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Here, we describe the generation and characteriza-
tion of a novel tau transgenic mouse model (mTau)
that overexpresses wild-type murine tau protein by
twofold compared with endogenous levels. Trans-
genic tau expression was driven by a BAC transgene
containing the entire wild-type mouse tau locus, in-
cluding the endogenous promoter and the regulatory
elements associated with the tau gene. The mTau
model therefore differs from other tau models in that
regulation of the genomic mouse transgene mimics
that of the endogenous gene, including normal exon
splicing regulation. Biochemical data from the mTau
mice demonstrated that modest elevation of mouse
tau leads to tau hyperphosphorylation at multiple
pathologically relevant epitopes and accumulation of
sarkosyl-insoluble tau. The mTau mice show a pro-
gressive increase in hyperphosphorylated tau pathol-
ogy with age up to 15 to 18 months, which is accom-
panied by gliosis and vacuolization. In contrast, older
mice show a decrease in tau pathology levels, which
may represent hippocampal neuronal loss occurring
in this wild-type model. Collectively, these results
describe a novel model of tauopathy that develops
pathological changes reminiscent of early stage Alz-
heimer’s disease and other related neurodegenerative
diseases, achieved without overexpression of a mu-
tant human tau transgene. This model will provide an
important tool for understanding the early events
leading to the development of tau pathology and a
model for analysis of potential therapeutic targets for
sporadic tauopathies. (4m J Patbol 2009, 175:1598-1609;
DOI: 10.2353/ajpath.2009.090462)

Abnormal accumulation of the microtubule-associated
protein tau, in the form of neurofibrillary tangles (NFTs), is
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the defining pathological feature of neurodegenerative
diseases termed tauopathies. Six major tau protein iso-
forms are generated in adult human brain by alternative
splicing of the tau (MAPT) gene,"? and studies of muta-
tions within this gene have provided insight into potential
mechanisms for the pathological aggregation of tau pro-
teins.®* With use of a single isoform of mutant human tau,
transgenic mice have been generated (reviewed in ®) that
recapitulate many features of human tauopathy; however,
most tauopathies are not associated with specific MAPT
mutations. Because normal and mutant tau proteins ap-
pear to have functional differences,® 8 the mechanism of
tau pathology development, neuronal loss, and interac-
tions with other proteins may also differ between sporadic
tauopathies and cases linked to specific mutations. Pre-
vious attempts to create a wild-type tauopathy model
through overexpression of a single wild-type human tau
isoform have generally led to minimal pathological
changes. Although these models have been useful in
studying early aspects of tauopathy, they do not mimic
normal gene regulation or tau isoform profiles in the brain.
Development of a mouse model overexpressing the en-
tire human tau transgene (8c mice) was expected to
overcome this limitation. However, these mice failed to
elicit notable tau pathology, but did result in a significant
shift in exon 10 splicing compared with that in human
brain. The explanation for this shift toward >90% expres-
sion of the three-repeat (3R) isoforms® and its signifi-
cance in the absence of tau pathology remains uncertain.
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Interestingly, removal of the endogenous mouse tau
gene (Htau mice) failed to return the splicing ratio to
normal but did induce development of progressive
tauopathy and neuronal loss.'® Because the primary dif-
ference between the 8c and Htau lines is the presence of
endogenous mouse tau, this finding suggested that mu-
rine tau may actually counter the aggregation of human
tau in mouse models, which might explain the difficulty of
inducing mature NFTs in the other wild-type human tau
transgenic mice that also express endogenous mouse
tau proteins. Mouse and human tau proteins are homol-
ogous (92%) over regions encoded by exons 2 to the C
terminus but differ significantly (57%) within the amino
terminus and in their isoform expression, with adult ro-
dents almost exclusively expressing four-repeat (4R)
tau'' compared with the equivalent ratio of 3R to 4R
found in adult humans.” Although in vitro studies have
consistently shown no difference in human and mouse
tau aggregation,'®'* examples of other amyloidogenic
peptides capable of aggregation individually, but show-
ing a reduced rate of aggregation when combined in the
same reaction do exist.’>'® In addition, once aggrega-
tion has been initiated by mutant human tau overexpres-
sion, mouse tau is capable of aggregation and tangle
formation in vivo.'” We now describe a transgenic mouse
model that develops age-related tau pathology and neu-
rodegeneration, despite only moderate overexpression
(<2 fold) of endogenous mouse tau from a genomic
transgene, subject to normal gene regulation and exon
10 splicing ratios.

