
Kinetics of Human Mutant Tau Prion Formation
in the Brains of 2 Transgenic Mouse Lines
Amanda L. Woerman, PhD; Smita Patel, PhD; Sabeen A. Kazmi, BS; Abby Oehler, BS; Yevgeniy Freyman, MS;
Lloyd Espiritu, AA; Robert Cotter, BA; Julian A. Castaneda, DVM, PhD; Steven H. Olson, PhD; Stanley B. Prusiner, MD

IMPORTANCE Accumulation of the protein tau is a defining characteristic of several
neurodegenerative diseases. Thorough assessment of transgenic (Tg) mouse lines that
replicate this process is critical for establishing the models used for testing anti-tau
therapeutics in vivo.

OBJECTIVE To define a consistent mouse model of disease for use in future compound
efficacy studies.

DESIGN, SETTING, AND PARTICIPANTS In this time course study, cohorts of Tg and control mice
were euthanized at defined intervals. Collected brains were bisected down the midline. One
half was frozen and used to measure the tau prion content, while the other half was fixed for
immunostaining with anti-tau antibodies. All mice were maintained at the Hunters Point
Animal Facility at the University of California, San Francisco, and all experiments were
performed at the Mission Bay Campus of the University of California, San Francisco. Study
animals were PS19, homozygous and hemizygous Tg(MAPT*P301S), and B6/J mice. The study
dates were August 9, 2010, to October 3, 2016.

MAIN OUTCOMES AND MEASURES Tau prions were measured using a cell-based assay.
Neuropathology was measured by determining the percentage area positive for
immunostaining in defined brain regions. A separate cohort of mice was aged until each
mouse developed neurological signs as determined by trained animal technicians to assess
mortality.

RESULTS A total of 1035 mice were used in this time course study. These included PS19 mice
(51.2% [126 of 246] male and 48.8% [120 of 246] female), Tg(MAPT*P301S+/+) mice (52.3%
[216 of 413] male, 43.8% [181 of 413] female, and 3.9% [16 of 413] undetermined),
Tg(MAPT*P301S+/−) mice (51.8% [101 of 195] male and 48.2% [94 of 195] female), and B6/J
mice (49.7% [90 of 181] male and 50.3% [91 of 181] female). While considerable interanimal
variability in neuropathology, disease onset, and tau prion formation in the PS19 mice was
observed, all 3 measures of disease were more uniform in the Tg(MAPT*P301S+/+) mice.
Comparing tau prion formation in Tg(MAPT*P301S+/+) mice with B6/J controls, the 95% CIs
for the 2 mouse lines diverged before age 5 weeks, and significant (P < .05) neuropathology
in the hindbrain of 24-week-old mice was quantifiable.

CONCLUSIONS AND RELEVANCE The assessment of disease progression using 3 criteria
showed that disease onset in PS19 mice is too variable to obtain reliable measurements for
drug discovery research. However, the reproducibility of tau prion formation in young
Tg(MAPT*P301S+/+) mice establishes a rapid assay for compound efficacy in vivo.
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T au is a soluble protein that stabilizes microtubules in
neurons.1,2 In a group of neurodegenerative diseases
termed tauopathies, hyperphosphorylated tau accumu-

lates most notably into neurofibrillary tangles (NFTs) in Alz-
heimer disease (AD).3 Tauopathies are characterized by pro-
gressive dementia,4 likely resulting from self-propagating
misfolded tau (ie, tau prions).5,6

After the identification of tau as the main constituent of
NFTs in patients with AD,3,7-9 molecular cloning studies10,11

found that the tau gene is alternatively spliced into 6 iso-
forms, giving rise to 0, 1, or 2 N-terminal insertions and 3 or 4
repeats in the repeat domain (RD). The first transgenic (Tg)
mouse models expressed 2N4R tau,12-14 while subsequent mod-
els expressed others15-17 or even all six.18,19 Discovery of disease-
related mutations in tau in 1998 (reviewed by van Swieten and
Spillantini20) ushered in a new generation of mouse models
typically expressing one mutated 4R tau isoform (reviewed by
Frank et al21 and by Dujardin et al22). While most patients with
tauopathy do not have mutations, the inclusion of muta-
tions, such as P301S, increases the rate of protein misfolding,
accelerating disease progression in a mouse model.

