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Removing endogenous tau does not prevent tau
propagation yet reduces its neurotoxicity
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Abstract

In Alzheimer’s disease and tauopathies, tau protein aggregates into
neurofibrillary tangles that progressively spread to synaptically
connected brain regions. A prion-like mechanism has been
suggested: misfolded tau propagating through the brain seeds
neurotoxic aggregation of soluble tau in recipient neurons. We use
transgenic mice and viral tau expression to test the hypotheses
that trans-synaptic tau propagation, aggregation, and toxicity rely
on the presence of endogenous soluble tau. Surprisingly, mice
expressing human P301Ltau in the entorhinal cortex showed
equivalent tau propagation and accumulation in recipient neurons
even in the absence of endogenous tau. We then tested whether
the lack of endogenous tau protects against misfolded tau aggre-
gation and toxicity, a second prion model paradigm for tau, using
P301Ltau-overexpressing mice with severe tangle pathology and
neurodegeneration. Crossed onto tau-null background, these mice
had similar tangle numbers but were protected against neurotoxi-
city. Therefore, misfolded tau can propagate across neural systems
without requisite templated misfolding, but the absence of
endogenous tau markedly blunts toxicity. These results show that
tau does not strictly classify as a prion protein.
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Introduction

Tau aggregation and neurofibrillary tangle (NFT) formation are key

features of Alzheimer’s disease (AD) and other tauopathies (Hyman

et al, 1984; Lee et al, 2001). Progressive tangle appearance in AD

follows a highly consistent pattern: Starting in the entorhinal cortex

(EC), NFT pathology then spreads to connected regions (Hyman et al,

1984; Braak & Braak, 1991), which subsequently undergo synaptic

and neuronal loss leading to progressive cognitive failure. A prion-

like model of tau propagation has been proposed, in which aberrantly

folded tau travels (propagates) trans-synaptically, then recruits naive

non-misfolded tau—transgenic or endogenous—in recipient neurons,

and templates its toxic aggregation, linking tau propagation, aggrega-

tion, and toxicity (Clavaguera et al, 2010; Walker et al, 2013; Sanders

et al, 2014). Consistent with this idea, small amounts of mouse tau

can co-aggregate with human tau in tau transgenic mouse models (de

Calignon et al, 2012; Van der Jeugd et al, 2012). In mice, restriction

of human mutant P301Ltau expression to the EC (ECrTgTau model)

mimics some aspects of the earliest disease stages in AD, and aged

ECrTgTau mice revealed trans-synaptic propagation of tau pathology

to recipient neurons in the dentate gyrus (DG) (de Calignon et al,

2012; Harris et al, 2012; Liu et al, 2012). Mature silver stainable

tangles in the DG formed gradually starting at the age of ~20 months.

By analogy to the spreading of prion protein misfolding (Brandner

et al, 1996b), the absence of endogenous tau would be expected to

stop the propagation of misfolded tau—unless trans-synaptic travel-

ing of tau and accumulation in recipient cells is independent of

recruitment and corruption of endogenous substrate.

In prion disease, the absence of endogenous PrPC prevents toxicity

(Brandner et al, 1996a). In P301Ltau-overexpressing mice, the contin-

ued presence of high levels of transgenic P301Ltau would be expected

to be sufficient to cause tau toxicity, regardless of the presence or

absence of endogenous tau. However, the mechanism of NFT toxicity

is unclear; among the possibilities are a loss of soluble tau function

upon aggregation, for example, its microtubule binding (Trinczek

et al, 1995) or synapse recruitment (Ittner et al, 2010), or a gain of

tau aggregate toxicity, for example, through the unfolded protein

response and proteasome inhibition (Keck et al, 2003; Nijholt et al,

2012). Alternatively, soluble tau species rather than fibrillar aggre-

gates have been implicated in tau toxicity (SantaCruz et al, 2005;

Kopeikina et al, 2012; Lasagna-Reeves et al, 2012; Tai et al, 2012).
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To compare how closely tau neurobiology matches expectations

based on analogy to prion behavior, we examined the effect of a tau-

null background (Mapt0/0) in two separate tau transgenic models:

The first, ECrTgTau, was designed to examine human mutant tau

propagation. The second, rTg4510, is associated with marked tau

toxicity. We further verified our findings using adeno-associated

virus-mediated expression of tau in wild-type and tau-null mice. Our

experiments show that tau propagation between neurons occurs

independently of naı̈ve endogenous tau, and thus, stable tau accu-

mulation in recipient neurons does not rely exclusively on prion-like

templated misfolding. With regard to toxicity, however, the absence

of endogenous tau leads to markedly diminished mutant tau-induced

neurotoxicity, gliosis, and brain atrophy (despite similar NFT forma-

tion), reinforcing the model that tau aggregation per se is not the

crucial element underlying tau-induced neurotoxicity.

Results

Transgenic mutant tau propagates without endogenous tau

Transgenic tau propagation along the perforant pathway from trans-

gene-expressing neurons in layer II/III of the entorhinal cortex (EC)

to transgene-negative neurons in the dentate gyrus (DG) has previ-

ously been observed in aged ECrTgTau mice on a wild-type back-

ground (de Calignon et al, 2012; Liu et al, 2012). To determine

whether endogenous tau is needed for human transgenic tau to

travel from neuron to neuron, we crossed ECrTgTau mice onto a

tau-null (Mapt0/0) background (Figs 1A and EV1A). Surprisingly,

immunostaining for human tau (using human tau N-terminus-

specific antibodies Tau13 or TauY9) in horizontal brain sections

from 18-month-old mice revealed robust propagation of transgenic

tau to DG neurons in mice that expressed human P301Ltau in the

EC in the absence (ECrTgTau-Mapt0/0) and presence (ECrTgTau) of

endogenous mouse tau (Fig 1B–E).

To confirm that that DG neurons containing human tau protein

did not (aberrantly) express transgenic human tau mRNA due to

promoter leakiness (de Calignon et al, 2012; Yetman et al, 2015),

we employed fluorescent in situ hybridization of human tau mRNA

and combined it with immunofluorescence labeling of human tau

protein (immuno-FISH; Figs 1B–E and EV2A). ECrTgTau-Mapt0/0

and ECrTgTau mice showed co-localization of human tau mRNA

and human tau protein (huTau) in transgene-expressing neurons in

the EC, whereas—in the same brain section—no human tau mRNA

was found in any of the human tau protein-containing DG neurons,

convincingly demonstrating true propagation of human tau protein

to DG neurons in both mouse lines.