Materials and Methods

BAC Preparation and Characterization

Genomic-free BAC DNA was isolated using a Qiagen
Large-Construct Kit (Qiagen, Valencia, CA). Before its
use as a transgene, we confirmed that the 177-kb BAC
clone (RP24-271J17, BACPAC Resource Center; Oak-
land, CA) was intact and contained the mouse tau locus
in its entirety through restriction enzyme mapping using
Xhol and Xmal and pulsed field gel electrophoresis,
which showed a banding pattern corresponding to the
expected size of fragments based on Vector NTI software
analysis. Smaller fragments (~5 kb to 79 bp) were re-
solved using conventional electrophoresis. Purified BAC
DNA was further characterized by standard PCR to test
for the presence of each exon, as well as other sites
throughout the BAC clone, including the vector/genomic
boundaries. Sequences generated from each of the
genomic amplicons yielded no variants from the refer-
ence sequence (National Center for Biotechnology Infor-
mation Build 33.1 NT_039521).

Generation of mTau Mice

Circularized BAC DNA (2.5 ng/ul) was injected into fer-
tilized oocytes from FVB/N1 congenic mice to yield po-
tential founders. Transgenic founders were identified by
standard PCR from tail-clip digestions using a multiplex
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Figure 1. Diagram of BAC clone vector containing genomic mouse tau
and iPCR experimental design. Created using Vector NTI software, the
diagram shows the genomic region of the BAC (gray), the pTAR vector
(black), and the locations of mouse tau exons (numbered white boxes),
genotyping primers (white arrows) to genomic/vector boundaries
(asterisk), and restriction enzyme and primer sites (black arrows) for
iPCR, with one primer for each fragment located in the vector. Because
inference is drawn from PCRs failing to amplify, BAC DNA was used as a
positive control and wild-type mouse DNA was used as a negative control
for PCR amplification. All products were sequenced to verify that the
amplicons were the specified target product. Using this technique, we
determined that the BAC clone linearized somewhere within a 15-kb
region starting 7.5 kb downstream of tau (X between Eagl and Nhel sites)
in 12 of the 13 original founders (data not shown).

of primers designed (FastPCR freeware) against the two
genomic/vector boundaries of the BAC (Figure 1, white
arrows) to distinguish the transgene from the endoge-
nous copy and B-actin as a positive control. Primers (V3F
5'-TCAAGGGCATCGGTCGAGCTTG-3', G5R 5'-AGTG-
GCCTTTGTGGGGTACATC-3’, G3F 5'-TTAAAGGTGT-
GCGCCAGTG-3’, V5R 5'-CGATCTGCCGTTTCGATC-
CTCC-3’, ActBF 5'-GGCTACAGCTTCACCACCACAG-3’,
and ActBR 5'-CAATAGTGATGACCTGGCCGTC-3") were
used in a multiplex reaction with an annealing temperature
of 58°C. Because founder animals were generated from
microinjections of circular DNA, which undergoes random
linearization during incorporation into the genome, we con-
firmed that the transgenic mouse tau gene remained intact
in vivo. Given that verification of the in vivo integrity of the
transgene by Southern blotting would have been con-
founded by the presence of the endogenous copy of the
mouse tau gene, we used inverse PCR (iPCR) to distinguish
transgenic and endogenous tau. iPCR primers were de-
signed in conjunction with specific restriction sites to am-
plify products of different sizes in the mouse tau BAC trans-
gene versus the endogenous mouse tau region, thereby
allowing us to specifically determine whether large regions
of the transgene were intact in vivo. Primers were designed
to be within the same restriction enzyme fragment, with one
primer located within the vector sequence, as with the
genotyping PCR assay, so as not to amplify the endoge-
nous copy of the gene. Before digestion, the iPCR primers
are designed to be in the wrong orientation to produce a
product; however, after digestion and self-religation, the
iPCR primers then “face” each other and will amplify the
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region between them. Although intermolecular religation is
possible, intramolecular or self-religation is favored at the
low DNA concentrations used in these reactions. If the point
of linearization of the BAC clone is between a pair of iPCR
primers, those primers will fail to amplify because they will
sit down on different religated fragments. Conversely, it can
be inferred that a particular region of the transgene is intact
if a given set of iIPCR primers produce the expected ampli-
con. The BAC clone was used as a positive control for the
success of IPCR reactions, and all products were se-
quenced to verify that the amplicons were the target
product.