To develop therapeutics for patients with tauopathy, Tg
mouse models have been characterized based on the ani-
mal’s ability to recapitulate several features of neurodegen-
eration, including tau neuropathology, onset of neurological
signs, cognitive and motor deficits, and accumulation of tau
prions in the brain (reviewed by van Swieten and Spillantini,20

by Frank et al,21 and by Dujardin et al22). While the currently
available models have proven critical for elucidating the mo-
lecular pathways underlying disease progression in tauopa-
thies, the lack of comprehensive studies establishing well-
defined and reproducible measures of disease progression has
hampered the successful discovery of anti-tau therapeutics.

The studies reported herein sought to define consistent mea-
sures of disease in a Tg mouse model that could be implemented
by drug discovery programs for in vivo compound evaluation.
PS19 mice are an often-used model expressing 1N4R tau with
the P301S mutation, with tau neuropathology developing by 6
months.23 However, in our analysis, tau accumulation in almost
8-month-old mice was too inconsistent to provide a meaning-
ful measure of disease. We also found that disease onset in the
animals ranged from age 3 to 15 months. Furthermore, despite
evidence suggesting that tau prion formation is uniform in PS19
mice,24,25 we measured 3-fold more tau prions in some animals
compared with others tested at the same age.

Given the erratic data collected from PS19 mice, we moved
to testing the homozygous Tg(MAPT*P301S+/+) mouse model,
which expresses 0N4R tau with the P301S mutation.26 Onset
of neurological signs was reported to occur in animals aged 5
to 6 months, suggesting that disease onset in these mice is more
synchronized. This is in agreement with our finding herein that
only 1.9% (3 of 159) of mice lived beyond 8 months. More-
over, using our group’s cell-based assay to measure tau prions,27

we found that the tau prion content was consistent in young
animals, and formation of proteinase K (PK)–resistant tau
prions was distinguishable from control animals by 5 weeks.
As expected from the reported development of thioflavin
S–positive aggregates in Tg(MAPT*P301S+/+) mice aged 5 to 6

months,26 we measured robust tau pathology in 6-month-
old mice, but observed a lack of immunostaining in animals
aged 4.5 months and younger.

Our results establish a consistent baseline across
3 measures of disease in Tg(MAPT*P301S+/+) mice, including
neuropathology, disease onset, and tau prion formation. In
contrast, we found disease progression in the PS19 mice
to be so variable that approximately 900% more animals
would be required to adequately power an efficacy study than
Tg(MAPT*P301S+/+) mice. Moreover, by using a cell-based
assay to quantify tau prion formation in the mice, we identi-
fied an early end point for efficacy studies that directly mea-
sures biologically active tau.

Methods
Study Design
In this time course study, cohorts of Tg and control mice were
euthanized at defined intervals. Collected brains were bi-
sected sagittally. One half was frozen and used to measure the
tau prion content, while the other half was fixed for immuno-
staining with anti-tau antibodies. All animals were main-
tained at the Hunters Point Animal Facility at the University
of California, San Francisco, and all experiments were per-
formed at the Mission Bay Campus of the University of Cali-
fornia, San Francisco. Study animals were PS19, homozygous
and hemizygous Tg(MAPT*P301S), and B6/J mice. The study
dates were August 9, 2010, to October 3, 2016.

Animals were maintained in a facility accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care in accord with the Guide for the Care and Use of
Laboratory Animals.28 All procedures were approved by the
University of California, San Francisco, Institutional Animal Care
and Use Committee. Animals were maintained under standard
environmental conditions, with a cycle of 12 hours’ light and 12
hours’ dark and free access to food and water. Animals used in
this study include C57BL/6J (B6/J) mice29 (Jackson Laboratory;
https://www.jax.org/strain/000664), PS19 mice,23 and homozy-
gous and hemizygous B6-Tg(Thy1-MAPT*P301S)2541 mice.26

Tau prions were measured using a cell-based assay. Neu-
ropathology was measured by determining the percentage area

Key Points
Question What is a reproducible baseline measure of disease
progression in a tauopathy animal model that we can use to
determine compound efficacy in drug discovery programs?