In ECrTgTau-Mapt0/0 mice, which had equivalent levels of huTau

expression in the EC (Fig 1F), the number of human tau-containing

neurons in the DG was similar to ECrTgTau mice, and Western blot

analysis revealed comparable levels of transgenic tau in hippocampal

(HPC) extracts (Figs 1G and EV2B). Co-immunostaining of human tau

with N- and C-terminal antibodies suggested the propagation of full-

length tau (Fig EV3A), and co-staining of human tau with Parvalbu-

min and GAD67, GFAP, and Iba1 showed only few inhibitory neurons

in the DG tau has propagated to, but no glia cells (Fig EV3B and C).

Additionally, to further verify that human tau can propagate

across synapses in tau-null animals, we used a non-transgenic

approach, in which we injected adeno-associated virus (AAV)

encoding P301Ltau into the EC of adult mice (Fig 2A) (Siman et al,

2013). In this approach, EC neurons transduced with AAV eGFP-

2a-huTauP301L (“tau donor neurons”) expressed eGFP and human

P301Ltau as individual proteins (~95%; ~5% eGFP-2a-P310Ltau

fusion protein; Fig 2B). “Tau recipient neurons,” which have P301L-

tau but no eGFP, can readily be identified after immunostaining

brain sections for human tau. Eight weeks after AAV injection into

EC, tau recipient neurons could be found in the DG of Mapt0/0 mice

(Fig 2C). huTau propagation was also observed when AAV eGFP-

2a-huTauP301L was injected into adult WT mice (Fig EV2D). In

additional experiments, transfection of neurons in EC, DG, and HPC

area CA1 (Fig 2D) led to long-distance propagation of human tau

aggregates into recipient neurons in the contralateral EC (Fig 2E).

These results show that tau propagation occurs in the absence of

endogenous tau and has a similar propagation rate as in the pres-

ence of endogenous tau. These findings contrast with expectations

from PrP-prion behavior, in which propagation of misfolded prion

protein (PrPSc) is facilitated through templated misfolding and thus

calls for the presence of naı̈ve endogenous prion protein (PrPC). The

propagation of mutant tau—here reported in ECrTgTau mice and

after AAV injection—instead can occur even in the absence of

endogenous tau and relies on robust interneuronal transmission of

preformed tau from the donor neurons.

Figure 1. Trans-synaptic propagation of human tau in ECrTgTau mice in the absence of endogenous mouse tau.

A 3D brain model, horizontal brain section illustrating transgenic human P301Ltau expression in the entorhinal cortex (green, EC) of the ECrTgTau mouse lines, and the
propagation of transgenic tau to the dentate gyrus (DG). Tau composition in ECrTgTau and control mouse lines investigated.

B Immunostained horizontal sections show the expression of human P301Ltau in EC neurons in the absence of endogenous mouse tau (ECrTgTau-Mapt0/0).
Fluorescence in situ hybridization of human tau mRNA combined with immunofluorescence labeling (immuno-FISH) of human tau protein (huTau) verifies P301Ltau
transgene expression in the EC. Scale bars, 50 lm.

C Propagation of human tau protein to neurons in the DG (white arrowheads) in ECrTgTau-Mapt0/0 mice. Close-ups show DG neurons from three ECrTgTau-Mapt0/0

mice (DG I-III). Immuno-FISH proofs the absence of human tau expression in DG neurons, which have huTau protein but no human tau mRNA. Scale bars, 50 lm.
D Immunostained horizontal sections of ECrTgTau mice show the expression of human P301Ltau in EC neurons in the presence of endogenous mouse tau. Immuno-

FISH proofs the absence of human tau expression in these DG neurons. Scale bars, 50 lm.
E Human P301Ltau propagation to DG neurons (white arrowheads) in the presence of endogenous mouse tau in ECrTgTau mice. Close-ups show DG neurons from

three ECrTgTau mice (DG I-III). Scale bars, 50 lm.
F Human (huTau, antibody Tau13) and total tau (hu+moTau, DAKO) levels in entorhinal cortex (EC) extracts from 18-month-old mice show equal human P301Ltau

expression in ECrTgTau and ECrTgTau-Mapt0/0 mice (Mean � SEM, P = 0.201, n = 3 mice/group, one-way ANOVA with Bonferroni correction).
G The number of human tau-positive cell bodies in the DG (Mean � SEM, P = 0.58, n = 4 sections and 3 mice/group) and human tau in hippocampal (HPC) extracts

(P = 0.14, n = 3 mice/group) were similar in ECrTgTau-Mapt0/0 and ECrTgTau mice (two-tailed Student’s t-test).

Source data are available online for this figure.

▸

ª 2015 The Authors The EMBO Journal Vol 34 | No 24 | 2015

Susanne Wegmann et al Tau knockout permits propagation and diminishes NFT toxicity The EMBO Journal

3029



A

B

C

D

E

F G

Figure 1.

The EMBO Journal Vol 34 | No 24 | 2015 ª 2015 The Authors

The EMBO Journal Tau knockout permits propagation and diminishes NFT toxicity Susanne Wegmann et al

3030



Reduced tau misfolding and gliosis in the absence of
endogenous tau

In the case of prion protein, the absence of endogenous PrPC

prevents both misfolding and toxicity (Brandner et al, 1996a); we

tested whether this paradigm also holds for tau, namely that P301L-

tau-induced neurotoxicity is absent or reduced in the absence of

endogenous tau.

Immunostaining of brain sections revealed misfolded tau (Alz50)

in EC and DG neurons of 18-month-old ECrTgTau, but not

A B

C

D E

Figure 2. P301Ltau propagation after viral expression in the entorhinal cortex.

A Adeno-associated virus (AAV) construct designed for expression of eGFP and human P301Ltau as individual proteins, separated by the self-cleaving 2a peptide, under
the CBA promoter (AAV8 CBA-eGFP-2a-huTauP301L). AAV-transduced “donor neurons” express eGFP and huTauP301L, and tau “recipient neurons” are identified after
immunostaining for human tau as huTau+ but GFP� neurons.

