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ABSTRACT. Tauopathies are a family of neurodegenerative diseases in which fibrils of human
hyperphosphorylated tau (P-tau) are believed to cause neuropathology. In Alzheimer disease, P-tau
associates with A-beta amyloid and contributes to disease pathogenesis. In familial human prion
diseases and variant CJD, P-tau often co-associates with prion protein amyloid, and might also
accelerate disease progression. To test this latter possibility, here we compared progression of
amyloid prion disease in vivo after scrapie infection of mice with and without expression of human
tau. The mice used expressed both anchorless prion protein (PrP) and membrane-anchored PrP, that
generate disease associated amyloid and non-amyloid PrP (PrPSc) after scrapie infection. Human
P-tau induced by scrapie infection was only rarely associated with non-amyloid PrPSc, but abundant
human P-tau was detected at extracellular, perivascular and axonal deposits associated with amyloid
PrPSc. This pathology was quite similar to that seen in familial prion diseases. However, association
of human and mouse P-tau with amyloid PrPSc did not diminish survival time following prion
infection in these mice. By analogy, human P-tau may not affect prion disease progression in
humans. Alternatively, these results might be due to other factors, including rapidity of disease,
blocking effects by mouse tau, or low toxicity of human P-tau in this model.
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INTRODUCTION

Tauopathies are a heterogeneous group of
human neurodegenerative disorders where the
neuronal brain protein, tau, becomes hyper-
phosphorylated, and detaches from microtu-
bules to form potentially pathogenic oligomers,

aggregates and neurofibrillary tangles (NFT)
(for review see refs. 1, 2). Tauopathies include
frontotemporal dementia with parkinsonism
linked to chromosome 17, Pick’s disease, pro-
gressive supranuclear palsy and corticobasal
degeneration. In all these diseases, deposits of
aggregated phosphorylated tau (P-tau) in brain
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are associated with progressive motor and
behavioral abnormalities. In Alzheimer disease
(AD), tau NFT and amyloid-b plaques are the 2
main pathological lesions observed, and they
are often co-localized.3 Progression of demen-
tia in AD correlates well with accumulation of
tau NFT suggesting an important role in patho-
genesis.4 P-tau deposits have also been detected
in association with amyloid in familial British
dementia, and thus P-tau may also play a role
in pathogenesis of this disease.5

Abnormal deposits of P-tau have been
detected in familial human prion diseases, such
as GSS with mutations F198S, Q217R and
Y145Stop.6 Similar P-tau deposits were also
noted in infectious human prion diseases, such
as vCJD in humans7 and BSE in non-human
primates (lemurs).8 In all these situations, P-tau
deposits were closely associated with prion pro-
tein amyloid, composed of the disease-associ-
ated protease-resistant form of prion protein
(PrPSc) organized as amyloid fibrils. The pres-
ence of P-tau deposits in non-amyloid prion
diseases is less common, but has recently been
shown in squirrel monkeys infected with BSE 9

and in some, but not all human sCJD cases.5,10

Genetic manipulation of the expression of
mouse or human tau in mice has been used to
test the effect of tau expression on survival
time after experimental prion infection. Law-
son and co-authors used the M1000 strain of
mouse-adapted human prions to infect control
mice versus mice deleted for expression of
mouse tau.11 In mice expressing mouse tau,
altered forms of P-tau were detected by immu-
noblot, and mouse P-tau cytoplasmic staining
was observed in a subpopulation of neurons in
hippocampus and thalamus. However, no alter-
ation in survival curves was seen by comparing
mice with or without expression of mouse tau.
It is possible that this result was due to lack of
formation of pathogenic fibrils by mouse tau in
vivo.12,13 In another study, after intracerebral
infection with mouse prions (RML strain),
mice expressing a 4-repeat (4R) human tau
transgene showed accumulation of human P-
tau, but there was no difference in onset of ter-
minal scrapie compare to non-transgenic con-
trol mice.14 However, this model using the

RML scrapie strain generated exclusively the
diffuse non-amyloid form of PrPSc, whereas in
previous reports deposits of P-tau aggregates
were mostly associated with the amyloid form
of PrPSc.6,7

