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Many models of human tauopathies have been gener-
ated in mice by expression of a human mutant tau
with maintained expression of mouse endogenous
tau. Because murine tau might interfere with the toxic
effects of human mutant tau, we generated a model in
which a pathogenic human tau protein is expressed
in the absence of wild-type tau protein, with the aim
of facilitating the study of the pathogenic role of the
mutant tau and to reproduce more faithfully a human
tauopathy. The Tg30 line is a tau transgenic mouse
model overexpressing human 1N4R double-mutant tau
(P301S and G272V) that develops Alzheimer’s disease-
like neurofibrillary tangles in an age-dependent man-
ner. By crossing Tg30 mice with mice invalidated for
their endogenous tau gene, we obtained Tg30xtau�/�

mice that express only exogenous human double-mu-
tant 1N4R tau. Although Tg30xtau�/� mice express less
tau protein compared with Tg30, they exhibit signs of
decreased survival, increased proportion of sarkosyl-
insoluble tau in the brain and in the spinal cord,
increased number of Gallyas-positive neurofibrillary
tangles in the hippocampus, increased number of in-
clusions in the spinal cord, and a more severe motor
phenotype. Deletion of murine tau accelerated tau
aggregation during aging of this mutant tau trans-
genic model, suggesting that murine tau could inter-
fere with the development of tau pathology in trans-
genic models of human tauopathies. (Am J Pathol

2011, 178:803–816; DOI: 10.1016/j.ajpath.2010.10.034)

Alzheimer’s disease (AD) is defined by two neuropatholog-
ical hallmarks: amyloid plaques and neurofibrillary tangles
(NFTs). Amyloid plaques consist of an extracellular core of
aggregated amyloid peptides cleaved from amyloid precur-
sor protein (APP) by secretases. The NFTs are intraneuronal
accumulation of abnormal filaments (paired helical fila-

ments, PHFs). These PHFs are composed of highly and
abnormally phosphorylated forms of the microtubule-as-
sociated protein tau; these abnormal tau proteins are
called PHF-tau proteins. The mechanistic relationships
between these lesions are under active investigation, with
the aim of deciphering the basic mechanisms of AD. The
amyloid peptide has been implicated as a primary up-
stream event leading to synaptic dysfunction, develop-
ment of NFTs, and neuronal cell death,1 although neuro-
nal dysfunction linked to tau pathology appears to be an
essential element in the progression of AD and related
tauopathies.2

In familial forms of AD, many pathogenic mutations
have been identified in the APP and PSEN1 (alias PS1)
genes. Expression of APP mutations or coexpression of
APP and PSEN1 in transgenic models led to development
of amyloid deposits in many transgenic models, but not of
neurofibrillary tangles. Expression of PSEN1 mutations
alone also did not lead to neurofibrillary tangles.

Although no mutations of the MAPT gene (on chromo-
some 17; alias FTDP-17) have been found to date in AD,
�40 pathogenic mutations have been linked to this gene in
families of hereditary frontotemporal dementia and parkin-
sonism patients (reviewed by van Swieten and Spillantini3).
These tau mutations either promote tau aggregation, de-
crease the ability of tau to assemble microtubules or affect
alternative splicing of tau mRNA.

Transgenic mice expressing mutant tau all demon-
strate abnormal hyperphosphorylation and somatoden-
dritic localization of tau. Most of the mutant tau transgenic
mice develop NFTs and PHF-tau (reviewed by Denk and
Wade-Martins,4) but they lack amyloid pathology. With
the aim of analyzing the two pathological characteristics
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of AD in a single model, mice double-transgenic or triple-
transgenic for Mapt, App, and Psen1 (ortholog to human
MAPT, APP, and PSEN1) have been developed to mimic
AD as experimental animal models.5–9

Wild-type mice do not spontaneously develop NFTs,
and there are very few mouse models that demonstrate
NFT formation in transgenic models expressing wild-type
human tau, although all these models demonstrate hy-
perphosphorylation of tau.10–16 In a transgenic model
that expressed six isoforms of non-mutant human tau and
endogenous murine tau, there were no NFTs or PHF-tau
observed.16 When these mice were crossed with tau
knock-out animals, however, they exhibited AD-like NFTs
and PHF-tau, as well as neuronal cell death.17,18 These
findings suggest that endogenous murine tau might play
a role by counteracting tau aggregation. In contrast, ex-
pression of 2N4R tau in the absence of murine tau did not
lead to NFT development.19 It thus remains unclear to
what extent murine tau interferes with NFT formation, and
how this can affect modeling of tau pathology.

To further investigate this issue, we generated a trans-
genic mouse model expressing a human mutant tau protein
but lacking endogenous murine tau. These mice exhibit a
more severe motor phenotype and increased tau pathol-
ogy, suggesting that the expression of murine tau might
affect the development of tau pathology in transgenic mod-
els of Alzheimer’s disease and other tauopathies.

Materials and Methods

Generation of Tg30xtau�/� Mice

Tg30 mice express a 1N4R human tau isoform mutated at
positions G272V and P301S, under control of a thy-1
promoter.20,21 The tau�/� mouse line (Jackson Labora-
tories, Bar Harbor, ME) was generated by knock-in of the
EGFP coding sequence into the first exon of the tau
gene.22 Heterozygote Tg30 and tau�/� mice were main-
tained into a C57BL6 background. Tau�/� mice were
generated by crossing tau�/� mice with C57BL6 mice.
Tg30 and tau�/� mice were crossed to generate F1

Tg30xtau�/� animals. The F1 Tg30xtau�/� mice were
then bred with tau�/� mice to generate F2 Tg30xtau�/�

mice expressing only the human mutant tau G272V/
P301S and no endogenous mouse tau, and littermates of
the same genetic background. Genotyping was per-
formed by three independent PCR amplifications of DNA
extracted from tail DNA, using previously described prim-
ers for human mutant tau (forward 5=-ATGGCTGAGC-
CCCGCCAGGAG-3=, reverse 5=-TGGAGGTTCACCA-
GAGCTGGG-3=),23 mouse tau (forward 5=-CTCAGCAT-
CCCACCTGTAAC-3=, reverse 5=-CCAGTTGTGTATGTC-
CACCC-3=), and the inserted EGFP cassette (forward
5=-AAGTTCATCTGCACCACCG-3=, reverse 5=-TCCTT-
GAAGAAGATGGTGCG) (Jackson Laboratories, Bar Har-
bor, ME).

All studies on animals were performed in compliance
with and after approval of the Ethical committee for the
care and use of laboratory animals of the Medical School

of the Free University of Brussels.
Motor Testing

Motor deficits in wild-type and Tg30 mice were evaluated
by testing them on a rotarod apparatus (Ugo Basile), as
described previously.24 Briefly, animals were first submitted
to training sessions (three trials per day during 3 consecu-
tive days) during which they were placed on the rod rotating
with a progressive acceleration from 4 to 40 revolutions per
minute. Animals were individually separated the day before
the test and evaluated using the same experimental setting
throughout 300 seconds. The latency to off the rotarod
apparatus was recorded. Animals staying longer than 300
seconds were removed from the rotarod and their latency
fall was recorded as 300 seconds.

