

tion. The unbound fraction was separated from the antibody/

bead complex using a magnet, whereas the bound fraction was 

boiled with SDS sample bu�er for 10 min to elute proteins 

from the beads. Mock immunodepletion was performed using 

a control mouse IgG1 antibody that does not recognize tau.

rTau puri�cation and in vitro �brillization
Di�erent isoforms of rTau protein used in the study were 

expressed in BL21 (DE3) RIL cells and puri�ed by cationic 

exchange using fast protein liquid chromatography as pre-

viously described (Li and Lee, 2006). For heparin-induced 

�brillization, 40  µM recombinant T40 (4R2N tau) mono-

mers were mixed with 10  µM or 40  µM low–molecular 

weight heparin and 2 mM DTT in Dulbecco’s PBS (DPBS) 

without Ca2+ and Mg2+ (pH adjusted to 7; Cellgro; Corn-

ing) and incubated at 37°C for 5–7 d with constant agitation 

at 1,000 rpm. To minimize the amount of heparin added to 

neurons or injected into mice, �brillization mixtures were 

centrifuged at 100,000 g for 30 min at 22°C with the re-

sulting pellet resuspended into DPBS without heparin and 

DTT. Repetitive self-seeding of tau was conducted as pre-

viously described for α-syn (Guo et al., 2013). Cofactor-free 

de novo �brillization of T40 was performed under the same 

conditions as heparin-induced �brillization except for the 

exclusion of heparin from the reaction, and the resulting 

samples were termed passage 1 (P1). P2 reactions were set 

up at 40 µM total tau, with 90% fresh monomers and 10% 

tau from P1 that had been sonicated with a hand-held probe, 

and incubated at 37°C for 5–7 d with constant agitation at 

1,000 rpm. This process was repeated for later passages. A sed-

imentation test was performed by centrifuging �brillization 

products at 100,000 g for 30 min at 22°C, and equal volumes 

of supernatant and pellet fractions were analyzed on SDS-

PAGE followed by Coomassie blue staining. Stained gels were 

scanned using an ODY-2816 imager (LI-COR Biosciences). 

Repetitive self-seeded �brillization always led to the emer-

gence of tau recovered in the pellet fraction at later passages, 

although the X-T40 variant that is seeding competent in 

non-Tg neurons was only stochastically generated in a subset 

of the self-seeding series.

In vitro phosphorylation of tau
The phosphorylation reaction was conducted by incubating 

12 µM or 45 µM T40 with 1 U/ml stress-activated protein 

kinase 4 (SAPK4; EMD Millipore) overnight at 30°C in 

25 mM Tris-HCl, pH 7.4, containing 0.1 mM EGTA, 10 mM 

magnesium acetate, 2 mM ATP, 1 mM PMSF, and protease 

inhibitor cocktail. The reaction was heat inactivated at 95°C 

for 5 min and centrifuged at 100,000 g for 15 min at 4°C. 

The supernatants, which contained phosphorylated tau, were 

transferred to new tubes for further experiments. Mock reac-

tion was performed by treating T40 with the same conditions 

but without adding SAPK4.

In vitro �brillization of rTau seeded by AD-tau
rTau at a total concentration of 9 or 36 µM was mixed with 

∼1 or 4 µM AD-tau (calculated based on sandwich ELI SA 

and the average molecular weight of all six tau isoforms), 

respectively, for 10% seeding and incubated in DPBS con-

taining 2 mM DTT for 3–4 d at 37°C with constant agi-

tation at 1,000 rpm. For co�brillization of (Myc-) T40 and 

(HA-) T39 or �brillization of all six isoforms of rTau, an 

equal molar concentration was used for each isoform in 

the reaction. For calculating percentage of pelletable tau 

formed as a result of seeding, percentage of pelletable tau 

from non�brillized monomer controls was subtracted in 

each set of experiments.