Findings A total of 1035 mice were used in this time course study.
In 1 line of transgenic mice, tau prions were reproducibly detected
by age 5 weeks, while extensive variability in another mouse line
renders the model unusable for efficacy studies.

Meaning Future studies assessing the ability of small molecules or
other therapeutic strategies to slow or halt neurodegeneration
should directly measure the ability of the compound to halt tau
prion formation in an animal model that exhibits consistent
disease kinetics.
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positive for immunostaining in defined brain regions. A sepa-
rate cohort of mice was aged until each mouse developed neu-
rological signs as determined by trained animal technicians to
assess mortality.

Tau Prion Assay
A 10% brain homogenate was prepared using frozen half-
brains from B6/J and Tg(MAPT*P301S) mice in calcium and
magnesium–free 1 × Dulbecco phosphate-buffered saline
(DPBS) (Thermo Fisher). Protein aggregates were precipi-
tated using sodium phosphotungstic acid (Sigma), as de-
scribed previously.30,31 Protein pellets were diluted 1:4 in
1 × DPBS and tested in the cell aggregation assay.

Culture and assay conditions for human embryonic kid-
ney (HEK293) cells expressing Tau(4RD*LM)-YFP(1)32 were pre-
viously described, where LM indicates the 2 familial muta-
tions P301L and V337M and YFP indicates yellow fluorescent
protein.27 After 4 days’ incubation, 384-well plates were im-
aged using the IN Cell Analyzer 6000 (GE Healthcare Life
Sciences). 4′,6-Diamidino-2-phenylindole and fluorescein
isothiocyanate images were collected from 4 regions in each
well, which were analyzed using the IN Cell Developer soft-
ware. Each sample was tested independently 3 times.

Additional eMaterials and eMethods are available in the
eAppendix in the Supplement. The significance level in the
study was set at 2-sided P < .05 for statistical analyses per-
formed with a t test.

Results
A total of 1035 mice were used in this time course study. These
included PS19 mice (51.2% [126 of 246] male and 48.8% [120
of 246] female), Tg(MAPT*P301S+/+) mice (52.3% [216 of 413]
male, 43.8% [181 of 413] female, and 3.9% [16 of 413] undeter-
mined), Tg(MAPT*P301S+/−) mice (51.8% [101 of 195] male and
48.2% [94 of 195] female), and B6/J mice (49.7% [90 of 181]
male and 50.3% [91 of 181] female).

Variability of Tauopathy Progression in PS19 Mice
Two-month-old PS19 mice23 were inoculated intracranially
with 30 μL of either 1 × DPBS or 1% control brain homogenate
diluted in 5% bovine serum albumin. The mice were col-
lected at age 31 weeks, and the formalin-fixed brains were
assessed for tau neuropathology using the antibody AT8 (phos-
phorylated tau at Ser202/Thr205) (eFigure 1A in the Supple-
ment). Studies of central nervous system disease proved in-
feasible due to random variations in tau neuropathology. In a
separate group of mice used to assess disease onset, shown in
a Kaplan-Meier plot (red line in eFigure 1B in the Supple-
ment), neurological signs required 3 to 15 months to develop.
When we performed our initial PS19 mouse survival studies,
we were unaware of the variation in the published mortality
data (black line in eFigure 1B in the Supplement).23

To determine the tau prion content of the brains from PS19
mice, we collected frozen half-brains from mice aged 20 to 38
weeks and measured the tau prion levels using a cell-based
assay.31 ClarifiedbrainhomogenatewasincubatedwithHEK293T

cellsexpressingtheRDof4RtaucontainingtheP301LandV337M
mutations fused to YFP [Tau(4RD*LM)-YFP(2) cells] for 3 days
(eFigure 1C and D in the Supplement). These cells formed aggre-
gates in the presence of tau prions but not when incubated with
control samples.31 Tau prion infection was measured using the
sumoftotalfluorescencefromallaggregatesdividedbycellcount
(density × area [D × A] per cell ×103 arbitrary units [AU]) and the
percentage of cells containing aggregates. Consistent with the
neuropathology and mortality data, the rate of tau prion forma-
tion in the PS19 mice was variable, with some 38-week-old mice
having 3-fold more tau prions than others.