Behavioral Testing

Mice were tested in the Y-maze for spontaneous alterna-
tion, as described previously.25 The number of total en-
tries into the arms and the numbers of alternations were
calculated. The percentage of spontaneous alternations
was expressed as the number of alternations divided by
the total number of arms minus 2. Repeated entries into
the arms were accepted, resulting in a chance perfor-
mance level of 22% alternation.26

Antibodies

The B19 antibody is a rabbit polyclonal antibody raised to
adult bovine tau proteins. This antibody reacts with all
known adult and fetal tau isoforms in bovine, rat, mouse,
and human nervous tissue in a phosphorylation-indepen-
dent manner.27

Two polyclonal antibodies (BR20 and BR21) against
human tau were generated by immunizing rabbits with
the synthetic peptide C-GTYGLGDRKDQGG conjugated
to PPD, corresponding to residues 16–28 in the amino-
terminal region of tau (in exon 1), with the addition of an
amino-terminal cysteine. The BR10 tau antibody is spe-
cific for tau isoforms containing an amino-terminal insert
of 58 residues (2N tau).28 Antibody JN-RF.5 mTau-5 (a
generous gift from M. Mercken, Johnson & Johnson,
Beerse, Belgium) reacts only with murine tau.29 The
TP007 and TP70 rabbit polyclonal antibodies were raised
against synthetic peptides mapping at the extreme N-
and C- termini of human tau, respectively.30,31 The anti-
cleaved tau (Asp421) mouse monoclonal antibody was
purchased from Upstate Biotechnology Lake Placid, NY).
The AT8, AT180, AT270, and AT100 mouse monoclonal
antibodies (Innogenetics, Ghent, Belgium) are specific
for tau phosphorylated at Ser202 and Thr205 (AT8),32 at
Thr231 (AT180), and at Thr181 (AT270).33 The mouse
monoclonal antibodies PHF-1 and CP13 (kindly provided
by Drs. P. Davies and S. Greenberg, New York, NY) are
specific for tau phosphorylated at Ser396/404 and
Ser202/Thr205, respectively.34 The tau monoclonal anti-
body MC1 (kindly provided by Dr. P. Davies) recognizes
a conformational epitope requiring both an N-terminal
fragment and a C-terminal fragment.35 The phosphospe-
cific rabbit polyclonal tau antibody to pSer262 was pro-

vided by BioSource (Nivelles, Belgium).
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The following additional antibodies were also used: �-tu-
bulin (clone DM1-A) and to �-actin (clone AC15) (Sigma-
Aldrich, St. Louis, MO; Bornem, Belgium), to Cdk5 (clone
DC17; Santa Cruz Biotechnology, Santa Cruz, CA), to
�-catenin and to GSK-3� (TPK1) (BD Transduction Labora-
tories, San Diego, CA), and rabbit polyclonal antibodies to
p35 (C-19) (Santa Cruz Biotechnology), to GSK-3 phos-
phorylated on Ser9 (Cell Signaling Technology, Danvers,
MA), to GSK-3 phosphorylated on Tyr216/Tyr276 (Bio-
Source), to neurofilament (NA1211; Affiniti Research Prod-
ucts, Exeter, UK), and to LC3 (Sigma-Aldrich).

Analysis of Sarkosyl-Insoluble and -Soluble Tau
Fractions

The brains and spinal cords from sex-matched trans-
genic mice were dissected and homogenized in either a
10-fold (brain) or a 20-fold (spinal cord) volume of mod-
ified radioimmunoprecipitation assay buffer36: 50 mmol/L
Tris-HCl (pH 7.4), 1% Nonidet P-40, 0.25% w/v Na-de-
oxycholate, 150 mmol/L NaCl, 1 mmol/L phenylmethyl
sulfonyl fluoride, leupeptin 25 �g/ml, pepstatin 25 �g/ml,
20 mmol/L NaF, 1 mmol/L sodium orthovanadate, and 10
mmol/L sodium pyrophosphate. The homogenates were
rotated at 4°C for 1 hour and centrifuged at 20,000 � g for
20 minutes at 4°C to obtain a pellet P1 and a supernatant
S1. The protein concentrations in S1 fractions were equiv-
alent for all mice used in this study. A same volume of S1
(2 ml for brain and 1 ml for spinal cord) was subjected to
sarkosyl fractionation by incubation with 1% (w/v) N-lau-
roylsarcosine sodium salt (L-5125; Sigma-Aldrich) under
mild rotation for 30 minutes at room temperature and
centrifugation at 100,000 � g for 30 minutes at 4°C. The
pellets (P2) containing the sarkosyl-insoluble material
were resuspended in same volumes of 50 mmol/L Tris/
HCl (pH 7.5). Sarkosyl-soluble (S2) and -insoluble (P2)
(A68) fractions were analyzed by Western blotting.

Proteins in tissue samples (100 �g protein/lane) were
separated by 7.5% (w/v), 10% (w/v) or 15% (w/v) SDS-
polyacrylamide gel electrophoresis, depending on the
molecular weight of the analyzed proteins, and were
transferred to nitrocellulose membrane using a liquid
transfer system (Bio-Rad, Hercules, CA). For immuno-
blotting, the nitrocellulose sheets were blocked in semi-
fat dry milk (10% w/v in Tris-buffered saline) for 1 hour at
room temperature; they were then incubated with primary
antibodies overnight, followed by anti-rabbit or anti-
mouse immunoglobulins conjugated to alkaline phospha-
tase (Sigma-Aldrich). Finally, the membranes were in-
cubated in developing buffer (0.1 mol/L Tris, 0.1 mol/L
NaCl, 0.05 mol/L MgCl2; pH 9.5) containing nitro blue
tetrazolium at a concentration of 0.33 mg/ml and 5-bro-
mo-4-chloro-3-indolyl phosphate at a concentration of
0.175 mg/ml. The reaction was stopped by dipping the
membranes in 10 mmol/L Tris, 1 mmol/L EDTA (pH 8).
The levels of the signals were estimated by densitometry
analysis using Image J software version 1.4 (NIH, Be-
thesda, MD), and adjusted for protein loading based on
immunoblots performed with the anti-actin antibody and

the B19 polyclonal tau antibody.
Histological Staining and Immunocytochemistry

Brains and spinal cords were fixed in 10% formalin for 24
hours before embedding in paraffin. Tissue sections (7
�m thick) were stained with the Gallyas silver staining
method to identify neurofibrillary tangles. They were ex-
amined with a Zeiss Axioplan microscope and digital
images acquired using an AxioCam HRc camera. The
density of neurons with Gallyas-positive inclusions was
estimated in the cortex and in the hippocampus on sag-
ittal sections taken near the midline and in the cervical
spinal cord on coronal sections (three adjacent sections
at each level for each animal), as reported previously in
Tg30 mice.24 The immunohistochemical labeling was
performed using the ABC method. Briefly, tissue sections
were treated with H2O2 to inhibit endogenous peroxidase
and then were incubated with the blocking solution (10%
(v/v) normal horse serum in TBS (0.01 mol/L Tris, 0.15
mol/L NaCl; pH 7.4). After an overnight incubation with
the diluted primary antibody, the sections were sequen-
tially incubated with either horse anti-mouse or goat anti-
rabbit antibodies conjugated to biotin (Vector Laborato-
ries, Burlingame, CA) followed by the ABC complex
(Vector Laboratories). The peroxidase activity was devel-
oped using diaminobenzidine as chromogen.

Double immunolabeling was performed using fluores-
cent markers. The first antibody was detected using an
anti-rabbit or an anti-mouse antibody conjugated to FITC
(Jackson Laboratories) and the second antibody de-
tected using an anti-rabbit or an anti-mouse antibody
conjugated to biotin, followed by streptavidin conjugated
to Alexa 594 (Molecular Probes, Eugene, OR). Double
immunolabeling was followed by nuclear DAPI staining.