Transmission EM
Negative staining EM was performed as previously described 

(Guo and Lee, 2011) for the di�erent variants of tau �brils. 

For double-labeling immuno-EM, samples were absorbed 

onto carbon/formvar-coated copper grids for 5 min, washed 

three times for 5 min each by �oating the grids on drops of 

PBS, and blocked for 5 min by �oating on blocking buf-

fer containing 10% BSA, 1% �sh gelatin, and 0.02% sodium 

azide in PBS. The grids were then incubated with two pri-

mary antibodies for 1–2 h followed by three times of 5 min 

wash on PBS drops and 5 min on blocking bu�er. After 

further incubation with anti–mouse and anti–rabbit sec-

ondary antibodies conjugated to 6 or 12 nm colloidal gold 

(Jackson ImmunoResearch Laboratories, Inc.) for 1–2 h, the 

grids were negatively stained using 1% uranyl acetate after 

three PBS washes and two distilled water washes. To rule 

out nonspeci�c binding of secondary antibodies, some ex-

periments were performed with a single primary antibody 

but both secondary antibodies. All antibodies were diluted 

in blocking bu�er. Antibody solutions, blocking bu�er, and 

PBS wash solution were all �ltered through 0.2-µm syringe 

�lters before use. All EM pictures were taken with a Joel 

1010 electron microscope.
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Protease digestion of tau �brils
Reactions were set up at 20 µl by mixing 6 µl of 40 µM tau 

�brils with appropriate concentrations of trypsin or proteinase 

K, as indicated in the �gure legends, in DPBS. After 30-min 

incubation at 37°C, samples were boiled with SDS sample buf-

fer for 5 min (proteinase K reactions were stopped by 1 mM 

PMSF before sample bu�er addition). Digestion products 

were then resolved on NuPAGE Novex 12% Bis-Tris gels (In-

vitrogen) and either stained with Coomassie blue solution or 

transferred to a nitrocellulose membrane for immunoblotting.

Primary neuron culture and �bril treatment
Primary neuron cultures were prepared from E16–E18 em-

bryos from pregnant CD1 mice. Dissociated hippocampal 

or cortical tissues were digested with papain (Worthington 

Biochemical Corporation), triturated and strained into single 

neurons using a Falcon cell strainer (BD), and plated onto 

coverslips or plates precoated with poly-d-lysine (Sigma-Al-

drich) diluted in borate bu�er (0.05 M boric acid, pH 8.5) 

at 100,000 cells per coverslip on 24-well plates for immuno-

cytochemistry or 375,000 cells per well on 12-well plates for 

biochemistry. Neurons were treated with tau �brils that had 

been sonicated with 60 pulses by a hand-held probe on 6 or 

7 d in vitro. The amount of tau added per coverslip/well is 

indicated in the �gure legends. For the heparin inhibition ex-

periment, 50 nM heparin was added to neurons together with 

tau �brils. Immunocytochemistry or biochemical extraction 

was performed at 15 or 19 d after �bril treatment.

Immunocytochemistry
Neurons were �xed with prechilled methanol at −20°C for 15 

min or with ice-cold 4% paraformaldehyde (PFA) containing 

1% Triton X-100 at room temperature for 15 min to remove 

soluble tau. Normal tau staining was performed on neurons 

�xed with 4% PFA and permeabilized with 0.1% Triton 

X-100. After blocking with 3% BSA and 3% FBS for at least 

1 h at room temperature, cells were incubated with speci�c 

primary antibodies (Table S3) overnight at 4°C followed by 

staining with appropriate Alexa Fluor 594– or 488–conjugated 

secondary antibodies (Invitrogen) for 2 h at room temperature. 