Mice were maintained on an FVB/N background (Har-
lan Laboratories, Indianapolis, IN) and housed in a bar-
rier facility. All mice were humanely sacrificed by cervical
dislocation at various time points, and brains were
quickly removed for dissection. The left cerebral hemi-
sphere was immediately fixed in 10% formalin, and the
other hemisphere was frozen on dry ice for subsequent
biochemical analysis.

Survival Curves

Genotyping of pups was performed after weaning at 21
days of age, and, therefore, reliable estimation of trans-
genic mice survival is limited to their postweaning age.
Statistical analysis of survival was assessed by the
Kaplan-Meier method with survival curves compared us-
ing pairwise (Holm-Sidak) multiple comparison proce-
dures (GraphPad Software Inc., San Diego, CA).

Quantitative Real-Time RT-PCR

Total RNA was isolated from the right brain hemispheres
of transgenic (Tg) mTau and nontransgenic (NTg) mice of
each sex (three mice per group) harvested at 3 months of
age using an RNeasy mini prep kit (Qiagen). Transgene
expression levels were determined by real-time PCR
measuring mMRNA expression of mouse tau relative to
endogenous B-actin using predeveloped TagMan assays
(assay Mm00521988_m1; Applied Biosystems, Foster
City, CA) and an ABI 7900 instrument. Experimental wells
containing 10-ul PCRs, including 100 ng of total RNA
from each sample, were run in quadruplicate in 384-well
plates. Expression results were calculated relative to
B-actin expression, normalized to the lowest expressing
litermate and averaged for Tg and NTg mice.

In Situ Hybridization

In situ hybridization was performed to determine the
genomic mouse tau transgene expression profile. Frozen
3-month-old mTau mouse brains were sagittally sec-
tioned at a thickness of 15 um. Oligomers to tau exon 11
were end-labeled with a-[*°S]dATP. Slides were hybrid-
ized overnight at 37°C with labeled oligonucleotide in
buffer containing 4X standard saline citrate, 1X Den-
hardt’s solution, 50% w/v deionized formamide, 10% w/v
dextran sulfate, 200 mg/ul herring sperm DNA, and
0.03% B-mercaptoethanol. After hybridization, the sec-

tions were stringently washed (1 standard saline citrate
at 50°C), dehydrated, and exposed to B-max Hyperfiim
(Amersham Biosciences, Piscataway, NJ) for 7 to 10
days. Control slides were hybridized in the presence of a
50-fold molar excess of unlabeled oligonucleotide.