In the present paper, we tested the role of
human tau in prion disease using a mouse prion
disease model that forms both PrPSc amyloid
plaques and non-amyloid diffuse PrPSc deposits.
Mice hemizygous for a transgene expressing
human tau in neurons15 were bred with mice
homozygous for a transgene expressing GPI
anchorless PrP (tg44 mice), which develop
extensive amyloid plaque pathology during
prion infection16. The resulting F1 mice
expressed both the anchorless and GPI-anchored
forms of mouse PrP, and were previously shown
to generate both the amyloid and non-amyloid
forms of PrPSc during scrapie infection.17 In the
present experiments, the human tau transgene
was present in 50% of our F1 mice, and thus
these mice were either hemizygous for the
human transgene, (huTauC) or null for the
human tau transgene (huTau¡). All mice were
hemizygous for mouse tau, GPI-anchored PrP,
and GPI-anchorless PrP. Groups of mice derived
from F1 littermates were inoculated intracere-
brally with mouse scrapie, and comparisons
were made between huTauC and huTau¡ mice.
Several variables were evaluated, including sur-
vival curves, deposition of P-tau and association
of P-tau with various forms of PrPSc.

RESULTS

Scrapie Survival Analysis

To determine if human tau contributed to over-
all prion disease pathogenesis we intracerebrally
inoculated both huTauC and huTau¡ mice with
either 22L or RML rodent-adapted scrapie strains.
Groups of mice were age and gender matched,
and all inoculations for a given scrapie strain were
completed on the same day with the same dilution
of inoculum. Observers were blinded to themouse
genotypes, and mice were euthanized at an
advanced stage of clinical disease. Clinical signs
did not differ between huTauC and huTau¡
mice, and were consistent with clinical signs
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previously observed in mouse models with
anchored PrP.16 Overexpression of human tau did
not increase disease tempo with either scrapie
strain 22L or RML. With both scrapie strains, the
presence of human tau was mildly beneficial to
survival times with an increase in average survival
time of huTauC mice of 8 d for the RML scrapie
experiment (Fig. 1A) and 4 d for the 22L experi-
ment (Fig. 1B). Thus in this prion protein amyloid
plaque model, human tau did not accelerate dis-
ease progression.

Detection of PrPSc by Immunoblot

To test if expression of human tau would
alter the amount or biochemical properties of
PrPSc accumulation in the brain of scrapie-

infected mice, we performed western immuno-
blots using the anti-PrP antibody D13. Brains
from mice that had clinical scrapie were
homogenized, subjected to proteinase K diges-
tion (50 mg/ml) and analyzed by western blot.
The banding pattern and intensity did not vary
between huTau¡ and huTauC mice infected
with either RML or 22L scrapie, (Fig. 2) sug-
gesting that human tau expression did not affect
PrPSc accumulation or clearance. After scrapie
infection, a unique 4 band pattern was seen as a
result of the combined expression of both GPI-
anchored and anchorless PrP expression in this
model. The lowest band corresponded to the
GPI-anchorless PrPSc.

FIGURE 1. Survival curve analysis of scrapie-
infected huTau¡ (solid squares) and huTauC
(solid triangles) mice. (A) RML scrapie-infected
mice. Log-rank (Mantel-Cox) analysis of the
curves gave a P value D 0.0242. (B) 22L scra-
pie-infected mice. Log-rank analysis of the
curves gave a P value D 0.0457. N D 8 for all
groups.

FIGURE 2. Immunoblot of PrPSc from brains of
uninfected and scrapie-infected huTau¡ and
huTauC mice. All brain tissue on this immuno-
blot was digested with proteinase K (PK) prior
to analysis. The presence (C) or absence (¡) of
the huTau transgene for each sample is shown
across the bottom of the immunoblot. The strain
of scrapie (RML or 22L) for each sample is
shown above the immunoblot. All lanes were
loaded with 4 ml freshly boiled samples as
described in the methods (0.24 mg of tissue
prior to PK digestion). N represents a normal,
uninfected, huTauC control mouse brain that
shows complete PK digestion of PrPsen. The
first 2 lanes show control RML-infected C57BL
and tg44 mice respectively. For the tg44 mouse
the lowest band was the unglycosylated form of
tg44 anchorless PrPres, which migrated simi-
larly to the lowest band in the infected F1 mice.
The immunoblot was probed with the anti-PrP
antibody D13.
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Detection of P-Tau and Total Tau
by Immunoblot

In order to determine the influence of scrapie
infection on tau phosphorylation, brain samples
were screened by immunoblot with various anti-
tau antibodies. There are over 70 phosphorylation
sites known in tau, and here we studied 3 sites,
pS202, pS396 and pS404, that have been exam-
ined previously in prion diseases.11,18-20