Sciatic Nerve Analysis

Sciatic nerves were prepared and analyzed as previously
described.24 Semi-thin cross-sections (thickness of 1
�m) of the sciatic nerves were performed and stained
with toluidine blue. The cross-sectional areas and the
number of axons for each sciatic nerve were measured
on digital images of these semi-thin sections with Image
J software.

Ultrastructural Analysis in Electron Microscopy

Control and transgenic animals were anesthetized with
ketamine hydrochloride and xylazine and were perfused
intracardially with a solution of 2% (w/v) paraformalde-
hyde and 2% (v/v) glutaraldehyde in 0.1 mol/L phosphate
buffer at pH 7.4. Tissue blocks of the spinal cord, sciatic
nerves, hippocampus, and cerebral cortex were quickly
dissected and further fixed by immersion in 4% (w/v)
glutaraldehyde in 0.1 mol/L phosphate buffer at pH 7.4
for 90 minutes. After a washing in Millonig’s buffer with
0.5% (w/v) sucrose for 24 hours, the tissue blocks were
postfixed in 2% (w/v) OsO4 for 30 minutes, dehydrated
and embedded in epoxy resin. Semi-thin sections were
stained with toluidine blue. Ultrathin sections were coun-

terstained with uranyl acetate and lead citrate and ob-
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served with a Zeiss EM 809 transmission electron micro-
scope at 80 kV.

Immunolabeling of Tau Filaments in Electron
Microscopy

The pellet containing the sarkosyl-insoluble material was
resuspended in 50 mmol/L Tris/HCl (pH 7.5). This mate-
rial was adsorbed onto Formvar carbon-coated electron
microscope grids and then was immunolabeled and neg-
atively stained with potassium phosphotungstate as pre-
viously described,37 before observation with a Zeiss EM
809 electron microscope at 80 kV.

Stereological Analysis with the Optical
Fractionator

Stereological analysis was performed as previously re-
ported,24 with slight modifications to the procedure. After
dislocation, brains and spinal cord were dissected, fixed
with 10% (v/v) formalin, embedded in paraffin, and seri-
ally cut in coronal sections (15 �m thickness). These
sections were stained with Cresyl violet.

The total number of hippocampal pyramidal cells in the
CA1, CA2, CA3, and CA4 sectors was estimated in the
left hemispheres of 12-month-old wild-type mice (n � 4),
tau�/� mice (n � 5), Tg30tau mice (n � 3), and
Tg30xtau�/� mice (n � 3). For each animal, coronal
sections at 225-�m intervals throughout the hippocampal
pyramidal cell layer were used. An estimation of neuronal
density in the anterior horn of the cervical spinal cord was
also performed in the same animals, by analyzing 10
coronal sections at 75-�m intervals.

Counting of total numbers of neurons was carried out
with a 100�/1.30 oil objective by using a random-sam-
pling stereological counting tool, the optical fractiona-
tor38,39 implemented within a stereology workstation con-
sisting of a light microscope (Axio Imager M1; Zeiss,
Göttingen, Germany), Zeiss Plan-Neofluar objectives
(10�/0.30; 100�/1.30 oil), a motorized specimen stage
for automatic sampling (BioPrecision 2; Ludl Electronic
Products, Hawthorne, NY), a focus measurement en-
coder, a charge-coupled device CCD color camera (Mi-
crofire; Optronics, Goleta, CA), and a microcomputer
with stereology software (Stereoinvestigator version 8;
MicroBrightField, Colchester, VT). Optical disectors were
automatically randomly distributed throughout the delin-
eated area, and each neuron whose nucleolus came into
focus within an optical disector was counted. Estimated

Table. Stereological Parameters Used for Cell Counting

Area Obj.
B

(�m2) H (�m)
Samp

(�

Hippocampus 100� 900 9 125
Spinal cord 100� 2500 12 150

B and H, base and height of the optical disectors; CE, average predic
lens power; t, measured average section thickness after histological proce
number of optical disectors used per specimen. For methodology, see S
total numbers of pyramidal cells and the density of neu-
rons in anterior spinal cord per specimen were hence
calculated from the number of counted neurons, the vol-
ume of the pyramidal cell layer, or the volume of spinal
gray matter and the sampling probability.40–42 Table 1
summarizes the parameters of the counting procedure.

Cavalieri Method to Estimate Brain Volume

The volume of the brain, the cortex, and the hippocam-
pus was estimated using coronal sections (15 �m thick-
ness) of the left hemispheres. The volume of a segment of
the whole cervical spinal cord, the anterior horn, and total
gray matter in this segment was estimated on coronal
sections (15 �m thickness) of the left half-part of the
cervical spinal cord. These volume estimations were per-
formed using the Cavalieri estimator43 implemented in
the Stereoinvestigator software. We used coronal sec-
tions at 600-�m intervals for the hippocampus and the
cortex, at 225-�m intervals for the hippocampus, and at
75-�m intervals for the spinal cord. Neuroanatomical de-
lineations were made according to the mouse brain atlas
of Paxinos and Franklin.44

Statistical Analysis

Statistical analysis was performed using the GraphPad
Prism software package version 5 (GraphPad Software, La
Jolla, CA). Data were reported as mean � SEM. Statistical
comparisons were performed using one-way analysis of
variance with Bonferroni post hoc test comparisons, un-
paired two-tailed Student’s t-test, or Mann-Whitney U-test.
Values of P � 0.05 were considered significant.

Results

Generation of Tg30xtau�/� Mice

To study the relationship between tau pathology and en-
dogenous murine tau, we generated a transgenic mouse
that expresses human tau protein with double FTDP-17
mutations (P301S and G272V) in the absence of endoge-
nous murine tau. To abolish the expression of murine tau
protein, we crossed Tg30 mice with tau�/� to generate six
distinct genotypes: tau�/� (wild-type), tau�/�, tau�/�,
Tg30xtau�/� (Tg30), Tg30xtau�/�, and Tg30xtau�/�.
PCR amplifications of genomic DNA allowed us to dis-
tinguish among these six genotypes (Figure 1).
Tg30xtau�/� mice were identified by the presence of
amplification products from the human tau transgene and
the EGFP cassette, without any amplification product

d t
(�m, mean � SEM) � OD � CN CE

19.9 � 0.8 291 655 0.042
20.0 � 0.3 183 157 0.082

fficient of error of the estimated total numbers of neurons; Obj., objective
� CN, average number of counted neurons per specimen; � OD, average
and Hof40,41 and Slomianka and West.42
ling gri
m)

� 90
� 125

ted coe
from the murine endogenous tau gene. Only the repre-
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sentative four genotypes (wild-type, tau�/�, Tg30, and
Tg30x tau�/�) from the same littermates were analyzed
further.