Coverslips were mounted using Fluoromount-G containing 

DAPI (SouthernBiotech) to label cell nuclei. Immuno�uores-

cence images were acquired using a microscope (BX 51; Olym-

pus) equipped with a digital camera (DP71) and DP manager 

(Olympus). For the quanti�cation of the tau pathology shown 

in Fig. 2 B, Fig. 8 B, and Fig. 9 (E and G), whole coverslips were 

scanned using a Lamina Multilabel Slide scanner (PerkinElmer) 

and quanti�ed using the image analysis platform HALO (In-

dica Laboratories). Quanti�cation of the pathology shown in 

Fig. 8 E was performed on random-�eld images (10 images per 

condition) using ImageJ (National Institutes of Health).

Biochemical extraction of neurons and Western blotting
To investigate the expression pro�le of tau isoforms in cul-

tured non-Tg neurons, cells were lysed with radioimmu-

noprecipitation assay (RIPA) bu�er (50  mM Tris, pH 8.0, 

150  mM NaCl, 1% NP-40, 5  mM EDTA, 0.5% sodium 

deoxycholate, and 0.1% SDS) containing protease inhibitor 

cocktail, sonicated, and centrifuged at 100,000 g for 30 min 

at 4°C with the supernatants saved for analysis. To con�rm 

the induction of insoluble tau aggregates, neurons in 12-well 

plates were scraped into 1% sarkosyl lysis bu�er (1% sarkosyl 

in 50 mM Tris and 150 mM NaCl, pH 7.6) containing prote-

ase inhibitor cocktail, sonicated, and centrifuged at 100,000 g 

for 30 min at 4°C. The supernatants were saved as the sar-

kosyl-soluble fraction, whereas pellets were resonicated in 

1% sarkosyl lysis bu�er and centrifuged again at 100,000 g 

for 30 min at 4°C. The resulted pellets were resuspended 

in DPBS at one third of the initial volume and sonicated 

to clear the solution and were saved as the sarkosyl-insolu-

ble fraction. Protein concentrations in the RIPA extracts or 

sarkosyl-soluble fraction were determined using BCA assay. 

10–20 µg of proteins from these fractions and an equal vol-

ume of corresponding insoluble fraction were loaded per lane 

on SDS-PAGE, transferred to nitrocellulose membranes, and 

blocked in Odyssey blocking bu�er (LI-COR Biosciences) 

or 5% milk diluted in Tris-bu�ered saline before being im-

munoblotted with speci�c primary antibodies (Table S3). The 

blots were further incubated with IRDye-labeled secondary 

antibodies and scanned using an ODY-2816 imager. Dephos-

phorylation of RIPA extracts was performed by mixing 10 µg 

of total proteins with 1 µl of 400,000 U/ml of lambda protein 

phosphatase (New England Biolabs, Inc.) in 30 µl of reaction 

containing 1 mM MnCl2 and 1× NEBu�er for MetalloPhos-

phatases and incubating for 3 h at 30°C.

Generation of mouse tau–speci�c polyclonal antibody
The polyclonal antibody R2295 was generated by immuniz-

ing rabbits with recombinant 4R2N mouse tau (Covance). 

The serum was �rst a�nity puri�ed against human tau by 

passing through an N-hydroxysuccinimide–activated agarose 

column (Thermo Fisher Scienti�c) coupled to recombi-

nant 4R2N human tau. This process was performed twice, 

whereby the eluates were collected as the fraction of anti-

bodies recognizing both human and mouse tau (Fig. 2, I and 

J), and the �ow-through from the second pass was a�nity 

puri�ed using an N-hydroxysuccinimide–activated agarose 

column coupled to recombinant 4R2N mouse tau. The elu-

ates from the mouse tau–coupled column were veri�ed to be 

speci�c to mouse tau by Western blotting of rTau and immu-

nostaining of cells expressing mouse or human tau.