In our experiments, the 22L-infected
huTauC mice showed a slight increase in phos-
phorylation at S202 (antibody CP13) vs. unin-
fected mice (Fig. 3), whereas this change was
not convincing in RML-infected mice. In con-
trast, using antibodies specific for P-tau sites
S396 and S404, we observed a decrease in
phosphorylation in scrapie-infected mice com-
pared to uninfected huTauC mice after RML-
infection, but not after 22L-infection (Fig. 3).
Thus tau phosphorylation appeared to show
scrapie-related alterations, but the 2 scrapie
strains tested differed in the details. Compared
to human P-tau, mouse P-tau was undetectable
or very low in infected or uninfected huTau¡
mice (Fig. 3, lanes 1–5 and 11–15).

Detection of PrPSc and P-Tau by
Immunohistochemistry

To visualize human tau and determine if
there was any association of human tau with
PrPSc in our model, we performed immunohis-
tochemistry (IHC) for both PrPSc and P-tau.
For each experimental group, 4-6 brains were
sectioned and stained. Sagittal brain sections
derived from scrapie-infected mice showed
widespread deposition of both PrPSc amyloid
plaques and non-amyloid, diffuse PrPSc
(Fig. 4A, red). No differences in PrPSc distri-
bution were noted between huTauC and
huTau¡ scrapie-infected mice. To confirm the
amyloid nature of the PrPSc we used thioflavin
S (green) to stain amyloid. In Figure 4C, a
PrPSc amyloid plaque is surrounded by thiofla-
vin S-negative brain tissue. In Figure 4B, the
same amyloid plaque (yellow arrow) was also
stained for PrPSc (red), while non-amyloid
PrPSc could be seen in the nearby brain paren-
chyma, corresponding to the thioflavin S-nega-
tive areas. Often the non-amyloid PrPSc was in
a pericellular or perinuclear location (black
arrowheads).

FIGURE 3. Immunoblot of brain tissue from uninfected and infected (RML and 22L) huTau¡ and
huTauC mice developed with 4 different anti-tau antibodies. Antibodies are indicated to the left of
each row. The first row was probed with anti-total human tau antibody, CP27, and lower 3 rows
were probed with antibodies specific for P-tau phosphorylation sites pS202 (CP13), pS396, and
pS404 respectively. Approximate molecular weights are shown on the right of each row.
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FIGURE 4. Immunohistochemical analysis of PrPSc deposition and association with human tau in
transgenic mouse brains. All brain tissues from scrapie-infected mice were obtained at the time of
clinical disease. (A-G) Representative sections from a RML scrapie-infected huTauC mouse and
(H-J) 22L scrapie-infected huTauC mouse are shown. (A) Whole brain sagittal section demonstrat-
ing widespread PrPSc staining with D13 (red) and boxes depicting areas enlarged in D-F. (B, C)
PrPSc plaque stained with D13 and Thioflavin S respectively. (D-J) Dual staining of PrPSc with D13
(red) and P-tau using anti-P-tau antibody CP13 (brown). A clear association of P-tau aggregates
can be seen around PrPSc plaques (yellow arrows) in several regions of the brain including (D)
frontal dorsal cortex, (E) hypothalamus, (F,G,H) colliculus, and (I,J) dorsal cortex. Non-amyloid
PrPSc (black arrowheads) rarely had P-tau staining nearby. Scrapie-associated vacuoles (blue
arrowheads) could be seen in some brain regions. (K) Minimal P-tau staining by CP13 in cortex of
22L scrapie-infected huTau¡ mouse. (L) Absence of D13 and CP13 staining in an uninfected
huTauC mouse. (M) PrPSc amyloid plaque from a huTauC 22L scrapie-infected mouse stained
with CP13. Note, without D13 staining the localization of P-tau in ring-like structures (pink arrows)
is more obvious. The scale bar in each panel is 50 mm.
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To determine whether P-tau was associated
with PrPSc deposits in brain, we co-stained
brain tissues with anti-P-tau antibody CP13
(brown) and anti-PrP antibody D13 (red). P-tau
specific staining with CP13 showed a clear
association of aggregated tau deposition around
and within structures resembling PrPSc plaques
in both RML (Fig. 3D–G) and 22L (Fig. 4H-J)
scrapie-infected huTauC mice. P-tau associa-
tion with non-amyloid PrPSc in huTauC
(Fig. 4D–J) was rarely seen in our experimental
mice. Interestingly, in scrapie-infected huTau¡
mice, CP13 staining for P-tau was weak to
absent (Fig. 4K) suggesting that the P-tau stain-
ing observed with CP13 was due to human tau
and not mouse tau. No PrPSc or P-tau staining
was detected in uninfected huTauC control
mice (Fig. 4L) demonstrating the P-tau depos-
its observed were associated with scrapie infec-
tion and were not an age-related change.