Expression of Total Tau but Not of Mutant
Human Tau Is Decreased in Tg30xtau�/� Mice

The level of human and murine tau expression was ana-
lyzed by Western blotting in 12-month-old mouse brain and
spinal cord homogenates. A range of tau-positive bands
was observed between 50 kDa and 64 kDa in wild-type,
Tg30, and Tg30xtau�/� (but not in tau�/�) with the B19 tau
antiserum, which recognizes both human and murine
tau (Figure 2, A and B). With the human-specific BR21 tau
antibody, tau bands were observed in Tg30 and
Tg30xtau�/� mice, but not in wild-type and tau�/� mice.
With the murine-specific mTau-5 tau antibody, tau bands
were observed only in wild-type and in Tg30 mice (Figure
2). In Tg30xtau�/� mice, the total level of tau in brain esti-
mated with the B19 antibody was significantly decreased,
compared with Tg30 mice (Figure 2, C and D), but the total
level of human tau estimated with the BR21 antibody
was not different between these two genotypes (Figure
2, E and F). The immunocytochemical labeling (Figure 3)
confirmed the presence of human tau only in Tg30 and
Tg30xtau�/� mice (Figure 3, E–H) and of murine tau only in
wild-type and Tg30 mice (Figure 3, I–L). A somatodendritic
accumulation of tau was observed with the BR21 human tau
antibody (and the B19 tau antibody) in Tg30 and
Tg30xtau�/� mice (Figure 3, C, D, G, and H). An abnormal
accumulation of endogenous murine tau was detected in
Tg30 with the mTau-5 antibody but not in the other geno-
types (Figure 3K).

Survival of Tg30 and Tg30xtau�/� Mice Is
Reduced

Kaplan-Meier survival curves were analyzed for wild-
type, tau�/�, Tg30, and Tg30xtau�/� mice from
postweaning age to 18 months of age (Figure 4A). The

Figure 1. PCR genotyping of mice resulting from the crossing of Tg30xtau�/�

mice with tau�/� mice. PCR amplification was performed with primers for GFP,
murine tau, and human tau. Each lane represents a different genotype: lane 1,
wild-type; lane 2, tau�/�; lane 3, tau�/�, lane 4, Tg30; lane 5, Tg30xtau�/�; and
lane 6, g30Tg30xtau�/�. Only Tg30xtau�/� mice show amplification products
for the human tau and GFP transgenes without amplification products of the
murine tau gene. Molecular weight markers are indicated on the right.
survival of Tg30 and Tg30xtau�/� mice was significantly
reduced, compared with wild-type and tau�/� mice (P �
0.05 by log-rank test, using pairwise multiple comparison
methods (Bonferroni-corrected threshold method). In ad-
dition, Tg30xtau�/� mice showed an accelerated mortal-
ity up to 3 months of age, compared with Tg30 mice.

Motor Deficit Is More Pronounced in
Tg30xtau�/� Mice than in Tg30 Mice

We next compared the evolution of motor deficits in wild-
type, tau�/�, Tg30, and Tg30xtau�/� mice by rotarod test-
ing from 3 to 12 months of age. (Figure 4B). The tau�/� mice
did not show a significant motor impairment up to 12
months. As reported previously,24 Tg30 mice showed a
progressive motor deficit, significant at 9 and 12 months,
compared with wild-type and tau�/� mice. Tg30xtau�/�

mice also showed a progressive motor deficit that was
significant from 6 to 12 months, compared with wild-type
and tau�/� mice. At all ages, this motor impairment was
significantly more severe in Tg30xtau�/� than in Tg30 mice.

Figure 2. A, B: Levels of expression of tau proteins in wild-type mice (lane
1), in tau�/� mice (lane 2), in Tg30 mice (lane 3), and in Tg30xtau�/� mice
(lane 4). Expression of tau was investigated in brain (A) and in spinal cord
(B) with the B19 tau antibody (recognizing both human and mouse tau), the
BR21 tau antibody (recognizing only human tau), and the mTau-5 antibody
(recognizing only mouse tau). The asterisk in panel B indicates a nonspe-
cific band of mouse immunoglobulin heavy chain detected by the secondary
antibody in the soluble fraction of the spinal cord. Human tau was expressed
only in Tg30 and Tg30xtau�/� mice and murine tau only in wild-type and
Tg30 mice. C, D: The total level of tau (normalized to the level of �-tubulin
detected with the DM1A antibody) was significantly decreased in the brain
and in the spinal cord of Tg30xtau�/� mice, compared with Tg30 mice. E, F:
The level of human tau (normalized to the level of a-tubulin) was not
significantly different between Tg30 and Tg30xtau�/� mice. **P � 0.01 and

***P � 0.001 by one-way analysis of variance with Bonferroni post hoc tests
[wild-type (WT), n � 4; tau�/�, n � 4; Tg30, n � 6; Tg30xtau�/�, n � 8].
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Spatial Working Memory Is Not Significantly
Different in Tg30 and Tg30xtau�/� Mice

Working memory was tested with the Y-maze, in experimen-
tal groups of 3- to 6-month-old mice (Figure 4C). The alter-
nation scores of Tg30xtau�/� (63.96 � 2.920%, mean �
SEM) and of Tg30 (60.28 � 1.939%, mean � SEM) mice
were not significantly different between them or compared
with wild-type and tau�/� mice. The number of total entries
into the arms at 3 to 6 months did not differ among geno-
types (except that it was significantly higher for Tg30 mice,
compared with wild-type and tau�/� mice), indicating that
locomotor activity associated with this exploratory behavior
was not decreased in Tg30 and Tg30xtau�/� mice.

Figure 4. Survival and behavioural analysis of wild-type, tau�/�, Tg30 and
Tg30xtau�/� mice. A: Kaplan-Meir survival curves. Tg30xtau�/� mice have a
significantly reduced survival by comparison with other genotypes and an
accelerated mortality during the first 3 months (P � 0.05, by log-rank test, using
pairwise multiple comparison methods) (Bonferroni-corrected threshold
method) (n � 178 for four genotypes). B: Rotarod testing. Tg30xtau�/� mice
developed a motor deficit starting at 3 months and exhibited a more severe
motor deficit than other genotypes (n 	 11 for each age, for each genotype). C:
Y maze test for alternations at 3 to 6 months. The percentage of alternations was
not significantly different among all genotypes (wild-type: n � 11; tau�/�: n �
12; Tg30: n � 15; Tg30xtau�/�: n � 16). D: Number of entries in arms during
Y-maze test at 3 to 6 months. The total number of entries was similar among
genotypes, except that Tg30 mice had a higher number of entries than wild-type

�/�
and tau mice. *P � 0.05; ***P � 0.001 by one-way analysis of variance with
Bonferonni post hoc tests.
Increased Proportion of Insoluble Human
Mutant Tau in the Absence of Murine Tau

To further investigate the effect of lack of endogenous
murine tau in tau pathology, we analyzed the levels of
soluble tau and insoluble PHF-tau by sarkosyl fraction-
ation in Tg30 and Tg30xtau�/� mice (Figure 5). Sarkosyl-
insoluble tau in both Tg30 and Tg30xtau�/� mice con-
tained a major 64-kDa band immunoreactive with the
human-specific tau antibody BR21. There were no tau-
positive bands in sarkosyl-insoluble material from wild-
type or tau�/� mice (data not shown). Soluble tau (S3)
contained human and murine tau in Tg30 mice and only
human tau in Tg30xtau�/� mice. The endogenous 110-
kDa mouse big tau, immunoreactive with the B19 and the
murine mTau-5 but not with the human BR21 tau anti-
body, was detected in the soluble spinal cord fractions of
Tg30 mice but not in Tg30xtau�/� mice.

The ratio of insoluble tau versus soluble tau was calcu-
lated, and we found that the proportion of sarkosyl-insoluble
tau (estimated with both the B19 and the BR21 tau antibod-
ies) was significantly increased in the brains of Tg30xtau�/�

mice, compared with Tg30 mice (Figure 5, E and J).