RT-PCR Analysis of Splice Isoforms

Total RNA isolated from hemibrains of Tg and NTg mice
of each sex (five mice per group) at 6 weeks was isolated
as described above and analyzed by semi-quantitative
RT-PCR for differences in splice isoform ratios. Mouse-
specific primers designed to span either the N-terminal
region (across exons 1 and 5) or to span the microtubule
binding domain region (across exons 9 and 11) were
used as described previously.® Htau mice, overexpress-
ing genomic human tau on a mouse tau knockout back-
ground, were used as a control.’® Primers that spanned
alternatively spliced exon 10 would amplify tau splice
isoforms encoding either 3R or 4R tau, and others were
used to examine splicing of exons 2 and 3 encoding ON,
1N, or 2N tau. Mouse and human-specific tau RT-PCR
products were analyzed by gel electrophoresis, and iso-
forms were identified based on their expected sizes.

Brain Extract Preparation for Biochemistry

Harvested brain tissue was homogenized in buffer con-
taining 50 mmol/L Tris, pH 8.0, 274 mmol/L NaCl, 5
mmol/L KCI, 2 mmol/L EGTA, 2 mmol/L EDTA, 100
mmol/L phenylmethylsulfonyl fluoride, protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO), and phosphatase
inhibitor cocktails | and Il (Sigma-Aldrich). Homogenates
were centrifuged at 150,000 X g for 15 minutes, and the
supernatant was collected as a total fraction. Purification
of sarkosyl-insoluble tau (P3 fraction) was performed as
described previously.'® The amount of starting material
was adjusted for protein concentration to obtain com-
parable results. The supernatant was centrifuged at
150,000 X g for 15 minutes to separate proteins into
soluble (S1, supernatant) and insoluble (pellet) fractions.
The pellet was then re-extracted via homogenization in
buffer B containing 10 mmol/L Tris HCI, pH 7.4, 0.8 M
NaCl, 10% sucrose, 1 mmol/L EGTA, and 1 mmol/L phe-
nylmethylsulfonyl fluoride, protease inhibitor cocktail
(Sigma-Aldrich), and phosphatase inhibitor cocktails |
and Il (Sigma-Aldrich) and centrifuged again at 150,000 X
g for 15 minutes. The pellet was discarded, and the buffer
B supernatant was incubated with 1% sarkosyl at 37°C
for 1 hour followed by another centrifugation at 150,000 X
g for 30 minutes. The supernatant was collected as a
salt-extractable (S2) fraction, and the pellet (solubilized in
TE buffer: 10 mM Tris, pH 8.0, 1 mM EDTA) contained the
sarkosyl-insoluble tau (P3) fraction. Typically, 600 ul of
total extract was used to obtain 20 ul of P3 fraction.

Western Blotting

A total of 10 nug of proteins for the total and S1 fraction
and 10 ul for the P3 fraction were mixed with equivalent



volume of 2Xx SDS sample buffer (Invitrogen, Carlsbad,
CA) (62.5 mmol/L Tris-HCI, pH 6.8, 2% SDS, 25% glyc-
erol, and 0.1% bromphenol blue) and 5% B-mercapto-
ethanol, boiled for 5 minutes, and loaded onto 10% poly-
acrylamide Tris-glycine gels (Invitrogen). The gels were
resolved at 125 V for ~3 hours and then transferred onto
a polyvinylidene difluoride membrane using a wet trans-
fer system at 200 mA for 90 minutes. The membrane was
blocked with either 5% milk or Odyssey blocking buffer
(LI-COR Biosciences, Lincoln, NE) and incubated in pri-
mary antibody overnight at 4°C. The membrane was then
washed three times for 10 minutes each with TBST (1%
Triton X-100, 10 mmol/L Tris, and 140 mmol/L NaCl),
incubated in secondary antibody (either horseradish per-
oxidase conjugated for standard Western blotting or flu-
orescein conjugated for Odyssey blots) for 1 hour at room
temperature, washed three times for 10 minutes each with
TBST, and once with Tris-buffered saline (TBS). Standard
Western blots were then incubated with Western Lightning
Chemiluminescence Reagent Plus (PerkinElmer Life and
Analytical Sciences, Wellesley, MA) and exposed on Bi-
oMax Light film (Eastman Kodak, Rochester, NY). The films
were scanned, and densitometric analysis was performed
using ImageJ software.'® Odyssey blots were scanned us-
ing a LI-COR scanner and densitometric analysis was per-
formed using Odyssey software (LI-COR Biosciences, Lin-
coln, NE). The intensity of the protein band of interest was
normalized against a loading control, glyceraldehyde-3-
phosphate dehydrogenase.