In the dual-stained slides, the detailed staining
characteristics of the P-tau were unclear due to

the overlap with the intense red staining from the
PrPSc. Therefore, slides stained with CP13 alone
were examined, and here some P-tau staining
appeared to localize in small ring-like structures
consistent with dilated axons or capillaries
(Fig. 4M), which were quite similar to P-tau
staining in human and mouse vCJD.7 Other P-tau
aggregates were more irregular and appeared to
be extracellular sites or perhaps associated with
glial cells surrounding the plaques. Dual-staining
for P-tau and the glial cell markers, GFAP and
Iba1, confirmed that both glial cell types were in
very close association with plaques, but did not
co-localize with P-tau, suggesting that glia were
not harboring the P-tau detected here.

To confirm the tau staining results obtained
with CP13, we tested 4 additional anti-tau anti-
bodies by IHC. Similar plaque-associated P-tau
was confirmed using 2 anti-P-tau antibodies,
pS396 (Fig. 5) and pS404 and 2 antibodies for
total tau, E178 and CP27. The overall level of
staining in brain tissues was also in agreement

FIGURE 5. Immunohistochemical analysis of pS396 tau in huTauC and huTau¡ mice. All brain tis-
sues from scrapie-infected mice were obtained at the time of clinical disease. Brain region and
infection status are shown across the top of the figure. The top row shows huTauCmice, the bottom
row shows huTau¡ mice. Black arrows indicate examples of PrPSc plaques, red arrowheads show
plaque-associated P-tau, and green arrowheads show intracellular P-tau staining. The scale bar in
A is 50 mm and applies to all panels.
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with the immunoblot data (Fig. 3) that showed
huTauC mice had more tau staining than
huTau¡ mice (compare amount of brown stain
in Fig. 5B to F). In addition to the plaque-associ-
ated P-tau, anti-pS396 showed strong cyto-
plasmic staining in many large cells that
appeared to be neurons, especially in the hippo-
campus of huTauCmice (Fig. 5E). Interestingly,
the huTau¡ mice that expressed only mouse tau
also had intracellular P-tau staining detectable by
anti-pS396 (Fig. 5C,G) similar to intracellular
mouse P-tau reported by others.11 Only an occa-
sional pS396- positive cell could be found in the
cortex and hippocampus of uninfected huTauC
or huTau¡mice (Fig. 5B, D, F, H).

DISCUSSION

In tauopathies and in AD there is strong evi-
dence from human studies that phosphorylated
mutant or normal tau protein contributes to
neuropathogenesis.2 This conclusion is sup-
ported directly by studies using transgenic and/
or knockout mice showing reduced disease in
the absence of tau expression or increased dis-
ease with co-expression of mutant human tau
and mutant A-beta.21-23 In the case of prion dis-
eases, deposition of P-tau has been detected in
GSS and vCJD brain at late clinical times, indi-
cating a correlation of P-tau deposition with
neuropathogenesis. The presence of amyloid
PrPSc may be important for this effect, as P-tau
deposits have only rarely been associated with
non-amyloid PrPSc typical of mouse scrapie
and human sCJD.5,9,10 Studies using transgenic
or knockout mice provide a means of directly
testing whether the P-tau deposits seen at the
end stage of prion disease act to reduce survival
time. In two earlier reports, neither deletion of
mouse tau nor expression of 4R human tau
altered survival after infection with mouse-
adapted prion agents.11,14 However, in both of
these studies the PrPSc deposited was non-
amyloid PrPSc, which might be responsible for
this result. Therefore, in the current experi-
ments we used mice which generated both
non-amyloid and amyloid PrPSc after scrapie
infection where P-tau might be more likely to
impact disease course and pathology.