Increased Number of Gallyas-Positive NFTs
in the Hippocampus of Tg30xtau�/� Mice
Compared with Tg30 Mice

Because the proportion of insoluble tau increased in the
absence of murine tau, we became interested in the
formation of NFTs in our Tg30xtau�/� mice. We per-
formed Gallyas silver staining (which detects NFTs) in the
brains of 12-month-old mice (Figure 6). As reported pre-
viously in Tg30 mice,24 Gallyas-positive NFTs were ob-
served in the hippocampus, the cortex, subcortical ar-
eas, brainstem, and spinal cord of Tg30xtau�/� mice but
not in wild-type and tau�/� mice. We measured the den-
sity of Gallyas-positive NFTs in the cortex, the hippocam-
pus (subiculum and hippocampal CA1 sector), and the

Figure 3. Tau immunohistochemical labeling of
tissue sections of the hippocampus of 9-month-
old wild-type, tau�/�, Tg30, and Tg30xtau�/�

mice. A–D: The B19 tau antibody (reacting with
mouse and human tau) shows the somatoden-
dritic accumulation of tau in the CA1 sector of
Tg30 and Tg30xtau�/� mouse hippocampus.
E–H: The BR21 antibody specific for human tau
also shows the somatodendritic accumulation of
tau in Tg30 and in Tg30xtau�/� mice and does
not show any immunoreactivity in wild-type
mice. Some neurons containing neurofibrillary
tangles show a stronger labeling in the CA1 sec-
tor of Tg30 and Tg30xtau�/� mouse hippocam-
pus. I–L: The mTau-5 antibody specific for mu-
rine tau shows an abnormal somatodendritic
accumulation of murine tau (arrows) in the
subiculum of Tg30 mice, but not in the other
genotypes. Blood vessels show a nonspecific
labeling due to the use of an anti-mouse second-
ary antibody. Scale bar � 20 �m (A–L).
cervical spinal cord; the density of Gallyas-positive NFTs
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was significantly increased in the hippocampus of
Tg30xtau�/�, compared with Tg30 mice, but was sim-
ilar in the spinal cord of these two genotypes (Figure
6). Although Tg30xtau�/� mice showed a trend for
increased NFT density in the cortex, this increase was
not significant: 5.2 � 0.67 NFT/mm2 for Tg30xtau�/�

and 3.2 � 0.85 NFT/mm2 for Tg30: (mean � SEM; P �
0.097 by t-test).

Decreased Phosphorylation of Soluble Tau in
Tg30xtau�/� Compared with Tg30 Littermates

We compared the phosphorylation of sarkosyl-soluble
tau in Tg30 and Tg30xtau�/� mice using a panel of tau
antibodies to phosphorylated epitopes or to conforma-

Figure 5. The proportion of sarkosyl-insoluble tau was increased in Tg30x
(A68) and the soluble (Sup2) fractions were analyzed by immunoblotting in
representative blots for each condition. A–E: Panspecific B19 tau antibody.
The B19 and the BR21 antibodies recognize a major 64-kDa insoluble tau sp
mice. Additional minor bands in the sarkosyl-insoluble fraction were detected
bands are detected by the murine-specific tau antibody (K and M). The prop
and spinal cord of Tg30xtau�/� mice, as estimated with the B19 antibody (
tau) was detected only in Tg30 mice (D, M, and N). The asterisk in panel
the secondary antibody in the soluble fraction of spinal cord (Tg30, n � 5;
tional epitopes (Figure 7, A–E). The phosphorylation lev-
els of soluble tau detected by the AT270, CP13, AT180,
PHF-1, and MC1 antibodies, normalized to total tau de-
tected by the B19 antibody (Figure 7F), were significantly
decreased in Tg30xtau�/� mice, compared with Tg30
mice (Figure 7G).

Increased Phosphorylation of Sarkosyl-Insoluble
Tau in Tg30xtau�/� Mouse Brain

We then compared the phosphorylation levels of sarkosyl-
insoluble tau (Figure 7, H–M). The levels of phosphotau rec-
ognized by the AT270, CP13, and PHF-1 antibodies was sig-
nificantly increased in the sarkosyl-insoluble fraction of
Tg30xtau�/�, compared with Tg30 mouse brains (Figure 7N).

mice, compared with Tg30 mice. The levels of tau in the sarkosyl-insoluble
n and the spinal cord of Tg30 and Tg30xtau�/� mice. The panels show two
man-specific tau antibody BR21. K–O: Mouse-specific tau antibody mTau5.
the brain (A and F) and the spinal cord (C and H) of Tg30 and Tg30xtau�/�

B19 antibody but not by the human-specific BR21 tau antibody. These minor
f insoluble tau (ratio of insoluble tau to soluble tau) was increased in brain

he human-specific BR21 antibody (J). The 110-kDa murine tau isoform (big
tes a nonspecific band of mouse immunoglobulin heavy chain detected by
u�/�, n � 7). *P � 0.05 by unpaired Student’s t-test.

Figure 6. The load of neurofibrillary tangles
estimated with Gallyas staining was increased in
Tg30xtau�/� mice, compared with Tg30 mice
(12-month-old mice). A–C: Hippocampus (CA1
sector). The density of NFTs was significantly
higher in Tg30xtau�/� than in Tg30 mice (C).
*P �0.05 by unpaired t-test (P � 0.032) (Tg30,
n � 5; Tg30xtau�/�, n � 6). D–F: Lumbar spinal
cord, anterior horn. The density of NFTs was not
significantly different between Tg30xtau�/�

andTg30 mice (F) (P � 0.8670). The density of
NFTs is expressed as the number of NFTs per
slice counted in the hippocampus and subic-
ulum in three adjacent sagittal sections (Tg30,
n � 6; Tg30xtau�/�, n � 8).
tau�/�
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Increased Levels of Y216 GSK-3� in
Tg30xtau�/� Mice

We analyzed the levels of GSK-3�, pS9 GSK-3�, and
pY216 GSK-3� and of the p35 and p25 activators of Cdk5
(Figure 8A). The total levels of GSK-3� and of pS9 GSK-3�
(Figure 8B) were similar in Tg30 and Tg30xtau�/� mice, but
the levels of Y216 GSK-3� were significantly increased in
the brain of Tg30xtau�/� mice, compared with all the other
genotypes (Figure 8C). Both GSK-3� and -� can be
cleaved by calpain at the N-terminus, and the truncation
increases kinase activity.45 Calpain-cleaved GSK-3 immu-
noreactive with Y216 GSK-3 antibody (arrow in Figure 8A)
was generally increased in Tg30 and Tg30xtau�/� mice
(Figure 8D). The levels of p25 were not significantly different
between Tg30 and Tg30xtau�/� mice (Figure 8E). The level
of Cdk5 was similar and not significantly different among

Figure 7. Highly phosphorylated soluble tau was rapidly aggregated into
sarkosyl-insoluble fraction in Tg30xtau�/� mouse brain. The phosphoryla-
tion of tau in the sarkosyl-soluble fraction S2 (A–F) and sarkosyl-insoluble
A68 fraction (H–M) was analyzed by immunoblotting with phosphotau an-
tibodies AT270 (A and H), CP13 (B and I), AT180 (C and J), PHF-1 (D and
K), and the conformational antibodies MC1 (E and L) and the polyclonal tau
antibody B19 (F and M). The mean relative levels of each phosphotau
species estimated by densitometry analysis (normalized to total tau estimated
with the B19 antibody) are shown in panels G and N. The majority of
pathological phosphotau species were reduced in sarkosyl-soluble fraction,
whereas the levels of certain phosphotau species were increased in sarkosyl-
insoluble fraction of Tg30xtau�/� mice. *P � 0.05 and ***P � 0.001 by
Student’s t-test (Tg30, n � 5; Tg30xtau�/�, n � 7).
four genotypes (data not shown).
Endogenous Mouse Tau Is Recruited at Low
Level into PHFs