Tau Prion Formation in Tg(MAPT*P301S+/+) Mice
Using the Tg(MAPT*P301S+/+) line,26 we compared spontane-
ous tau prion formation in frozen half-brains with wild-type
B6/J mice in the cell-based assay.27 Tau prions from brains of
mice aged 2 to 30 weeks were isolated from 10% brain homog-
enates by phosphotungstic acid precipitation,30 and the pri-
ons were assayed using Tau(4RD*LM)-YFP(1) cells (Figure 1 and
eFigure 2 and eFigure 3 in the Supplement). Wild-type B6/J
mouse samples did not infect Tau(4RD*LM)-YFP(1) cells
(eFigure 2C and eFigure 3A in the Supplement); however,
Tg(MAPT*P301S+/+) samples infected cells with an approxi-
mately linear increase in prion formation (Figure 1A and eFig-
ure 3B in the Supplement).

To determine the age at which Tg(MAPT*P301S+/+) mice
became distinguishable from B6/J mice, nonparametric curves
were fit to the data, and the 95% CI was calculated. Signifi-
cant separation between the 2 lines was defined as the age at
which the 95% CIs no longer overlapped. Tg(MAPT*P301S+/+)
mice were significantly different from B6/J mice at age 4.4
weeks using D × A per cell (Figure 1B and C) and at age 3.1 weeks
using percentage of cells with aggregates (eFigure 3C and D in
the Supplement). These analyses demonstrate that spontane-
ous tau prion formation was quantifiable by age 3 to 5 weeks
in Tg(MAPT*P301S+/+) mice.

Tau Prion Formation More Uniform
in Young Tg(MAPT*P301S+/+) Mice
Assessing possible differences in tau prion formation be-
tween male and female Tg(MAPT*P301S+/+) mice, we plotted
D × A per cell measurements from each animal by sex
(Figure 2A). Through 12 weeks, both male and female mice
showed a linear increase in tau prion formation (Figure 2B),
suggesting that assays measuring the reduction in tau prion
propagation in young Tg(MAPT*P301S+/+) mice might facili-
tate anti-tau drug discovery. The tau prion content in older ani-
mals was more variable than in younger mice.

Neurological Dysfunction in Tg(MAPT*P301S+/+) Mice
Onset of neurological signs was observed in a separate group
of Tg(MAPT*P301S+/+) mice at approximately age 24 weeks
(Figure 2C). Females developed degenerative signs before males.
The high variability in tau prions measured in the cell assay at the
20-week time point coincides with onset of neurological signs.
Comparison of Kaplan-Meier plots from Tg(MAPT*P301S+/+) and
PS19micerevealthatTg(MAPT*P301S+/+)miceexhibitamoreuni-
form disease onset (eFigure 1B in the Supplement). To compare
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this difference statistically, a power analysis was performed
to determine the sample size needed to adequately power
efficacy studies using both lines (eTable in the Supplement).
Regardless of expected effect size, at least 900% more PS19 than
Tg(MAPT*P301S+/+) mice would be required to adequately power
an efficacy study. An effect size of 10%, which is necessary for es-
tablishing a dose response or selecting a clinical candidate, would
require a total of 8 Tg(MAPT*P301S+/+) or 92 PS19 mice. However,
because the hemizygous PS19 mice are bred with noncarriers,
breeding at least 184 mice would be required to carry out one
efficacy study.

Neuropathological Lesions in Tg(MAPT*P301S+/+) Mice
The kinetics of tau neuropathology in Tg(MAPT*P301S+/+)
mice were analyzed in formalin-fixed half-brains from
Tg(MAPT*P301S+/+) and B6/J mice aged 6, 12, 18, and 24 weeks,
by immunostaining with AT8, MC1 (misfolded tau), HT7
(human tau), and glial fibrillary acidic protein (GFAP)
antibodies. The sensorimotor cortex, striatum, piriform cor-
tex and amygdala, hippocampus, thalamus, hypothalamus,
midbrain, and pons were evaluated in all animals.