Antibodies

Biochemical and immunohistochemical analysis was per-
formed with a number of antibodies Tau 5 (mouse mono-
clonal total tau antibody (1:200; (Neomarkers, Freemont,
CA)); CP13 phospho-tau S202 mouse monoclonal anti-
body and PHF1 phospho-tau S396/S404 mouse mono-
clonal antibody (1:1000; provided by Dr. P. Davies, Albert
Einstein College of Medicine, Bronx, NY); AT8 phospho-
tau S202/T205 mouse monoclonal antibody (1:100;
Pierce, Rockford, IL); glyceraldehyde-3-phosphate de-
hydrogenase mouse monoclonal antibody (1:5000;
Biodesign International, Kennebunkport, ME); glial fibril-
lary acidic protein (GFAP) rabbit polyclonal antibody
(1:10,000; BioGenex, San Ramon, CA), MS06, polyclonal
antibody specific to mouse tau (1:2000; provided by Dr.
A. Takashima, RIKEN Brain Science Institute, Wako City,
Japan), carbonic anhydrase Il antibody (CAIl, 1:10,000 in
5% normal goat serum; provided by Dr. M. S. Ghandour),
shown to specifically label oligodendrocytes,?° neuron-spe-
cific nuclear protein (NeuN) mouse monoclonal antibody
(1:100; Chemicon International, Billerica, MA), and horse-
radish peroxidase-conjugated secondary antibodies (1:5000;
Jackson ImmunoResearch Laboratories, West Grove,
PA) or fluorescein-conjugated secondary antibodies
(1:2000; Molecular BioProbes, Eugene, OR).

Immunohistochemistry

Immunohistochemistry was performed on brain tissue
from Tg and NTg mice of each gender (five mice per
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group) at various ages (6 to 22 months). Coronal sections
(5-um paraffin embedded) were mounted on glass
slides, deparaffinized, rehydrated in xylene and a graded
series of alcohol, and subjected to antigen retrieval with
steam in distilled H,O for 30 minutes. Sections were
incubated with 3% H,O, to block endogenous peroxi-
dase activity. Before staining with any mouse-specific
antibodies, sections were treated with the MOM kit (Vec-
tor Laboratories, Burlingame, CA) to block nonspecific
mouse on mouse binding for 1 hour at room temperature.
The tissue sections, along with positive and negative
controls, were processed in a batch for uniformity, using
a Autostainer and Envision peroxidase methods (Dako
North America, Carpenteria, CA) and developed with
3,3'-diaminobenzidine. The stained slides were lightly
counterstained with hematoxylin, dehydrated, and cover-
slipped. CP13, AT8, and PHF1 were used to detect hy-
perphosphorylated tau, and Gallyas silver staining®' was
used to detect NFT formation. GFAP and CAll were used
as astrocyte and oligodendrocyte markers, respectively.
NeuN was used as a neuron-specific antibody. Burden
analysis for tau and NeuN was determined using an
Aperio slide scanner and ImageScope image analysis
software (positive pixel count algorithm). Vacuole pathol-
ogy was analyzed by scoring done blinded to genotype,
age, and gender (scale: 0, none; 1, mild;, 2, intermediate;
or 3, severe).