We analyzed whether endogenous mouse tau isoforms
could be recruited in NFTs by analyzing the tau isoform
composition and their immunoreactivity with mouse and
human-specific tau antibodies in Tg30 and Tg30xtau�/�

mice. In addition to the major 64-kDa band, two minor
bands of 63 kDa and 67 kDa were detected with the B19
and PHF-1 tau antibodies in sarkosyl-insoluble fraction
from Tg30 mice (Figure 5), accounting for 5% of the total
tau immunoreactivity in this fraction, as judged by densi-
tometry analysis. The endogenous 110-kDa mouse big
tau was also detected with the PHF-1 antibody in the
sarkosyl-insoluble spinal cord fraction of Tg30 mice.
These minor bands were not immunoreactive with the
BR21 human tau antibody and were absent in sarkosyl-
insoluble material from Tg30xtau�/� mice, which sug-
gests that they corresponded to endogenous murine tau
proteins.

The presence at low level of mouse tau proteins in
PHFs from Tg30 mice was confirmed by immunolabeling

Figure 8. Kinase activation was analyzed by Western blotting for GSK-3 and
p35. A: Immunoblotting for actin, TPK1, pSer9 GSK-3�, pTyr GSK-3, and
p25/p35 in brain and spinal cord of wild-type mice (lane 1), tau�/� mice
(lane 2), Tg30 mice (lane 3), and Tg30xtau�/� mice (lane 4). The asterisk at
TPK1 indicates nonspecific bands of mouse IgG heavy chain. The arrow
points to the calpain-cleaved GSK-3. B: The level of pSer9 GSK-3� normal-
ized to TPK1 was generally (but not significantly) increased in the presence
of tau pathology. C: The level of pTyr 216 GSK-3� normalized to TPK1 was
significantly increased in the brain of Tg30xtau�/� mice and in the spinal
cord of Tg30. D: pTyr GSK-3-positive calpain-cleaved GSK-3 was signifi-
cantly increased in spinal cord of Tg30 and Tg30xtau�/�. E: The level of p25

normalized to actin was generally (but not significantly) increased in Tg30
mice (wild-type, n � 4; tau�/�, n � 4; Tg30, n � 4; Tg30xtau�/�, n � 6).
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in electron microscopy of isolated PHFs present in sarko-
syl-insoluble fractions (Figure 9, A–D). These PHFs were
strongly labeled by the BR21 human tau antibody (Figure
9A) and weakly by the murine tau antibody (Figure 9B),
with both human and mouse tau detected in the same
PHF. In Tg30xtau�/� mice, the PHFs were immunoreac-
tive only to human tau (Figure 9C) and not to murine tau
(Figure 9D). Finally, we looked for mouse tau in NFTs in
brain tissue sections by using the BR10 tau antibody to
2N tau isoforms. The BR10 antibody, which could react
only with endogenous mouse 2N4R tau isoform present in
adult mouse brain, labeled a subset of NFTs in Tg30 mice
but never in Tg30xtau�/� mice (not shown). BR10-posi-
tive NFTs inTg30 mice were much more frequently ob-
served in the brainstem and the spinal cord than in the
hippocampus or the cortex.

Abnormal Filaments Are Mainly Straight
Filaments in Tg30 and Tg30xtau�/� Mice

The ultrastructural features of intraneuronal fibrillary inclu-
sions in the hippocampus and in the anterior horn of the

Figure 9. Electron microscopy of PHF-tau in Tg30 and Tg30xtau�/� mice.
A–D: Immunolabeling in electron microscopy of abnormal filaments present
in the sarkosyl-insoluble fraction of Tg30 (A and B) and Tg30xtau�/� (C and
D) mice. A, C: Anti-human tau antibody (BR21). A strong labeling was
observed both in Tg30 and in Tg30xtau�/� mice. B, D: Anti-mouse tau
antibody (mTau5). A weak labeling was observed in filaments from Tg30
mice but was absent in Tg30xtau�/� mice. Scale bar � 50 nm (A–D). E, F:
Ultrastructural aspects of abnormal filaments in Tg30xtau�/� mice (subicu-
lum). E: A dilated neurite contains bundles of 19-nm straight filaments,
admixed with degraded organelles and lysosomal vacuoles. Scale bar � 0.5
�m. F: Under higher magnification, straight filaments and a PHF-like filament
(arrow) can be identified. Scale bar � 0.25 �m.
spinal cord were analyzed in Tg30 and in Tg30xtau�/�
mice. As previously reported in Tg30 mice,24 hippocam-
pal neurofibrillary inclusions inTg30xtau�/� mice were
made mainly of bundles of straight filaments, 19 nm wide
(Figure 9E), with occasional twisted filaments 25 nm
wide, with regular constrictions, looking like the paired
helical filaments observed in AD and other tauopathies
(Figure 9F).

Proteolytic Tau Fragments and LC3 Levels

Because proteolytic cleavage of tau has been suggested
to favor tau aggregation, we next compared by Western
blotting the profile of soluble and insoluble tau species in
Tg30 and Tg30xtau�/� mice, using tau antibodies to the
extreme N-terminus (TP007) or C-terminus (TP70) of tau,
and to tau cleaved at Asp421 by caspase 3. The labeling
pattern of soluble tau and sarkosyl-insoluble tau by
TP007 and TP70 was similar in Tg30 and Tg30xtau�/�

mice (data not shown). Soluble and sarkosyl-insoluble-
tau were not labeled by the anti-tau Asp421. By immu-
nocytochemistry, NFTs in Tg30 and Tg30xtau�/� mice
were immunoreactive with both TP007 and TP70 tau an-
tibodies (data not shown), and a few NFTs were positive
with the anti-tau Asp421 (data not shown).

The level of LC3, an autophagy marker, was not sig-
nificantly different between Tg30 and Tg30xtau�/� (data
not shown). The level of �-catenin, a target protein for the
ubiquitin-proteasome pathway, was comparable in Tg30
and Tg30xtau�/� (data not shown).

Increased Number of Neuronal Pericaryal
Inclusions in the Spinal Cord of
Tg30xtau�/� Mice

In addition to NFTs composed of abnormal filaments and
abundant in the forebrain, Tg30 mice developed abun-
dant pericaryal rounded inclusions in the spinal cord
(Figure 10, A and B), made of abnormal filaments ad-
mixed with abundant neurofilaments24 (Figure 10, E and
F). Similar pericaryal inclusions were identified in the
spinal cord of Tg30xtau�/� mice. The density of these
inclusions was significantly higher in Tg30xtau�/� mice,
compared with Tg30 mice (Figure 10, C).

Neuronal Cell Numbers Are Similar in Tg30 and
Tg30xtau�/� in Hippocampal CA1–CA3
Sectors and in Spinal Cord

To assess potential neuronal cell death in the hippocam-
pus, we performed a stereological cell count of the total
number of pyramidal neurones in hippocampal sectors
CA1–CA4 in 12-month-old animals of each genotype. The
number of neurons was not statistically different among
genotypes: wild-type mice, (440,900 � 19,240 (mean �
SEM, n � 4); tau�/� mice, 418,500 � 32,150 (mean � SEM,
n � 5); Tg30 mice, 387,750 � 22,400 (mean � SEM,
n � 5); and Tg30xtau�/� mice, 443,900 � 50,760
(mean � SEM, n � 3).