No AT8 neuropathology was found in B6/J mice (Figure 3
and eFigure 4 in the Supplement). Comparing AT8 deposi-
tion between 6-week-old B6/J and Tg(MAPT*P301S+/+) mice,
a small but significant increase in the midbrain and pons was
found. A much larger increase in AT8 staining was observed
in the brains of Tg(MAPT*P301S+/+) mice at age 24 weeks com-
pared with 6-week-old animals as well as compared with 24-
week-old B6/J mice. The MC1 and HT7 immunostaining yielded
similar results, with significant detection of tau aggregates in
24-week-old Tg(MAPT*P301S+/+) mice but minimal immuno-
staining in younger animals (eFigure 4 and eFigure 5 in the
Supplement).

In parallel, measuring astrogliosis with the GFAP anti-
body (eFigure 6 in the Supplement) showed that reactive as-
trocytes were significantly increased in the thalamus, mid-
brain, and pons of 24-week-old Tg(MAPT*P301S+/+) mice
compared with 6-week-old Tg(MAPT*P301S+/+) animals. As ex-
pected, GFAP immunostaining was unchanged through age 24
weeks in the B6/J mice.

Stability of Tau Prions From Tg(MAPT*P301S+/+) Mice
Given the neuropathological differences between 6-week-
old and 24-week-old Tg(MAPT*P301S+/+) mice, we examined
tau prion stability from animals aged 6 weeks and 24 weeks
under denaturing conditions (Figure 4). Tau prions from aged
Tg(MAPT*P301S+/+) mice were previously found to be resis-
tant to 1 μg/mL of PK.33 Testing tau prions from two 6-week-
old and 24-week-old Tg(MAPT*P301S+/+) mice, 1 mg of deter-
gent-insoluble protein was digested in 0, 0.5, 1, 2.5, or 5 μg of
PK for 30 minutes (Figure 4A and B). The remaining protein
was analyzed by immunoblot using the human tau antibody
Tau12. Tau prions from both the 6-week-old and 24-week-old
mice were resistant to 1 μg of PK, were partially digested by
2.5 μg of PK, and were completely digested by 5 μg of PK.

We also tested stability by sequential extraction in deter-
gents with an increasing propensity to solubilize aggregated
protein (Figure 4C). This method identified differences in

Figure 1. Spontaneous Tau Prion Formation Occurs Before Age 5 Weeks
in Tg(MAPT*P301S+/+) Mice
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Tau prions were isolated from B6/J and Tg(MAPT*P301S+/+) mouse brain
homogenates using sodium phosphotungstic acid. Protein pellets were diluted
1:4 in 1 × Dulbecco phosphate-buffered saline and incubated with
Tau(4RD*LM)-YFP(1) cells for 4 days before imaging. A, After incubating with
protein isolated from Tg(MAPT*P301S+/+) mice, infected cells were quantified
by dividing the total fluorescence in each image by the number of living cells
(×103 arbitrary units [AU]). The time course of spontaneous tau prion formation
was quantified by testing samples from mice aged 2 to 30 weeks. Data are
shown as the mean (SD) for each time point. B, Nonparametric curves were fit
to the data collected from each B6/J mouse (solid orange line) and each
Tg(MAPT*P301S+/+) mouse (solid dark blue line). The 95% CI was calculated for
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box) in B is enlarged in C.
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protein solubility in several Tg mouse models.23,34-36 Brain ho-
mogenates were digested in high salt, high salt plus Triton
X-100, radioimmunoprecipitation buffer, 2% sodium dodecyl-
sulfate, and 66% formic acid; the supernatant from each ex-
traction was collected for immunoblot analysis, while the pro-
tein pellet was digested in the subsequent buffer. Tau prions

Figure 2. Spontaneous Tau Prion Formation Is Not Affected
by Sex Differences in Young Tg(MAPT*P301S+/+) Mice
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aP = .002.