Fluorescent Immunohistochemistry and
Colocalization Studies

Fluorescent immunohistochemistry and double labeling
were performed with GFAP alone, GFAP and CP13, or
CAIll and CP13 antibodies. Sections were incubated in
primary antibodies for 2 to 3 hours at room temperature,
washed in 0.1 M PBS, incubated in biotinylated goat
anti-rabbit and goat anti-mouse antibodies (1:1000) fol-
lowed by fluorescein-conjugated streptavidin secondary
antibodies (1;500) for 30 minutes each at room temper-
ature, and washed in 0.1 M PBS. Autofluorescence was
blocked by applying Sudan black (Sigma-Aldrich) for 5
minutes, and slides were washed and cover-slipped us-
ing Pro-Long antifade medium (Molecular BioProbes).
Slides were examined using the Olympus Confocal micro-
scope running Fluroview acquisition software. Images were
collected using single excitation for each wavelength sep-
arately, and channels were subsequently merged.

Electron Microscopy

For electron microscopy, 18-month-old Tg and NTg mice
were perfused with saline followed by 2.5% glutaralde-
hyde/2% paraformaldehyde/0.1 M cacodylate buffer. The
hippocampus was removed, cut into 2-mm?® pieces, post-
fixed in 1% osmium tetroxide and 1% uranyl acetate,
dehydrated in a series of alcohol and propylene oxide,
infiltrated, and embedded in Epon 812. Thin sections
were stained with uranyl acetate and lead citrate before
examination with a Philips 208S electron microscope
(Philips, Hillsboro, OR).



1602 Adams et al
AJP October 2009, Vol. 175, No. 4

Immunogold Negative Stain Electron
Microscopy

Sarkosyl-insoluble samples were collected as described
above except that the high-salt buffer B fractions contain-
ing 10% sucrose were clarified at 20,000 X g for 15
minutes before addition of 1% sarkosyl to the buffer B
supernatant. After incubation at 37°C for 1 hour, these
samples were split into two parts for P3 isolation for
Western blotting or further sucrose gradient purification
for electron microscopy. The sucrose fractionation was
performed by layering 200 ul of the samples in high-salt
buffer plus sarkosyl onto a gradient containing 1-ml steps
of 30, 50, and 70% sucrose in TBS pH 7.4 as described
previously.?? After centrifugation at 160,000 X g for 16
hours, 400-ul samples were collected at the top of the
column and at each interface. The sarkosyl-insoluble ma-
terials were diluted 1:20 in TE buffer and adsorbed on to
carbon/Formvar-coated 400-mesh copper grids (EM Sci-
ences) for 45 seconds. The grids were washed three
times with filtered TBS, blocked for 30 minutes on a
filtered TBS solution containing 0.5% bovine serum albu-
min, and then incubated for 1 hour with the primary antibody
WKS44 antibody (provided by Dr. S-H. Yen, Mayo Clinic,
Jacksonville, FL) that recognizes a nonphosphorylated tau
epitope diluted 1:50 in blocking solution. Grids were then
washed three times in blocking solution, and the grids were
incubated for 1 hour in blocking solution containing 10-nm
gold-conjugated anti-rabbit secondary antibody (1:20 dilu-
tion, Amersham Biosciences, Pittsburgh, PA). After grids
were washed five times with TBS, they were then stained
with 2% uranyl acetate for 45 seconds and examined with
an EM 208S electron microscope (Phillips, Hillsboro, OR).
Tau aggregates were predominantly found in the 30 to 50%
sucrose interface, and electron micrographs were only col-
lected on samples containing at least four gold particles.

Statistics

Statistical analysis was performed using SigmaPlot 11.0
(Systat Software, Inc., San Jose, CA). Data are expressed
as mean = SEM and analyzed using either t-test, analysis
of variance, and/or Spearman rank-order correlation tests
where appropriate, with P < 0.05 considered significant.
Unless otherwise stated, 10 Tg and 10 NTg mice (5 mice
per sex) were used per time point. Two-tailed unpaired
t-tests were performed using Microsoft Excel where
noted. All graphing was performed using GraphPad
Prism software (GraphPad Software Inc., San Diego, CA).