A stereological estimation of neuronal density was

also performed in the left anterior horn of the cervical
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spinal cord. These neuronal densities (estimated as
the neuron number relative to the volume of spinal gray
matter), although tending to be lower in Tg30tau and in
Tg30txtau�/� mice, were not statistically different
among different genotypes (one-way analysis of vari-
ance, P � 0.31).

Estimations of the volumes of the brain, cortex, hip-
pocampal formation, and cervical spinal cord segment
(used for cell counting) with the Cavalieri method were
also made in 12-month-old animals of each genotype.
These volumes were not statistically different among
the different genotypes (data not shown).

Axonopathy in the Sciatic Nerve

Tg30tau mice show a loss of axons and a reduction of
their mean cross-sectional area in the sciatic nerve. We
confirmed the presence of this axonopathy in Tg30
mice and observed it also in Tg30xtau�/� mice; how-
ever, the mean axonal cross-sectional area and the
mean number of axons in the sciatic nerve did not differ
between Tg30 and Tg30xtau�/� mice (see Supplemen-
tal Figure S1 at http:ajp.amjpathol.org).

Discussion

Absence of Endogenous Murine Tau Decreases
Survival and Enhances Motor Deficits of Mice
Expressing a Mutant Tau

We have characterized in the present study a mouse
model in which a human mutant tau protein is expressed
in absence of endogenous mouse tau proteins. These
Tg30xtau�/� mice had a reduced survival with an accel-
erated mortality during the first 3 months of age, before
they developed significant motor deficits, suggesting that
this phenotype was due to a gain of toxic function of the
human mutant tau in absence of wild-type mouse tau,
because tau�/� mice did not show reduced survival.
Tg30xtau�/� mice also showed an earlier and a more
severe motor phenotype than Tg30 mice, which also
might have contributed to the reduced survival after 12

months. Tg30xtau�/� mice had an increased number of
pericaryal neuronal inclusions and of sarkosyl-insoluble
tau in the spinal cord, compared with Tg30 mice, sug-
gesting that these lesions were responsible for the more
severe motor phenotype. Thus, even though Tg30 mice
have a lower survival than wild-type mice and develop a
motor deficit, the presence of mouse tau in Tg30 mice to
some extent slows down this phenotype, suggesting that
the absence of mouse wild-type tau rather revealed the
toxicity of human tau, which was expressed at similar
level in Tg30 and Tg30xtau�/� mice.

Relationship among Sarkosyl-Insoluble Tau,
Tangles Load, and Neuronal Death

Sarkosyl-insoluble tau increased in the whole brain and
the spinal cord of Tg30xtau�/� mice, but tangles load
was increased only in the hippocampus, not in the cortex
or spinal cord. Sarkosyl-insoluble fractionation allows iso-
lating a relatively soluble population of PHF-tau without
disrupting large structures such as NFTs.46 Thus, sarko-
syl-insoluble tau can to some extent be uncoupled from
tangles load in this murine model, as observed in human
brain studies.47,48 Also, we did not observe significantly
increased cell death in the hippocampus or in spinal cord
of Tg30xtau�/� mice. Altogether, these findings suggest
that sarkosyl-insoluble tau was more correlated than tan-
gles with decreased survival and increased motor defi-
cits. Neither type of tau accumulations was associated
with significant neuronal loss in this model, but interme-
diate tau species (eg, oligomeric species) might have
been responsible for neuronal dysfunction, leading to
observed decreased survival and motor problems.

Murine Tau Contributes to a Minor Proportion of
Aggregated Tau

Sarkosyl-insoluble tau was composed predominantly of
human mutant tau in Tg30 mice, and was composed
solely of human mutant tau in Tg30xtau�/� mice. We also
observed that PHFs present in this fraction were more
strongly labeled by the anti-human tau antibody than by
the anti-murine tau antibody, in agreement with a previ-

Figure 10. Neurofilament-positive neuronal inclusions
in spinal cord were more frequent in Tg30xtau�/� mice
than in Tg30 mice. A, B: Nissl staining for hyaline inclu-
sions in the anterior horn of the lumbar spinal cord in
Tg30 (A) and Tg30xtau�/� (B) mice. C: The density of
inclusions in the anterior horn was significantly in-
creased in Tg30xtau�/� mice. ***P � 0.001 by Student’s
t-test (n � 5 mice for each genotype). D–E: Double
immunolabeling of the anterior horn of Tg30xtau�/�

mouse with the PHF-1 tau antibody (D) and a neurofila-
ment antibody (E). Most of the neuronal inclusions were
positive for both phosphotau and neurofilament. Scale
bar � 20 �m.
ous study showing that anti-murine tau antibody labeled

http://ajp.amjpathol.org


NFTs in Tg30xtauKO Transgenic Mice 813
AJP February 2011, Vol. 178, No. 2
only a small number of PHF-tau purified from P301S
transgenic mouse brain, whereas an anti-human tau an-
tibody labeled most of PHF-tau.49 A study of P301L mice
also indicated that sarkosyl-insoluble tau contained pre-
dominantly human tau.50 Furthermore, injection of brain
homogenate of P301L transgenic mouse, which contains
PHF-tau, induced PHF-tau in mice expressing human
non-mutant tau but not in wild-type mice.51 These studies
support the idea that murine tau does not have the same
propensity for aggregation as human tau in vivo.

Nonetheless, some PHFs were labeled by both human
and murine tau antibodies in our study, indicating that
mouse tau, even at low levels, was coaggregated with hu-
man mutant tau in the same filament in Tg30 mice. Several
mouse tau isoforms were probably recruited in PHFs in
Tg30 mice, because NFTs labeled with the anti-insert 3 tau
antibody (BR10) and the sarkosyl-insoluble tau contained a
110-kDa tau species (absent in Tg30xtau�/� mice), consis-
tent with mouse big tau isoform.

Murine tau can nevertheless assemble in PHFs in
vitro,52,53 and NFT-like tau aggregates of endogenous
murine tau have been reported in mice overexpressing
the p25 activator of Cdk554 or lacking the prolyl-isomer-
ase Pin1.55 The coaggregation of murine tau with a
truncated human mutant tau and the persistence of
NFTs made of mouse tau was also observed in an
inducible mouse model.56 Mice overexpressing wild-
type murine tau also accumulated sarkosyl-insoluble
tau, but not NFTs.57

Absence of Endogenous Murine Tau Increases
Aggregation of Human Mutant Tau

In transgenic mice overexpressing human wild-type tau,
previous studies indicated that absence of murine tau
either favored17 or had no effect19 on the aggregation of
this wild-type human tau. In the present study, the aggre-
gation of human mutant tau was accelerated in the ab-
sence of murine tau, as shown by increased propor-
tions of sarkosyl-insoluble tau in the brain and spinal
cord, and increased NFT density in the hippocampus
in Tg30xtau�/� mice. This increased tau aggregation in
Tg30xtau�/� was not due to increased tau expression.
because the total level of tau was lower in Tg30xtau�/�

than in Tg30 mice and the level of total human tau was
similar in the two lines.