B Primary cortical neuron cultures that were transduced with AAV eGFP-2a-P301Ltau at 7 DIV, and fixed and immunostained for GFP and human tau (Tau13 antibody)
at 14 DIV, show tau donor (GFP+, huTau+; ~10% neurons) and a small number of tau recipient neurons (GFP�, huTau+; ~1% neurons). Western blot of whole cell
lysates verified efficient cleavage (~95%) of eGFP and P301Ltau by the 2a peptide (n = 3).

C Eight weeks after AAV injection into right EC of aged Mapt0/0 mice (n = 3), immunostained brain sections showed that huTauP301L (red) propagated to a few DG
“recipient neurons” (white arrowheads). Scale bar, 50 lm.

D Unilateral AAV-mediated human P301L tau expression in the EC and DG of age-matched WT mice (n = 3). Representative images of brain sections show donor
neurons in the injected EC and DG, and a few tau recipient neurons (white arrowheads) adjacent to the AAV injection site. Scale bar, 50 lm.

E In the contralateral hemisphere of the same brain section as in (D), some tau recipient neurons (white arrowheads) were also present in the (non-injected) axonal
projection areas in the contralateral EC (GFP-filled terminal ends). Scale bar, 100 lm.
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ECrTgTau-Mapt0/0 mice (Fig 3A). We then evaluated whether the

reduced tau misfolding in the absence of mouse tau was accompa-

nied by reduced neurotoxicity. As expected from previous character-

ization (de Calignon et al, 2012), 18-month-old ECrTgTau mice

showed neither P301Ltau-induced cell death in EC layer II/III, nor

obvious synaptic protein (synapsin-1) loss (Fig EV4A and B).

However, gliosis serves as an early indirect sign of inflammation

and likely neuronal damage (Serrano-Pozo et al, 2011). We found a

significantly higher number of microglia in the EC of ECrTgTau mice

compared to WT mice, which were partially rescued in ECrTgTau-

Mapt0/0 mice, which were partially rescued in ECrTgTau-Mapt0/0

mice (Fig 3B). The number of astrocytes in the HPC was similar

across genotypes (Fig 3C).

These data reinforce the idea that glial response precedes overt

neurodegeneration (Yoshiyama et al, 2007) and that the absence of

endogenous tau attenuates early mutant tau-induced pathological

changes.

Tau knockout rescues P301Ltau-induced neurotoxicity

Although tau aggregation and toxicity are frequently viewed as

linked phenomena, recent data suggest the dissociation of tangle

formation from acute neuronal death (de Calignon et al, 2010) or

functional alterations (Kuchibhotla et al, 2014; Rudinskiy et al,

2014). Our results from ECrTgTau-Mapt0/0 mice suggested that

removal of endogenous tau rescues early signs of neurodegeneration.

A

B

C

Figure 3. Tau phosphorylation, misfolding, and gliosis in ECrTgTau(-Mapt0/0) mice.

A Brain sections from 18-month-old ECrTgTau-Mapt0/0 and ECrTgTau mice were co-immuolabeled for human tau and misfolded tau (Alz50). Misfolded tau was only
found in EC and DG neurons (white arrowheads) of ECrTgTau, but not ECrTgTau-Mapt0/0 animals (n = 4 sections/mouse, 3 mice/group). Scale bars, 50 lm.

B, C Immunofluorescence labeling and stereological counting of microglia in entorhinal cortex (B) and astrocytes in hippocampus (C) indicated early signs of
neurodegeneration in ECrTgTau mice. The significantly increased number of Iba1-positive microglia in the EC layer II/III of ECrTgtau mice (compared to WT) was
partially rescued in ECrTgTau-Mapt0/0 mice (non-significant). The number of GFAP-positive astrocytes was similar across all genotypes (non-significant).
Mean � SEM, n = 4 sections per mouse, 3 mice/group, one-way ANOVA with Bonferroni correction. Scale bars, 100 lm.
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We next explored the impact of mouse tau knockout on neurotoxic-

ity and late-stage tau aggregation in a more aggressive model with

forebrain-wide human P301Ltau expression (rTg4510) that develops

robust NFT pathology and brain atrophy at 8–10 months of age

(SantaCruz et al, 2005). We crossed this model onto a tau-null back-

ground (rTg4510-Mapt0/0) and compared pathology of 9-month-old

animals.

As expected, rTg4510- Mapt0/0 had no mouse tau, similar

amounts of human tau (huTau), and decreased total tau

(hu+moTau) compared to rTg4510 mice (Fig 4A). We found that the

whole brain weight of rTg4510 mice was reduced by ~16% (Fig 4B)

mainly due to loss of cortical tissue, which decreased in thickness

by ~26% compared to WT and Mapt0/0 mice (Fig 4C). Impressively,

this major loss of brain matter was virtually fully rescued in

rTg4510-Mapt0/0 mice (brain weight: ~96%; CTX thickness: ~96%).

Furthermore, in rTg4510 mice, the number of cortical neurons

decreased by ~33% compared to WT mice, whereas rTg4510-Mapt0/0

mice showed no neuronal loss (Fig 4D). Neuron and volume loss in

CA1 of rTg4510s, with cortex the most effected region in this model,

were partially rescued in rTg4510-Mapt0/0 animals (Fig 4E).

An additional cohort of animals was aged further to explore

whether the loss of endogenous tau persists to be protective, also in

the face of a more severe tau-induced neurodegeneration. As

expected, brain weight, cortical thickness, and the number of corti-

cal neurons decreased even further in 12-month-old rTg4510 mice

(compared to WT: brain weight loss ~21%, decease in cortical thick-

ness ~46%, loss of cortical neurons ~37%; Fig EV5). At this point,

markedly reduced atrophy was observed in rTg4510-Mapt0/0 mice

(compared to Mapt0/0: brain weight loss ~15%, decease in cortical

thickness ~29%, loss of cortical neurons ~12%).

We next evaluated the degree of gliosis in the presence and

absence of endogenous tau. Immunostaining and stereological

assessment revealed an increase in activated astrocytes (GFAP) and

overall microglia (Iba1) in the cortex of rTg4510, which was dramat-

ically reduced by ~50% in rTg4510-Mapt0/0 mice (Fig 4E). An excess

of misfolded proteins, including P301Ltau, can overwhelm the

unfolded protein response and proteasome, leading to an accumula-

tion of ubiquitinated proteins (Canu et al, 2000; Tai et al, 2012).

Accordingly, the amount of ubiquitin was increased both in rTg4510

and in rTg4510-Mapt0/0 compared to control mice (Fig 4G). The

levels of CHOP, indicative of ER stress, were slightly increased only

in rTg4510, but not in rTg4510-Mapt0/0 mice (Fig EV6).