Scrapie infection of transgenic F1 hybrid
mice expressing both membrane-anchored and
anchorless PrP is known to induce a fatal neu-
rodegenerative disease characterized by deposi-
tion of abnormal disease-associated PrPSc as
both amyloid and non-amyloid forms.17 In our
studies, mice with human tau developed abun-
dant deposits of P-tau in brain by the time of
clinical disease. Most P-tau deposits were
closely associated with PrPSc amyloid as extra-
cellular aggregates, intraxonal P-tau or perivas-
cular deposits. Intracellular P-tau was also
detected with anti-P tau antibody pS396 in
scrapie infected mice. Of the 4 anti-tau antibod-
ies tested (CP13, E178, pS396 and pS404),
only pS396 stained plaque associated P-tau in
huTau¡ mice which expressed only mouse tau.
Perhaps this tau phosphorylation site is more
accessible than the others in mouse P-tau using
this IHC method. In all areas of co-association
of P-tau and PrPSc, there was no obvious
increase in neuropathology. In spite of the
abundant P-tau deposition observed after scra-
pie infection, survival curves in F1 mice
expressing or not expressing human tau were
similar, and if anything mice expressing human
tau survived slightly longer (Fig. 1). By anal-
ogy, these results suggested that human P-tau
might not increase neuropathogenesis in
humans with amyloid prion diseases.

There are, however, several other possible
explanations for the marginal effects of
human tau on survival times in our studies.
One option is related to the presence of both
amyloid and non-amyloid PrPSc in our mice.
Previously the presence of these 2 PrPSc
forms had a clear additive effect on the
tempo of the clinical disease.17 However,
when expressed separately, after scrapie
infection these PrPSc forms are associated
with distinct diseases differing in neuropa-
thology, tempo and clinical signs.16 The clin-
ical disease associated with the amyloid form
of PrPSc is known to be very slow. There-
fore, in the current experiments, where the
disease tempo was fast, the non-amyloid
PrPSc might be the main pathogenic moiety.
This interpretation is supported by the find-
ing that the clinical signs observed were
nearly identical to those seen in infected
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mice expressing only wild-type anchored
PrP. Possibly human P-tau does not interact
sufficiently with non-amyloid PrPSc to alter
the disease course. In this case, the interac-
tions which we observed between P-tau and
amyloid PrPSc may not have a noticeable
effect on the clinical disease because the
amyloid-mediated disease is so slow and
may not directly contribute to the clinical
disease in the dual PrP model. Testing of
mice expressing only the anchorless PrP plus
human tau might be required to reveal a
pathogenic effect of human P-tau in scrapie-
induced amyloid prion disease.

Other explanations for the lack of an effect
on the survival time in our experiments might
be related to P-tau itself. In our model, mice
expressed human tau at a level approximately
3-fold above normal, so insufficient tau is
unlikely to be an issue. However, the types of
P-tau generated might be less pathogenic than
expected. Lower pathogenicity might be a
result of reduced phosphorylation at specific
sites important in eliciting a damage response
in brain. Although many reports present evi-
dence for P-tau, it remains unclear which forms
are the most pathogenic. The effects of tau olig-
omer size and fibril size on induction of brain
damage is also a topic of current study, and
might be influencing our experiments as well.
Another issue related to tau itself is the fact
that we used a non-mutant form of human tau.
Other experiments with an AD model have
shown that P301L mutant human tau expressed
at higher levels gave a dramatic increase in
pathogenesis in APP23 and APP-V717I trans-
genic mice.21,23 Lastly, we cannot exclude
interactions between mouse tau and human tau
which might have altered phosphorylation or
toxicity of human tau.15,24 More experiments in
the future will be required to distinguish among
these possibilities.