Figure 3. AT8 Neuropathology in Tg(MAPT*P301S+/+) Mice Increases at
Age 24 Weeks
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AT8 neuropathology was measured in the sensorimotor cortex (SMCx),
striatum (Str), piriform cortex and amygdala (Pir), hippocampus (HC), thalamus
(Thal), hypothalamus (HTH), midbrain (Mid), and pons of B6/J and
Tg(MAPT*P301S+/+) mice aged 6, 12, 18, and 24 weeks. A, Time course of AT8
neuropathology in Tg(MAPT*P301S+/+) mice. AT8 neuropathology was
significantly increased in all brain regions in Tg(MAPT*P301S+/+) mice at age 24
weeks compared with mice at age 6 weeks (P = .02 for SMCx, P = .004 for Str,
P < .001 for Pir, P < .001 for HC, P < .001 for Thal, P < .001 for HTH, P < .001 for
Mid, and P < .001 for pons). Data are given as the means. B and C, Comparing
AT8 neuropathology by brain region in B6/J and Tg(MAPT*P301S+/+) mice. AT8
pathology was increased in the Mid (P = .02) and pons (P < .001) of 6-week-old
Tg(MAPT*P301S+/+) mice (B) compared with B6/J mice (C) and was increased in
all brain regions in 24-week-old animals (P = .01 for SMCx, P = .003 for Str,
P < .001 for Pir, P < .001 for HC, P < .001 for Thal, P < .001 for HTH, P < .001 for
Mid, and P < .001 for pons). Data are shown as the mean (SD).
aP < .05.
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from 6-week-old and 24-week-old mice demonstrated simi-
lar resistance in all 5 detergents. Together, these stability
data argue that tau prions in 6-week-old and 24-week-old
Tg(MAPT*P301S+/+) mice are similar.

Tau Prion Formation Kinetics Modified by Transgene Dose
To determine the influence of transgene dose on tau prion for-
mation, we collected frozen half-brains from 6-week-old to
24-week-old hemizygous Tg(MAPT*P301S+/−) mice (Figure 5A
and B and eFigure 7A in the Supplement). Incubating tau prions
isolated from Tg(MAPT*P301S+/−) mice with Tau(4RD*LM)-YFP
(1) cells showed an increase in tau prion formation with age.
After calculating the 95% CI for these data, we determined that
Tg(MAPT*P301S+/−) mice can be distinguished from B6/J mice
at age 7.9 weeks using D × A per cell (black line in Figure 5B and
eFigure 7B in the Supplement) and at age 7.3 weeks using per-
centage cells with aggregates (blue line in eFigure 8B and C in the
Supplement). Homozygous Tg(MAPT*P301S+/+) mice were sig-
nificantly different from hemizygous animals before age 6 weeks
(gray line in Figure 5B and green line in eFigure 8 in the Supple-
ment).TheconcentrationoftauprionsinagedTg(MAPT*P301S+/−)
mouse brains remained below the concentration in 12-week-old
homozygous mice.

We also examined tau and GFAP neuropathology in
Tg(MAPT*P301S+/−) mice aged 6, 12, 18, and 24 weeks. AT8
neuropathology was similar in 6-week-old B6/J and
Tg(MAPT*P301S+/−) mice (eFigure 9 in the Supplement) and
in 6-week-old and 24-week-old Tg(MAPT*P301S+/−) mice
(eFigure 10A and B in the Supplement). Significant, although
minute, increases in AT8 immunostaining were quantified in
the midbrain and pons of 24-week-old Tg(MAPT*P301S+/−)
mice relative to B6/J mice (eFigure 9 in the Supplement).
In comparison, tau neuropathology in 24-week-old
Tg(MAPT*P301S+/−) mice was significantly reduced com-
pared with 24-week-old homozygous mice (Figure 5C).

Tau immunostaining using the MC1 and HT7 antibodies
showed similar results as obtained with the AT8 antibody
(eFigure 10C-F in the Supplement). In addition, no differ-
ences in astrogliosis were observed between 6-week-old and
24-week-old Tg(MAPT*P301S+/−) mice with the exception of
a small decrease in the midbrain (eFigure 11 in the Supple-
ment). Consistent with the tau prion quantification assay, we
observed remarkably less neuropathology in 24-week-old
hemizygous mice compared with homozygous mice.

Finally, we compared the spontaneous onset of neurologi-
cal signs in a separate cohort of animals (green line in eFigure 1B
in the Supplement). While Tg(MAPT*P301S+/−) mice exhibited
a similar rate of disease onset as observed in PS19 mice, approxi-
mately 40% fewer animals would be required to adequately
power an efficacy study using this line (eTable in the Supple-
ment). However, compared with the homozygous mice, almost
600% more Tg(MAPT*P301S+/−) animals would be required.