NFTs accumulate, but are less toxic in tau knockout mice

Next, we evaluated whether the absence of endogenous tau also

reduces pathological changes in tau—phosphorylation and aggrega-

tion into NFTs—in aged rTg4510 mice, which show increasing

tangle accumulation from 8th month onwards. To test the hypothe-

sis that the absence of endogenous mouse tau delays pathological

alterations in tau, we analyzed tau phosphorylation using phospho-

tau-specific antibodies CP13 (pS202/pS205; AT8 analog), PHF1

(pS395/pS404), 12E8 (pS262/pS356), and mature NFT formation

using classic silver stains. All antibodies showed an increase in

phospho-tau in rTg4510 mice. Interestingly, phospho-tau recognized

by CP13 (early tau phosphorylation marker) and PHF1 (pathological

tau marker) was reduced by ~20–30% (Fig 5A), in rTg4510-Mapt0/0,

whereas 12E8 (a marker for tau dissociated from microtubules

(Singh et al, 1996; Augustinack et al, 2002) was similar to rTg4510

mice. In contrast to the clear but modest differences observed with

phospho-tau antibodies, silver stains (Gallyas, 1971) of 12-month-

old mice revealed a striking difference in the extent of mature

tangles in the cortex (Fig 5B). Silver-positive NFTs also developed

in the cortex of rTg4510-Mapt0/0 mice, but there was a “healthier”

neuropil (less axonal and dendritic silver staining) at 12 months,

which can even be appreciated in thioflavine-S stains of 9-month-

old mice (Fig 5C).

In the Tg4510 model, neuronal loss parallels NFT formation

(Spires et al, 2006). To assess the effect of tangle pathology on

neuronal loss in the setting of the tau null cross, we determined the

number of cortical NFTs stereologically. The number of tangles

increased with age in both rTg4510 and rTg4510-Mapt0/0 mice

between nine and 12 months of age. rTg4510 mice had slightly

more cortical tangles than rTg4510-Mapt0/0 mice. Because rTg4510-

Mapt0/0 mice had similar tangle numbers but reduced neuronal loss,

the percentage of neurons having a tangle was reduced in rTg4510-

Mapt0/0 animals. The onset of pathological changes caused by

P301lTau aggregation, such as cortex thinning and neuronal loss,

was shifted to older ages (Fig EV7A and B).

In rTg4510 mice, which express transgenic human tau under the

CamKIIa promoter, almost all excitatory cortical neurons in layer II/

III and V show intense P301Ltau expression (Ramsden et al, 2005;

SantaCruz et al, 2005). Neurons that express the transgene are, intu-

itively, the first to develop tangles and are thought to die first in this

model. We hypothesized that the dissociation between tangle forma-

tion and neuronal death in the rTg4510 mice compared to the

rTg4510-Mapt0/0 mice might lead to paradoxical preservation of

neurons expressing the P301L transgene, as they are apparently

spared from neuronal death in the rTg4510-Mapt0/0 mice. To evalu-

ate this possibility, we detected transgenic human tau mRNA using

FISH and co-immunostained for pathological phospho-tau (PHF1),

representative for tangles if accumulated in cell bodies (Fig 5D).

Comparing the huTau mRNA expression and tangle pattern in

9-month-old mice, we found an obvious difference (Figs 5D and

EV7C): rTg4510 showed sparse P301L mRNA expression, in

comparison with rTg4510-Mapt0/0 cortex, which had innumerable

remaining P301L mRNA-positive neurons. Stereological quantification

confirmed this impression: The overall number of PHF1-positive

tangle-like tau inclusions was slightly reduced in rTg4510-Mapt0/0

compared to rTg4510 mice, not reaching statistical significance,

whereas the number of human tau mRNA-positive neurons still

expressing transgenic human tau was significantly higher in

rTg4510-Mapt0/0 mice. Moreover, the number of neurons with

phospho-tau accumulation in the soma (PHF1+) that (still) express

human tau mRNA (PHF1+, FISH+) was higher in rTg4510-Mapt0/0.

Assuming that active transgene expression indicates the functional-

ity of a healthy neuron, the higher number of actively P301Ltau-

expressing neurons in tau-null animals suggested a reduced toxicity

of P301Ltau expression and accumulation. Accordingly, ~95% of

PHF1-positive neurons in rTg4510 showed no transgene expression

(~75% in rTg4510-MapT0/0), likely due to the strong neurotoxicity

of P301Ltau accumulation in this model. Similarly, EC neurons filled

with misfolded tau (Alz50-positive) retained human tau expression

in rTg4510-Mapt0/0, but not in rTg4510 mice (Fig 5E). Interestingly,

in both rTg4510 and rTg4510-Mapt0/0 mice, many neurons with

somatic PHF1 accumulation lacked transgene expression (PHF+,
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FISH�), suggesting that “spread” of P301Ltau from transgene-

positive to transgene-negative neurons occurs in the cortex of

rTg4510 mice, analogous to our observations in the ECrTgTau

model; this spread appeared not overtly affected by the presence or

absence of endogenous tau. These findings further support the idea

of reduced P301Ltau neurotoxicity and delayed NFT formation in

the absence of endogenous tau and reveal a surprising segregation

of NFTs from human tau transgene-expressing neurons.

A B

C

F

D E

Figure 4. Tau knockout rescues P301Ltau-induced atrophy and neurodegeneration.

A Human, mouse, and total tau protein levels in cortical TBS-extracts of rTg4510, rTg4510-Mapt0/0, and control mice: The amount of human tau (Tau13 antibody) was
comparable in rTg4510 and rTg4510-Mapt0/0, moTau (Tau/5) was comparable in WT and rTg4510, and total tau levels (hu+moTau, DAKO antibody) were (expected)
highest in rTg4510 mice. n = 3 mice/group, non-significant.

B Whole brain weights of 9-month-old animals revealed pronounced brain matter loss in rTg4510 compared to WT mice (weight loss > 16%), which was rescued in
rTg4510-Mapt0/0 mice to > 96%. n = 5 mice/group.