The degree of phosphorylation of sarkosyl-insoluble
tau was increased on several epitopes in Tg30xtau�/�

mice, suggesting that increased tau aggregation in these
mice might have resulted from increased tau phosphor-
ylation. This increased phosphorylation might be related
to the increased levels of the active form of GSK-3 in
Tg30xtau�/� mice. The phosphorylation level of soluble
tau was generally decreased in Tg30xtau�/� mice, pos-
sibly indicating that the pool of phosphorylated tau in
Tg30xtau�/� mice was more rapidly integrated into
sarkosyl-insoluble tau. Increased levels of active GSK-3�
have been observed in AD frontal cortex,58 and an im-
munoreactivity for active GSK-3 has been detected in

tangles in AD58,59 and in tau transgenic animals.24,60 The
Fyn tyrosine kinase can activate GSK-3�,61 and because
tau regulates intracellular localization of Fyn,62 it seems
possible that absence of murine tau disturbs Fyn subcel-
lular localization, leading to increased phosphorylation of
Y216 GSK-3�.

Our data also suggest that the increased tau aggre-
gation in Tg30xtau�/� mice was related to the absence of
an inhibitory effect (or slowness) due to the absence of
wild-type mouse tau. The mechanisms by which murine
tau could interfere with human mutant tau aggregation
remain unclear, but we here propose several potential
mechanisms by which the coaggregation of murine tau
with human mutant tau might affect the efficiency of PHF
formation.

In a previous study of mice expressing human 6 tau
isoforms in the absence of murine tau,17 an imbalance of
3R/4R tau isoform composition was identified as a poten-
tial mechanism for increased aggregation of wild-type
human tau proteins. It has also been recently observed in
vitro that 3R tau isoforms inhibit 4R tau assembly.63 In the
Tg30 and Tg30xtau�/� models, however, only 4R tau
isoforms are expressed. Thus, this imbalance of 3R/4R
tau cannot explain the acceleration of PHF formation in
the absence of murine tau in our Tg30xtau�/� model. In
addition, wild-type adult mice do not express significant
levels of 3R tau isoforms and do not develop NFTs.

An imbalance in the ratios of tau isoforms with or with-
out N-terminal inserts might nevertheless play a role in
the acceleration of PHF formation in Tg30xtau�/� mice,
because these mice express only the 1N4R tau isoform,
whereas Tg30 express 0N4R, 1N4R, and 2N4R tau iso-
forms.

The N-terminal projection domain has only 75% homol-
ogy between human and murine, whereas the C-terminal
microtubule-binding domain is almost perfectly identi-
cal.52 Thus, in view of these sequence differences, the
N-terminal domain of murine tau might interfere with hu-
man mutant tau aggregation. First, N-terminal domain of
murine tau might be less phosphorylated than human tau.
At the N-terminal 150 amino acids of the longest isoforms
(alignment shown in reference 52), human tau includes
10 residues that can be potentially phosphorylated (Ser,
Thr, or Tyr) and are not found in murine tau (Thr17, Tyr18,
Thr39, Thr50, Thr52, Ser56, Thr101, Ser113, Ser131,
Ser137), whereas the murine tau contains only one Thr
residue (Thr12) that is not included in human tau. Impor-
tantly, phosphorylation of Thr39, Thr52, and Ser56 could
be induced by casein kinase II,64,65 which is dysregu-
lated in AD brains.66 Tyr18 is phosphorylated by Fyn, and
phospho-Tyr18 colocalizes with tangles in AD.67 Thr50
can be phosphorylated by SAPK4/p38. Phosphorylation
on Thr50 is likely to promote microtubule-binding ability,
and this phosphorylation is found in PHF-tau from AD
brain.68 Furthermore, Tyr17, Thr50, Thr101, Ser113, and
Ser131 could be phosphorylated by casein kinase 1� in
vitro, and phosphorylation of Ser113 was notably de-
tected in PHF-tau from AD brain65 Thus, most of these
Thr, Ser, and Tyr residues found in human tau but not
found in murine tau can be phosphorylated and could be

critical for accelerated PHF formation from human tau.
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Second, in considering N-terminal heterogeneity, tau
consists of both acidic and basic regions, and the ex-
treme amino terminal projection domain contains many
acidic residues. Despite their heterogeneity at the amino
terminus, the isoelectric points (pI) of the acidic region of
human and murine tau are not greatly different: the pI of
the acidic region of human tau (amino acids 1–120) is
3.92, but that of murine tau (amino acids 1–109) is 3.90;
however, because of more numerous phosphorylation
sites, the pI of the acidic region could be even more
negatively changed in humans than in mice. This would
increase the interaction between acidic and basic re-
gions of tau more easily in human than in mouse tau,
possibly favoring a pathological conformation and
dimerization/oligomerization of tau.69

Third, heterogeneity at N-terminus might influence the
structure of tau. Whereas tau is originally an extremely
soluble protein without a rigid structure,70 tau undergoes
pathological conformation change as it forms PHF-tau, in
which the N-terminal domain is adjacent to the microtu-
bule binding domain35,71 (reviewed by Binder et al.).72

This conformation change, which is one of the early
events of tau pathology,73 can be recognized by specific
antibodies such as MC1, Alz50, and TG-335 (reviewed by
Binder et al).72 Because the N-terminal sequence is dis-
tinctly different in murine and human tau, it is possible
that murine tau is less likely to adopt this early patholog-
ical conformation change.

Last, N-terminal heterogeneity might be also a key
factor for tau truncation. Truncation at both the amino and
carboxyl termini takes place in the process of NFT for-
mation.72 Because of the difference in its N-terminus,
murine tau may possibly not undergo truncation in the
same manner, and this may affect the evolution of tau
aggregation into NFTs. However, we could not find a
marked difference between Tg30 and Tg30xtau�/� in the
pattern of tau fragments when tested with antibodies to
the extreme N- and C-terminus. Also, tau in the sarkosyl-
insoluble fraction was not immunoreactive with the anti-
body to tau cleaved at aspartic residue 421, a caspase-
mediated truncation of tau,74,75 in either Tg30 or
Tg30xtau�/� mice. It thus seems unlikely that tau trunca-
tion at D421 contributed to increased tau aggregation in
Tg30xtau�/� mice (in agreement with a previous obser-
vation in P301S tau transgenic mice76).

An alternative explanation for the increase in tau ag-
gregation in Tg30xtau�/� mice is that absence of murine
tau would impede the removal of aggregated human tau.
For example, acute reduction of tau in a cellular model
has been reported to impair autophagy in cells deficient
for the NPC1 gene (Niemann-Pick disease, type C1).77

However, we could not find a change in the levels of the
autophagosomal markers LC3 in Tg30xtau�/� mice. The
levels of �-catenin, a substrate of the proteasome, like-
wise did not differ between Tg30 and Tg30xtau�/� mice
in the brain, suggesting that the activity of the ubiquitin-
proteasomal system was not markedly different in Tg30
and Tg30xtau�/� mice.

Human tau contains three lysine residues absent in
murine tau (Lys24, Lys131, and Lys257) that could po-

tentially be ubiquitinated. However, a liquid chromato-
graphy-tandem mass spectrometry study has only iden-
tified three ubiquitination sites at Lys-254, Lys-311 and
Lys-353 (common to mouse and human tau) from the
human soluble PHF-tau affinity purified with MC1 anti-
body.78

Thus, our results suggest that increased aggregation
of human mutant tau in absence of murine tau did not
result from increased human tau expression or de-
creased tau clearance, but rather from the absence of
interference of wild-type murine tau. Tg30xtau�/� mice
thus represent a better model of tauopathies for study of
the mechanisms of toxicity of human mutant tau, as ex-
emplified here by the development of a more severe
phenotype in Tg30xtau�/� mice than in Tg30 mice.
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