Discussion
Transgenic animal models have contributed greatly to eluci-
dating the molecular mechanisms that feature in neurodegen-
erative disorders. For tauopathies, mouse models replicating
neuropathological lesions seen in human patients have re-
sulted in important discoveries regarding the spreading of mis-
folded tau throughout the brain. However, to focus efforts on
discovering drugs that intervene with tau prion replication,

Figure 4. Spontaneous Tau Prions Isolated From Tg(MAPT*P301S+/+)
Mouse Brains Are Stable Under Denaturing Conditions
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A, Detergent-insoluble protein (1 mg) was isolated from male
Tg(MAPT*P301S+/+) mice at age 6 weeks and 24 weeks (n = 2) and digested
with increasing concentrations of proteinase K (PK) (0-5 μg) at 37°C for 30
minutes (while shaking). Protein remaining after partial digestion was pelleted
by ultracentrifugation and analyzed by Western blot with the Tau12 antibody.
B, Quantification of immunoblots shown in A were normalized to 0 μg of PK.
Data are shown as the mean (SD) for the 2 mice at each time point.
C, Aggregated protein was isolated from 6-week-old and 24-week-old male
Tg(MAPT*P301S+/+) mice (n = 2) using a series of increasingly stringent buffers,
including high salt (HS), high salt plus Triton X-100 (HST), radioimmunoprecipi-
tation buffer (RIPA), 2% sodium dodecylsulfate (SDS), and 66% formic acid
(FA). Soluble fractions were collected after digestion in each buffer and were
analyzed by Western blot with the Tau12 antibody.
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reproducible animal models of tau prion propagation must be
generated. Toward that end, our studies demonstrate that
Tg(MAPT*P301S+/+) mice, but not PS19 mice, accumulate re-
producible levels of tau prions in Tg mouse brain. The early
accumulation of measurable levels of tau prions makes
Tg(MAPT*P301S+/+) mice more suitable for drug discovery
studies.

In a recent PubMed search, among the 330 publications
currently citing the study by Yoshiyama et al23 that first re-
ported the PS19 mouse line, we found that 60 reports had used
the mice for primary research studies, including the original
publication. Given the frequent use of the PS19 model in at least
17 studies23,37-52 containing efficacy data, we sought to mea-
sure disease progression in this mouse line. AT8 immuno-
staining in 31-week-old PS19 mice revealed substantial inter-
animal variability, rendering neuropathology an unreliable end
point for evaluating future efficacy studies. Subsequent analy-
sis of onset of neurological dysfunction also identified exten-
sive variability in the PS19 mice. Likewise, quantification of
tau prion formation in 22-week-old to 38-week-old animals
using the Tau(4RD*LM)-YFP(2) cell assay31 found that the rate
of formation often resulted in a 3-fold difference in the tau prion
content within a cohort of animals. Our findings contradict sev-
eral previous reports showing consistent tau prion formation
over time in 4 different brain regions in the mice.24,25 This dif-
ference may arise from not microdissecting brain regions prior
to infecting cells. Additionally, we use an equal distribution of
males and females herein, but it has been reported that PS19
males develop pathology more consistently than females.38

In contrast with the PS19 mice, tau prions were quantifi-
able in 5-week-old Tg(MAPT*P301S+/+) mice, and the rate of
tau prion formation in young Tg(MAPT*P301S+/+) mice con-
sistently increased regardless of sex. While neuropathologi-
cal changes were reproducible in Tg(MAPT*P301S+/+) mice, sig-
nificant lesions were only found in the 24-week-old mice. Given
this stark difference between the neuropathological changes
in 6-week-old and 24-week-old Tg(MAPT*P301S+/+) mice,
the biochemical properties of tau prions isolated from
Tg(MAPT*P301S+/+) mice at both ages were compared, and
similar resistance to several protein-denaturing conditions was
observed, irrespective of animal age. These similar proper-
ties suggest that in vivo assays measuring the influence of drug
candidates on the tau prion content in young mice are fea-
sible. Using young Tg(MAPT*P301S+/+) mice instead of older
animals (or PS19 mice) should permit a more rapid measure-
ment of tau prions in the brains of treated animals.