Stereotaxic surgery on non-Tg mice
2–3-mo-old C57BL6 or C57BL6/C3H F1 mice or 

15–19-mo-old C57BL6 mice were deeply anesthetized with 

ketamine/xylazine/acepromazine and immobilized in a ste-

reotaxic frame (David Kopf Instruments) installed with both 

a stereotaxic robot and a microinjection robot (Neurostar) 

for motorized, computer-controlled injections. Animals were 

aseptically inoculated with synthetic tau �brils or human 
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brain extracts in the dorsal hippocampus and overlying cortex 

of one hemisphere (bregma: −2.5 mm; lateral: 2 mm; depth: 

−2.4 mm and −1.4 mm from the skull) using a Hamilton sy-

ringe. Each of the two injection sites received 2.5 µl of inocu-

lum, with the synthetic tau �brils (both Hep-T40 and X-T40 

�brils) prepared at 1.8 µg tau/µl (4.5 µg tau/site) and AD-tau 

prepared at 1.6 µg tau/µl (4 µg tau/site) or 0.4 µg tau/µl (1 µg 

tau/site). Materials were injected into the hippocampus �rst 

(−2.4 mm from the skull) before the needle was pulled ver-

tically upwards to the cortical injection site (−1.4 mm from 

the skull). We noted that the majority of the injected materials 

were deposited at the dorsal hilus of the hippocampus (see 

Fig. 5, A and B). The number and strain of mice used for each 

experimental condition are summarized in Table S4.

Histology and immunohistochemistry (IHC)
Inoculated mice were sacri�ced and analyzed as previously 

described (Iba et al., 2013). In brief, animals were perfused 

at di�erent time points after stereotaxic surgery (summarized 

in Table S4). Their brains were �xed in formalin, embedded 

in para�n, and sectioned into 6-µm thickness. After depar-

a�nization and rehydration, the brain sections were immu-

nostained with di�erent antibodies (Table S3) and developed 

using a polymer horseradish peroxidase detection system 

(Biogenex) with hematoxylin counterstaining. ThS and AT8 

double-labeling immuno�uorescence was conducted to visu-

alize mature tangle-like tau inclusions as follows: slides were 

stained with 0.0125% ThS, di�erentiated in 50% ethanol/50% 

PBS for 30 min, and incubated overnight with AT8 for im-

muno�uorescence; the slides were dipped in Sudan black 

for 1 min before mounting to reduce auto�uorescence. For 

quanti�cation of the tau pathology shown in Fig.  3 F and 

Fig.  4 (B and E–G) as well as neuronal counts shown in 

Fig. 3 G and Fig. 4 C, two to three brain sections containing 

the region of interest were selected from each mouse, stained 

with AT8 for tau pathology or with an anti-NeuN antibody 

for neuronal count, scanned using a Lamina Multilabel Slide 

scanner, and quanti�ed using the image analysis platform 

HALO. Semiquantitative analyses on the distribution of tau 

pathology induced by 8-µg AD-tau/mouse injection were 

performed as previously described (Iba et al., 2013), whereby 

the extent of AT8-positive pathology induced at 3 and 6 

mo p.i. was examined for every 20th of coronal sections and 

graded as 0–3 (0: no pathology; 3: high pathology) for six cor-

onal sections (Bregma 0.98, −2.18, −2.92, −3.52, −4.96, and 

−5.52 mm) that capture all a�ected brain structures. Averaged 

scores from the four mice at each time point were imported 

into a customized software to create heat maps of pathology 

distribution (Fig. 6 A).

Statistical analyses
For data shown in Fig. 3 (F and G) and Fig 4 (B and C), one-

way ANO VA was performed with Tukey’s posthoc test. For 

all the other statistical analyses, two-tailed unpaired Student’s 

t tests were conducted for selected comparisons described 

in the �gure legends. Di�erences with p-values <0.05 are 

considered signi�cant.

Online supplemental material
Table S1 shows the demographics of human cases used in the 

study. Table S2 shows characterization of the �nal supernatant 

fraction from human brain extractions. Table S3 shows the 

antibodies used in this study. Table S4 shows a summary of 

inoculated mice analyzed for IHC.
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