C Cortical thickness measured adjacent to HPC, from CTX surface to corpus callosum, was decreased in rTg4510 mice by ~25% compared to WT mice. rTg4510-Mapt0/0

showed no CTX thinning compared to Mapt0/0 or WT mice. n = 3 mice/group.
D The number of neurons (NeuN+ cells) in the cortex of rTg4510 mice was significantly reduced to ~67% compared to both WT and rTg4510-Mapt0/0. n = 3 mice/group.
E The volume of hippocampal region CA1, with CT the most affected regions in rTg4510 mice, was significantly reduced in rTg4510 by ~70% volume; rTg4510-Mapt0/0

had significantly larger CA1 volume left (reduced by only ~40%). n = 3 mice/group.
F rTg4510 showed strong signs of neuroinflammation with extremely high numbers of activated astroglia (GFAP+, red) and microglia (Iba1+, white) in the CTX

compared to WT mice. Both astro- and microgliosis were reduced by ~50% in rTg4510-Mapt0/0 mice., n = 3 sections/mouse and 5 mice per/group. Scale bars, 100 lm.

Data information: Mean � SEM. Two-tailed Student’s t-test and one-way ANOVA with Bonferroni for multiple comparison. ns, not significant.

Source data are available online for this figure.
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Figure 5. Reduced P301Ltau and NFT neurotoxicity in the absence of endogenous tau.

A Cortical extracts from rTg4510-Mapt0/0 brains had significantly less phospho-tau (CP13, PHF1, 12E8) than rTg4510 extracts. Compared to WT mice, both transgenic
tau lines had high levels of phospho-tau. n = 3 mice/group.

B Representative images of gallyas silver-stained aggregated tau in cortices from 12-month-old mice unravel stunning differences in the degree of tau pathology in
rTg4510 compared to rTg4510-Mapt0/0 mice. n = 3 mice/group.

C Higher magnification images of silver (12-month-old) and thioflavine-S (9-month-old)-stained cortices show mature tangles (white arrowheads in Thio-S stain) in
rTg4510 and rTg4510-Mapt0/0 mice; enhanced pathological changes such as neuritic tau accumulation and neuropil vacuolation around NFTs are found only in
rTg4510 mice. Stereological counting revealed similar numbers of cortical NFTs between rTg4510 and rTg4510-Mapt0/0 mice at 9 and 12 months of age. Because of
the pronounced neuronal death only in rTg4510 mice, the percentage of tangle-bearing neurons was ~1.6- to 1.8-fold higher in 9- and 12-month-old rTg4510 mice.
n = 3 sections/mouse, 3 mice/group.

D Immuno-FISH for huTau mRNA (green) and phospho-tau (PHF1, red) shows obvious differences in the distribution of neurons in cortex layer II/III: 9-month-old
rTg4510 mice had more neurons filled with NFT-like phosphorylated tau (PHF1+, red), and rTg4510-Mapt0/0 mice had significantly more huTau mRNA-positive
neurons (FISH+). rTg4510-Mapt0/0 mice had also more neurons still expressing both PHF1 and huTau mRNA (PHF1+ FISH+), suggesting a reduced neurotoxicity of
P301Ltau expression in rTg4510-Mapt0/0 mice. n = 3 sections per mouse, 3 mice/group.

E Immuno-FISH showing EC neurons having both misfolded somatic tau (Alz50, red) and human tau mRNA (green; white arrowheads) in rTg4510-Mapt0/0 but rarely in
rTg4510 mice. n = 3 sections, 2 mice/group.

Data information: Mean � SEM. Two-tailed Student’s t-test and one-way ANOVA with Bonferroni for multiple comparison. ns, not significant. (B–D) Scale bars, 100 lm.
(E) Scale bar, 50 lm.

Source data are available online for this figure.

ª 2015 The Authors The EMBO Journal Vol 34 | No 24 | 2015

Susanne Wegmann et al Tau knockout permits propagation and diminishes NFT toxicity The EMBO Journal

3035



Pathological tau from tau-null animals has increased detergent
solubility and less seeding activity

We further examined the biochemical and biophysical properties

of tau from the two preparations. The lack of endogenous tau did

not appreciably change TBS-soluble tau, but significantly more

Triton X-100 detergent-soluble tau was observed in rTg4510-

Mapt0/0 animals (Fig 6A). Non-reducing gel electrophoresis

(Native PAGE) showed subtle differences in higher molecular

weight species of tau (Fig 6B). We hypothesized that tau from

rTg4510 mice would favor tau aggregation and have higher seed-

ing activity than tau from rTg4510-Mapt0/0 mice. We used a highly

sensitive cell-based seeding assay (Holmes et al, 2014), in which

HEK293 cells stably express both the mutant repeat domain of tau

fused to CFP (TauRDP301S-CFP) and to YFP (TauRDP301S-YFP).

Treating these cells with brain lysate from 9-month-old rTg4510

mice resulted in significant more intracellular FRET-positive

aggregates than treatment with lysate from rTg4510-Mapt0/0

animals (Fig 6C).

Discussion

The hypothesis that tau has prion-like properties has evolved from

recent work on tau protein aggregation seeding, toxicity, and propa-

gation. Tau has been suggested to be “prionoid” mainly based on

its ability to trigger the aggregation of naı̈ve transgenic tau after

cerebral inoculation of pre-aggregated “seeds” (Clavaguera et al,

2010; Iba et al, 2013; Jucker & Walker, 2013; Sanders et al, 2014)

and the observation, in vivo and in vitro, of trans-synaptic spread of

misfolded tau (de Calignon et al, 2012; Liu et al, 2012; Calafate

et al, 2015; Iba et al, 2015). We now directly test parallels between

tau and the well-established behavior of PrP: (i) that PrPSc

“propagates” only in the setting of endogenous PrPC based on

template misfolding, and (ii) that PrPSc toxicity is directly linked to

the presence of endogenous PrPC. Our findings for tau show that

the propagation and accumulation of misfolded tau in recipient

neurons are preserved in the absence of endogenous tau, while

P301Ltau toxicity is markedly reduced but present. This shows that

the suggested analogy between tau and PrP is not exact. One should

keep in mind that tau propagation studied in overexpressing

transgenic and virus-based systems likely overestimates the

naturally occurring tau propagation speed and may introduce

further artifacts. The rather low overexpression of human P301Ltau

in ECrTgTau mice (~threefold compared to endogenous mouse tau)

may thus correlate with the slow tau propagation rate in this model

(~15–18 months for single synapse connection from EC to DG),

compared to the fast P301Ltau propagation (~8 weeks) in our

strongly expressing AAV model.