METHODS

Mice

All mice were housed at the Rocky Moun-
tain Laboratory (RML) in an AAALAC-

accredited facility in compliance with guide-
lines provided by the Guide for the Care and
Use of Laboratory Animals (Institute for Labo-
ratory Animal Research Council). Experimen-
tation followed RML Animal Care and Use
Committee approved protocol #2013–064. To
create the experimental mice we crossed tg44
mice with htau mice. Tg44 mice (genotype:
GPI-anchorless PrPC/C, mouse Prnp¡/¡,
mouse tauC/C, human tau ¡/¡) have a trans-
gene that expresses GPI-anchorless mouse PrP.
Tg44 mice express wild-type mouse tau but do
not express wild-type mouse PrP or human
tau.16 B6.Cg-Mapttm1(EGFP)Klt Tg(MAPT)
8cPdav/J (htau) mice15 were obtained from
Jackson Laboratories (stock #005491). The
htau mice (genotype: GPI-anchorless PrP¡/¡,
mouse PrnpC/C, mouse tau¡/¡, human tauC/
¡) do not express GPI-anchorless mouse PrP
or mouse tau but they do express wild-type
mouse PrP and are hemizygous for a transgene
that produces all 6 isoforms of human tau. We
mated tg44 mice to htau mice to create F1 off-
spring. All F1 mice were hemizygous (C/¡)
for GPI-anchorless PrP, mouse Prnp, and
mouse tau. Since the human tau transgene was
hemizygous (C/¡) in the parental htau mice
used, we expected 50 percent of the F1 off-
spring would carry the human tau transgene
and 50 percent would be null for the human tau
transgene. All F1 mice were genotyped to
determine the carrier status of the human tau
transgene15 and, as expected, half of the pups
were hemizygous for the human tau transgene
(huTauC) and half were null for the human tau
transgene (huTau¡). Gender matched litter-
mates representing either huTauC or huTau¡
were selected for experimentation.

Inoculations and Clinical Observations

Young adult (6–8 week old) huTauC and
huTau¡ mice were infected with either
RML or 22L rodent-adapted scrapie.16 Each
mouse was anesthetized with isoflurane and
then injected in the left brain hemisphere
with 30 microliters of a 1% scrapie brain
homogenate stock diluted in phosphate buff-
ered balanced saline solution C 2% fetal
bovine serum. Each 30 microliter inoculum
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contained either 2.4 £ 104 LD50 for RML
scrapie or 6.0 £ 105 LD50 for 22L scrapie.
Following inoculation, mice were monitored
for onset of prion disease signs by observers
blind to the experimental groups. Mice were
euthanized when they displayed advanced
stages of prion disease including poor
grooming, kyphosis, ataxia, wasting, delayed
response to stimuli, and somnolence. Follow-
ing euthanasia brains were removed, and
half of the brain was placed into formalin
and half of the brain was flash frozen for
biochemical analysis. Survival curve analysis
was done using GraphPad PRISM software
and the Log-rank (Mantel-Cox) test.

Immunoblotting

For each experimental group, 4-6 mice were
analyzed and representative mice are shown in
Figures 2 and 4. Brain tissue was homogenized
in cell lysis buffer (Bio-Rad) with protease and
phosphatase inhibitors as a 20% (wt/vol) brain
homogenate (BH) using a mini-bead beater for
45 s on the homogenization setting. Aliquots
were stored at ¡20�C. For PrPres western blots
samples were treated with proteinase K (PK) at
50 mg/ml. Briefly 20 ml of a 20% BH from each
mouse was adjusted to 100 mM Tris-HCl (pH
8.3), 1% Triton X-100, 1% sodium deoxycholate
and 50 mg/ml in a total volume of 31 ml. Sam-
ples were treated in a water bath for 45 min at
37�C. All PK digestions were stopped by adding
2 ml of 100 mM Pefabloc (Roche Diagnostics),
and the reaction mixture was placed on ice for
5 min. An equal volume of 2 £ Laemmli sample
buffer (Bio-Rad, Hercules, CA) was added, and
then tubes were boiled for 5 min. Samples were
frozen at ¡20�C until they were thawed and re-
boiled for 5 minutes, and 4 ml per lane was elec-
trophoresed on a 16% Tris-glycine sodium
dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gel (Life Technologies, CA)
and blotted to polyvinylidene difluoride (PVDF)
membranes using a 7-min transfer on an iBlot
(Life Technologies) device. Immunoblots were
probed with the anti-PrP antibody D13 at
1:100.25,26 The secondary antibody was peroxi-
dase-conjugated sheep anti-human IgG (Sigma)

at a 1:5,000 dilution. Protein bands were visual-
ized using an enhanced chemiluminescence
(ECL) detection system (GE Healthcare) and
exposure to film.