There are 3 likely sources contributing to the identified dif-
ferences between these 2 models. First, the Tg(MAPT*P301S+/+)
mice are on a congenic B6/J background, but the PS19 mice are
on a hybrid B6C3 background. The PS19 mice are available on
a congenic B6/J background from The Jackson Laboratory, but
the line is not actively bred. More important, because the PS19
mice are most commonly used on the B6C3 background, we
chose to perform our studies using that version of the model.
The variability of disease onset conferred by a mixed-strain
background has been well documented in scrapie transmis-
sion studies,53-57 suggesting that it may have a role in tauopa-
thy progression as well. Second, the promoter used to drive

Figure 5. Disease Onset Is Delayed in Tg(MAPT*P301S+/−) Mice
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A, Tau prions isolated from 6- to 34-week-old Tg(MAPT*P301S+/−) mice were diluted
1:4 in 1 × Dulbecco phosphate-buffered saline and incubated with Tau(4RD*LM)-YFP
(1) cells for 4 days. The mean (SD) of tau prion infection in Tau(RD*LM)-YFP(1) cells
was measured by total fluorescence per cell (×103 arbitrary units [AU]). Tau prions
were quantified from each animal by averaging 3 independent preparations.
B, A nonparametric curve was fit to the data in A (solid light blue line). The 95% CI was
calculated (dotted lines) and compared with curves generated from the B6/J (orange
line) and Tg(MAPT*P301S+/+) (dark blue lines) data. The age at which the 95% CIs
for the Tg(MAPT*P301S+/−) and Tg(MAPT*P301S+/+) mice no longer overlapped
occurred before 6 weeks (gray line). The separation in 95% CIs with the B6/J mice
occurred at 7.9 weeks (black line). C, AT8 neuropathology measured in the sensori-
motor cortex (SMCx), striatum (Str), piriform cortex and amygdala (Pir), hippocampus
(HC), thalamus (Thal), hypothalamus (HTH), midbrain (Mid), and pons of 24-week-old
Tg(MAPT*P301S+/−) mice was reduced in all brain regions compared with
Tg(MAPT*P301S+/+)mice(P = .008forSMCx,P = .008forStr,P < .001forPir,P < .001
forHC,P < .001forThal,P < .001forHTH,P < .001forMid,andP < .001forpons).Data
are given as the mean (SD).
aP < .05.
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transgene expression differs between the lines; the
Tg(MAPT*P301S+/+) mice rely on the Thy1 promoter, while the
PS19 mice use the Prnp promoter. Both are neuron specific
but differ in location and level of expression.58-61 Neuropa-
thology in these mice manifests with differing spatial distri-
butions, indicating that the promoter influences disease
progression.23,26 Third, transgene dose differs between the 2
models; support for a dose effect is provided by the delayed
disease onset in Tg(MAPT*P301S+/−) mice compared with the
homozygous animals. Moreover, the Tg(MAPT*P301S+/−)
Kaplan-Meier plot shows variable disease onset that is com-
parable with the PS19 mice. Female homozygous PS19 mice do
not breed, making it unfeasible to establish a homozygous
colony.

Limitations
As Tg models of neurodegeneration that develop spontane-
ous tau prions, it is unclear if the PS19 and Tg(MAPT*P301S)

mouse models develop tau prion strains that are consistent
with the tau prion strains present in humans with tauopathy.
Moreover, the lack of therapeutics with demonstrated suc-
cess in clinical trials limits our ability to evaluate the sensitiv-
ity of this efficacy model against control compounds.

Conclusions
The results reported herein have important implications for
the ongoing efforts to discover anti-tau therapeutics and il-
lustrate the need for uniform disease progression in efficacy
models. In establishing the kinetics of tau prion replication in
Tg(MAPT*P301S+/+) mice, we demonstrate that formation and
propagation of tau prions precede the development of neuro-
pathological lesions in the brain and, as a result, represent a
reproducible end point for evaluating compound efficacy in
Tg(MAPT*P301S+/+) mice.
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