In the case of tau, the current work demonstrates that mutant

P301Ltau propagates trans-synaptically and remains stably present

in recipient neurons in the absence of endogenous tau, indicating

that tau neuron-to-neuron transfer does not obligatorily depend on

templated misfolding, but instead largely reflects apparent stability

of tau in recipient neurons. The idea of a prion-like pathology

spreading of “tau-prions” appears oversimplified, and a modifi-

cation of this hypothesis seems necessary; one should also consider

the different nature of extracellularly accessible membrane-bound

PrPC versus intracellular soluble tau.

On the other hand, importantly, the association between tau

aggregation and neurotoxicity appears to be changed in the

context of a mouse tau-null phenotype: Mapt0/0 animals were

protected against tau misfolding and earliest indications of

neuronal damage (gliosis) in ECrTgTau mice, and against late-

stage neuronal loss and gliosis in the setting of widespread NFT

pathology in rTg4510 mice. Although tau-null mice had similar

NFT numbers, the severity of tau aggregation was largely blunted

and the onset of neuronal damage strongly delayed (compare

9-month-old rTg4510 with 12-month-old rTg4510-Mapt0/0) in

tau-null animals. Tangles per se appeared to be not as toxic in

rTg4510-Mapt0/0, and the robust neuroprotection in the face of

continued tau aggregation in rTg4510-Mapt0/0 mice supports recent

in vivo and in vitro experimental data (Kuchibhotla et al, 2014;

Kumar et al, 2014; Rudinskiy et al, 2014) dissociating NFT

formation from neurotoxicity. Furthermore, human cases with

innumerable tangles but little or no neuronal loss and cognitive

impairment (Perez-Nievas et al, 2013) underline the relevance of

this finding for clinical AD.

Reducing endogenous tau is protective against neurotoxic insults

associated with seizures and amyloid-beta (Rapoport et al, 2002;

Roberson et al, 2007; Ke et al, 2012; DeVos et al, 2013), although

the mechanisms remain unknown. In the current setting, reducing

endogenous tau appears to be protective against toxicity associated

with overexpression of P301Ltau. We considered the possibility that

overall reduction of tau could reduce tau misfolding and tau-

associated neuronal stress. However, in rTg4510 mice with ~10-fold

overexpression of human tau (SantaCruz et al, 2005), the impact of

mouse tau knockout on total tau levels is relatively small and does

Figure 6. Differences in tau oligomers and reduced seeding activity in rTg4510-Mapt0/0 mice.

A Extraction of cortices revealed similar human tau (Tau13) in TBS-extracts (not significant) but significantly more human tau in Triton X-100 (TX-100) extracts of
rTg4510-Mapt0/0 compared to rTg4510 mice. Mean � SEM, n = 3 mice/group, two-tailed Student’s t-test, ns, non-significant.

B Native gel electrophoresis of cortical TBS-extracts showed small differences in HMW (oligomeric) human tau between rTg4510 and rTg4510-Mapt0/0 brains. Western
blot lanes were averaged across ~2/3 of the width (black rectangular and arrow in Tau13 blot). The mean � SEM (n = 3 mice/group) of these averages was plotted as
longitudinal lane profiles. Differences in HMW tau are indicated by red and black arrowheads.

C TBS-brain extracts were applied to a HEK293 cell tau aggregation seeding assay (Holmes et al, 2014; Sanders et al, 2014), in which TauRDP301S-CFP and
TauRDP301S-YFP are co-expressed intracellularly. The formation of intracellular fluorescent TauRDP301S aggregates leads to Foerster resonance energy transfer
(FRET) activity between co-aggregated CFP and YFP-tags and correlates with the tau aggregation seeding activity of the applied brain extracts. After 24 h, cells
treated with extract (0.5 and 1.0 lg total protein per 96 well) from 9-month-old rTg4510 had significantly more intracellular YFP-positive (white arrowheads)
aggregates compared to rTg4510-Mapt0/0 extracts; FRET activity of TauRDP301S aggregates appeared similar for both rTg4510 and rTg4510-Mapt0/0. WT and Mapt0/0

extracts never showed seeding activity. Addition of lipofectamine corrected for differences in cellular uptake of tau and led to similar differences in seeding activity
between rTg4510 and rTg4510-Mapt0/0 mice. Two-tailed Student’s t-test, mean � SEM, n = 3 replicates. ns, not significant. Insets, 100 lm. Scale bars, 50 lm.
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not change the number of tangles, yet is robustly neuroprotective.

The strong overexpression of human P301Ltau in the rTg4510

model, as well as the lack of mouse tau during development in

MapT0/0 mice, may as well cause undesired artifacts such as

changes in neuronal metabolism or gene profile. However, overex-

pression of human mutant tau appears to be necessary for achieving

robust NFT pathology in mice (Duff et al, 2000; Spires & Hyman,

2005; Gilley et al, 2012), an essential when studying NFT toxicity.

Future experiments involving tau knockdown strategies in adult

mice, for example, using antisense oligonucleotides (DeVos et al,

2013), will have to proof the benefits of endogenous tau reduction

on tangle toxicity. Alternatively, because NFTs appear less toxic

without mouse tau, endogenous tau may increase tau aggregate

toxicity, perhaps by supporting the formation of more toxic tau

species (Lasagna-Reeves et al, 2011) or increasing their seeding

activity. For example, conformational changes associated with co-

aggregation of mouse with human P301Ltau may create toxic

“strains” of tau aggregates (Sanders et al, 2014). Supporting this

hypothesis, we found that brain extracts from rTg4510-Mapt0/0

mice had more detergent-soluble tau, a slightly different composi-

tion of TBS-soluble high molecular weight “oligomeric” tau (by

Native PAGE), and significantly lower potential to trigger tau

aggregation in a cell-based tau seeding assay (Holmes et al,

2014); this could explain a faster pathology progression in the

presence of endogenous tau. However, it is also possible that

the process of conversion—from naı̈ve to misfolded mouse

tau—rather than the aggregates themselves are responsible for

neurotoxicity in the presence of endogenous tau. Furthermore,

one may also consider neurotoxicity-mediating functions of

soluble endogenous tau (but not P301Ltau) that, for example,

trigger ER stress [elevated CHOP in rTg4510; (Hoozemans &

Scheper, 2012)] and gliosis.