For tau immunoblots, 18 ml of 20% BH was
brought up to 3.2% SDS and 1£ Laemmli
buffer (Bio-Rad, Hercules, CA) in a final vol-
ume of 90 ml. Each sample was boiled for
5 min and 15 ml per lane was electrophoresed
on a 10% Tris-glycine SDS-PAGE gel and blot-
ted on to PVDF membranes using a 7 min
transfer on an iBlot. Blots were probed with
several anti-tau antibodies. Mouse monoclonal
antibody CP27, specific for total human tau,
was a gift from Peter Davies and was used at
1:50 dilution. P-tau specific antibodies were as
follows: CP13 (Davies), mouse monoclonal
antibody specific for pS202 was used at a 1:50
dilution, while rabbit polyclonal antibodies
pS396 or pS404 (Invitrogen) were used at
1:1000 and 1:300 respectively. Secondary anti-
body used for CP27 and CP13 was peroxidase-
conjugated rabbit anti-mouse IgG at a 1:5,000
dilution, and secondary antibody for pS396 and
pS404 was peroxidase-conjugated goat anti-
rabbit IgG used at a 1:3,000 dilution.

Immunohistochemistry

For each experimental group 4-6 half-brains
were removed and placed in 10% neutral buff-
ered formalin for 3 to 5 d. Tissues were then
processed by dehydration and embedding in par-
affin. Sections were cut using a standard Leica
microtome, placed on positively charged glass
slides, and air-dried overnight at room tempera-
ture. The following day slides were heated in an
oven at 60�C for 20 min. De-paraffinization,
antigen retrieval and staining were performed
using the Discovery XT Staining Module and a
double stain protocol. Antigen retrieval was
achieved using extended cell conditioning with
CC1 buffer (Ventana) containing Tris-Borate-
EDTA, pH 8.0 for 100 minutes at 95�C as previ-
ously described.27 Mouse monoclonal antibody
CP13 (anti-pS202), the 1st primary antibody
applied was at a dilution of 1:100 in antibody
dilution buffer (Ventana) and was incubated for
2 hours at 37�C. The secondary antibody was
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Biogenex ready-to-use Super Sensitive (SS)
Mouse Link (biotinylated goat anti-mouse) (Bio-
genex, Fremont, CA) used undiluted for 24 min
at 37�C. Staining was developed using the DAB
Map streptavidin-biotin peroxidase detection
system (Ventana). The second primary antibody,
D13, a monoclonal anti-PrP antibody, was then
applied at a dilution of 1:400 in antibody dilution
buffer (Ventana) for 2 hours at 37�C. The sec-
ondary antibody, biotinylated goat anti-human
IgG (Jackson ImmunoResearch, West Grove,
PA) was diluted 1:250 in Ventana antibody dilu-
tion buffer and applied for 32 min at 37�C. The
second staining was developed using the Red
Map fast red detection system (Ventana) and
hematoxylin was then used as a counterstain.

For single IHC staining with primary antibod-
ies pS404, pS396 and CP13 an extended cell
conditioning step was also performed. Rabbit
polyclonal antibody pS404 was used at a 1:100
dilution for 1 hour at 37�C, rabbit polyclonal
antibody pS396 was diluted 1:4500 and applied
for 1 hour at 37�C. The secondary antibody for
both pS404 and pS396 was Biogenex ready-to-
use SS Rabbit Link (biotinylated goat anti-rab-
bit) undiluted and applied for 32 min at 37�C.
CP13 single staining followed the same protocol
as described above for CP13 for dual staining.

Single IHC staining with total tau antibodies
E178 and CP27 used a standard online CC1
antigen retrieval step. Following the cell condi-
tioning slides were stained with rabbit mono-
clonal antibody E178 a 1:8000 dilution for
2 hours at 37�C. The secondary antibody was
the Biogenex ready-to-use SS Rabbit Link
undiluted for 20 min at 37�C. Mouse monoclo-
nal antibody CP27 was diluted 1:200 and
applied for 2 hours at 37�C followed by the
secondary antibody, Biogenex ready-to-use
Super Sensitive (SS) Mouse Link for 20
minutes at 37�C. Staining was developed using
the DAB Map streptavidin-biotin peroxidase
detection system (Ventana).

ABBREVIATIONS

P-tau phosphorylated tau
A-b amyloid b
CJD Creutzfeldt-Jakob disease

vCJD variant CJD
PrP prion protein
PrPSc prion disease associated prion

protein
NFT neurofibrillary tangle
AD Alzheimer disease
GPI glycosylphosphatidylinositol
huTauC transgenic mice that express human

tau
huTau¡ transgenic mice that do not express

human tau
RML Rocky Mountain Laboratories
APP amyloid precursor protein
IHC immunohistochemistry
LD50 the infectious dose causing disease

in 50 percent of inoculated animals
BH brain homogenate
SDS sodium dodecyl sulfate
PK proteinase K
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