In sum, the current data revealed some features of tau that are

analogous to and some features that are discrepant from expecta-

tions based on a “prion-like” model of tau propagation and toxic-

ity. In particular, in contrast to PrP, in three separate models of

tau propagation (ECrTgTau, rTg4510, and AAV-mediated P301Ltau

expression), tau could be released by donor neurons and taken up

and be detected weeks to months later in recipient neurons, even

if endogenous tau was missing. Therefore, aggregated tau remains

for substantial periods of time in the recipient cells without a

requirement for templated misfolding of endogenous tau to “main-

tain” the aggregate, as is necessary in case of PrP. A second

prediction of the PrP analogy is that the absence of endogenous

tau protein would be neuroprotective, presumably by halting the

spread of P301Ltau misfolding. However, although tau-null

animals did not alter tau propagation and had mature NFT patho-

logy, the neurotoxic phenotype of P301Ltau overexpression was

markedly blunted in the absence of endogenous tau. These

paradoxical results suggest caution in drawing too close a

parallel between PrP and tau-related neurotoxicity. They provide,

however, a potentially important, but unexpected, avenue

toward neuroprotective therapies in tau-related neurodegenerative

diseases. Understanding the mechanism of neuroprotection by tau

reduction and/or the role of endogenous tau for increased neuro-

toxicity will be critical to determine whether therapeutic strategies

aimed at tau reduction (e.g. tau immunotherapy) will be beneficial

in AD.

Materials and Methods

Animals

ECrTgTau mice were produced by crossing (C57BL/6J)B6.TgEC-tTA

mice expressing the tetracycline-controlled transactivator (tTa)

exclusively in EC-II (Yasuda & Mayford, 2006) with FVB-Tg(tetO-

TauP301L)4510 mice (SantaCruz et al, 2005) as previously described

(de Calignon et al, 2012). Mice having both tTa and tau transgene

expressed human mutant P301Ltau (0N4R) in the EC, mice lacking

the tau transgene served as controls (WT). ECrTgTau mice were

crossed to mice lacking endogenous mouse tau [B6.Mapttm1(EGFP)Kit

mice (Mapt0/0), from the Jackson Laboratory (Tucker et al, 2001)]

to obtain ECrTgTau-Mapt0/0 animals. We analyzed gender-mixed

18-month-old littermates. The CK-tTA transgene, driving expression

in forebrain excitatory neurons (Mayford et al, 1995), was trans-

ferred to the B6.Mapt0 background, enabling production of rTg4510

and rTg4510-Mapt0/0 mice. We analyzed gender-mixed 9- and

12-month-old animals. Animal experiments were performed in

accordance with United States National Institutes of Health guide-

lines and were approved by the Institutional Animal Care and Use

Committees of Massachusetts General Hospital and McLaughlin

Research Institute.

RT–PCR analysis

To verify mouse genotypes, RNA was extracted from frozen

brain tissue with Trizol (Sigma) and RNA quality was tested using

Agilent RNA 6,000 Pico kit (Agilent Technologies). For RT–PCR,

1 lg RNA was transcribed into cDNA with SuperScript� III Reverse

Transcriptase (LifeSciences) using primers targeting the tau trans-

gene product and mouse tau exon 7. Transcript number of human

and mouse tau RNA was quantified with RT–qPCR Primer Assay

and normalized to GAPDH7 (Fig EV1A). Two-tailed Student’s t-test.

Cortical primary neuron cultures

Primary neuronal cultures were derived from cerebral cortex of

embryonic days 15–19 wild-type mice (CD1, Charles River Laborato-

ries). Briefly, cortices were dissected, gently minced, neurons disso-

ciated using a papain kit (Worthington Biochemicals Corp.), and

then washed with 1× HBSS. Neurons were seeded into culture

dishes that were pre-treated with poly-D-lysine (100 lg/ml) for

> 1 h room temperature. Cultures were maintained at 37°C with 5%

CO2, supplemented with neurobasal medium with 2% B27 supple-

ment, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin

(100 lg/ml). At 7 days in vitro (DIV), neurons were transduced

with AAV eGFP-2a-P301L to achieve ~5–10% transfection rate. At

14 DIV, neuron cultures were washed briefly with PBS, then fixed

for 15 min with 4%-PFA/PBS, and immunostained for GFP (chicken

anti-GFP, anti-chicken Alexa488), human tau (mouse Tau13,

anti-mouse Cy3), and DAPI. Images were taken on a Zeiss Axio-

Imager Microscope with a 20× objective.

AAV injection

AAV encoding eGFP, the translation interrupting 2a peptide

(Szymczak et al, 2004), and full-length human mutant P301Ltau
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(AAV8-CBA-eGFP-2a-P301Ltau; titer: 6 × 1013 particles/ml; prod-

uced at MEEI vector core, Boston) was stereotactically injected into

14- to 16-month-old WT and Mapt0/0 mice for unilateral expression

of eGFP and P301Ltau in the left EC/HPC (bregma: �4.5 mm post-

erior, �4.5 mm lateral, depth from brain surface: 1.7 mm). Eight

weeks after AAV injection, mice were perfused with 4% PFA/PBS

and brains cut into 30-lm-thick horizontal sections. Brain sections

were immunostained for GFP, human tau, and DAPI (as described

for cryosections).

Immunohistochemistry

Mice were killed and intracardially perfused with PBS, and brain

hemispheres were drop-fixed in 4% PFA/PBS for 3 days, cryopro-

tected in 30% sucrose/PBS, frozen embedded in M1 mounting

medium, cut into 10-lm-thick horizontal sections, mounted on glass

slides, and stored at �80°C. Sections were permeabilized with 0.1%

TX-100/PBS and blocked in 5% normal goat serum (NGS)/PBS, and

primary antibodies diluted in 5% NGS were applied over night at

4°C. After washing in PBS, secondary antibodies (Cy3 or Alexa647-

labeled anti-mouse or anti-rabbit IgGs) were applied for 1 h at room

temperature, sections were mounted using mounting medium with

DAPI (VectaShield), and images were recorded on a Zeiss Axio-

Imager microscope equipped with a Coolsnap digital camera and

Axio-VisionV4.8.

Antibodies

For IHC and Western blot analyses, the following antibodies were

used: rabbit anti-human tau (N-terminus) TauY9 (Enzo Lifescience),

mouse anti-human tau (N-terminus) Tau13 (Covance/BioLegend),

rabbit anti-mouse and human tau (C-terminus; DAKO), mouse anti-

mouse tau Tau/5 (Johnson&Johnson), mouse anti-phospho-tau

CP13 (pS202/sT205; all phosho-tau antibodies detect mouse and

human tau), PHF1 (pS396/pS404) (courtesy of Peter Davies), and

12E8 (pS262/pS356; Elan Pharmaceuticals), rabbit anti-”misfolded”

tau Alz50 (1:500, Peter Davies), mouse anti-glial fibrillary acidic

protein (GFAP; Abcam), rabbit anti-Iba1 (for ICC or WB; WAKO),

mouse anti-NeuN (Millipore), mouse anti-synapsin-1 (EMD), mouse

anti-CHOP (Cell Signaling), and rabbit anti-Ubiquitin (Millipore).

Fluorescence immuno/in situ hybridization (immuno-FISH)

FISH combined with immunohistochemistry was performed as

previously described (de Calignon et al, 2012). Digoxigenin-labeled

RNA probes matching human Mapt (NM_016835; nucleotides

2,773–3,602) were generated by RT–PCR and detected with

anti-digoxigenin horseradish peroxidase-labeled antibodies (Roche)

and Alexa568-labeled tyramide (Invitrogen) (Schaeren-Wiemers &

Gerfin-Moser, 1993). Human tau was immunolabeled using primary

antibody TauY9- and Alexa647-conjugated goat anti-rabbit

secondary antibody.

Cell counting, stereology, and cortical thickness

Astrocytes (GFAP), microglia (Iba1), nuclei (DAPI), neurons

(NeuN), and tangles (ThioS) were stereologically assessed in

respective brain regions of 3–4 10-lm-thick sections per mouse in 3

mice/group. Sections were spaced each by 100 lm, spanning a total

depth of 4 × 100 lm = 400 lm brain tissue per mouse. We deter-

mined cell densities (number/mm2) using ImageJ and CAST. Inves-

tigators were blinded for all staining and counting procedures.

Brain extracts and TX-100 extraction

For the ECrTgTau cohort, EC and HPC were dissected from frozen

brains and homogenized in RIPA buffer (Sigma) including protease

(Complete, Roche) and phosphatase (PhosphoStop, Roche) inhibi-

tors. For the rTg4510 cohort, CTX were dissected from frozen brains

and homogenized in TBS (20 mM Tris, 150 mM NaCl, 1 mM EGTA,

pH 7.8) including protease and phosphatase inhibitors. Homoge-

nates were spun down at 104 g for 30 min (TBS-extract =

supernatant). For TX-100 extraction, supernatant was replaced by

equal amount of TBS + 1% TX-100 and samples were incubated

for 20 min at RT. Homogenates were spun down again (TX-100-

extract = supernatant).

Brain weight, SDS–PAGE, native PAGE, and Western blotting

Wet weight of whole brains including cerebellum and olfactory bulb

from 9- and 12-month-old rTg4510, rTg4510-Mapt0/0, WT, and

Mapt0/0 mice was determined after intracardial perfusion with 15 ml

PBS. For analysis of brain extracts, 10–30 lg total protein was

loaded onto 4–12% or 10% Bis-Tris SDS–polyacrylamide gels (Life

Technologies) and separated using MOPS or MES buffer. For Native

PAGE of rTg4510 extracts, TBS-extracts (40 lg protein) were mixed

with Tris-glycine Native loading buffer (Life Technology), loaded on

a 4–16% Bis–Tris Native PAGE gel, and ran at 150 V for 4 h; 20 lg
pre-aggregated recombinant full-length human mutant DK280 tau

was loaded as a tau standard. After blotting onto nitrocellulose

membranes and blocking in Odyssey blocking buffer (LI-COR),

primary antibodies were applied overnight at 4°C. After washing in

0.05% (v/v) Tween-20 in TBS, blots were incubated with goat anti-

rabbit-IRDye680 and anti-mouse-IRDye800 (Rockland) 1 h at room

temperature. Protein bands were visualized using Odyssey imaging

system (LI-COR), and band intensities were analyzed using ImageJ

(http://rsb.info.NIH.gov/nih-image/).

Gallyas silver and thioflavine-S staining of tangles

Silver staining of tangles in 12-month-old mice (rTg4510 cohort)

was done in 30-lm-thick coronal sections of PFA-perfused brains as

described previously (Gallyas, 1971). After silver staining, sections

were mounted on glass slides and neurons (Nissl substance) coun-

terstained with cresyl violet and mounted in mounting media. For

thioflavine-S (ThioS) stain of tangles (Sun et al, 2002), 10-lm-thick

cryosections of PFA-fixed brains were rinsed in de-ionized water

and incubated in 0.05% (w/v) ThioS in 50% (v/v) ethanol in the

dark for 8 min, and ThioS staining was differentiated by two 10-s

washes in 80% ethanol and rinsed in de-ionized water (mounting

medium without DAPI).

HEK293 tau aggregation assay

HEK293 cells stably expressing CFP-/YFP-TauRDP301S [TauRD:

repeat domain aa244–372 of 2N4R human tau, P301S mutation
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(Holmes et al, 2014)] were plated in a 96-well plates. After 24 h,

TBS-soluble brain extracts were applied at 0.5 or 1.0 lg protein/well

in a total of 40 ll Opti-MEM (Gibco). After 30 h, cells were fixed

with 4% PFA and the number of cells with aggregates was counted.

Each condition (genotype and concentration) was performed in

triplicate. For studies using lipofectamine, cells were plated in

8-chambered coverslip dishes and treated with brain extracts

containing 1.0 lg protein and 0.5 ll lipofectamine (Invitrogen) in

50 ll Opti-MEM for 25 h.

Statistical analysis

To compare cell numbers, we determined the average cell densities

(cell number/mm2) per mouse from 3 to 4 brain sections, 3 mice/

group. For Western blots, 3 mice/group were analyzed. For statisti-

cal analysis of differences between groups, normal distribution was

assumed and analysis was performed using GraphPad Prism 6;

multi-comparisons were made applying one-way ANOVA with

Bonferroni corrections; when comparing two groups, non-paired

two-tailed Student’s t-tests with confidence intervals of 95% were

used. All values are given as mean � SEM. Sample size was chosen

to minimize number of animals but be able to carry out statistical

analysis (n = 3–5 animals per group) and no data was excluded.

Expanded View for this article is available online.
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