Results

Generation of mTau Mice

We generated a novel transgenic mouse model overex-
pressing genomic wild-type mouse tau using a BAC-
derived transgene (mTau model). Purified BAC DNA iso-
lated from a BAC clone containing the mouse tau gene
was subjected to restriction enzyme mapping to confirm
that the mouse tau gene was intact and contained the

mouse tau gene in its entirety before its use as a trans-
gene. The BAC DNA showed a banding pattern corre-
sponding to the expected size of fragments for an Xhol
restriction enzyme digest based on Vector NTI software
analysis (data not shown). Sequencing showed that the
BAC DNA contained all 13 tau exons, as well as all of the
Xhol sites with no variants from the reference sequence
(National Center for Biotechnology Build 33.1 NT_039521)
observed in any of the amplicons.

Circular BAC DNAs were injected into fertilized oo-
cytes from FVB/N1 congenic mice; from these injections,
10 founder litters consisting of 110 pups were produced,
and 13 founders were confirmed to be positive for the
BAC mouse tau transgene. Because these founder ani-
mals were generated from microinjections of circular
DNA, which undergoes random linearization during in-
corporation into the genome, it was necessary to confirm
that the transgenic mouse tau gene remained intact in
vivo. This was accomplished using iPCR techniques,
which enabled us to distinguish between the transgenic
and the endogenous copies of the mouse tau gene. For
the mouse tau transgene to be functional it must be intact
from the promoter, approximately 1 kb upstream of exon
0, through all 13 coding exons. Using Vector NTI soft-
ware, we identified several restriction enzymes that cut
within the vector and the genomic region of the 177-kb
BAC clone. These enzymes were used to divide the BAC
clone into as many regions as possible to identify the
linearization point of the circular BAC DNA in vivo and
confirm that the linearization did not occur within the tau
gene itself (Figure 1). Using different iPCR primers/re-
striction enzymes combinations (see Materials and Meth-
ods and Figure 1 for details), we determined that the BAC
clone linearized somewhere within a 15-kb region starting
7.5 kb downstream of the tau gene in 12 of the 13 original
founders (data not shown), confirming that the transgenic
tau gene was intact in these 12 founders.

Eleven of the original founders were mated to FVB/N
congenic mice. Although multiple mTau founders were
generated, approximately 40% (4 of 11) were either in-
fertile or had offspring with significant perinatal mortality.
All nonbreeding founders showed tau protein overex-
pression >1.9-fold above that of endogenous tau as
determined by Western blot analysis (Figure 2A). In con-
trast, the breeding founders showed tau protein expres-
sion levels that were <1.8-fold above endogenous levels
(see below). To provide an initial assessment of the im-
pact of overexpressing mouse tau, the four nonbreeding
founder mice were harvested between 6 and 8 months of
age and examined neuropathologically. All of the non-
breeding founders had significant abnormal tau immuno-
staining, observed using the CP13 and AT8 antibodies, in
both neuronal and glial cell populations. Granular hyper-
phosphorylated tau immunoreactivity in the cytoplasm
and cell processes of neurons, consistent with pretangle
pathology, was seen in the cortex and hippocampus
(Figure 2, B-D; data not shown). Additional tau glial in-
clusion pathology in white matter (Figure 2E) was ob-
served in small cells with morphology consistent with that
of oligodendrocytes. The extent of the tau pathology in
the nonbreeding founders varied within each mouse, re-
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Figure 2. Non-breeding founders (NBFs). A: Protein expression levels.
Immunoblot of NBFs, showing total soluble tau levels compared with NTg
mice. Blots were probed with MS06 (mouse tau-specific antibody). NBFs
expressed a range of trangenic protein levels up to 2.3-fold over endogenous
tau levels based on densitometric analysis. Western results were in
agreement with RT-PCR analysis. B-E: Pre-tangle pathology. NBF mice
were harvested between 8 and 9 months of age. Immunohistochemistry
shows hyperphosphorylated tau (CP13 immunoreactivity) in multiple
forebrain areas including the motor cortex (A) and the piriform cortex
(B). C: A higher magnification (X100) of B shows granular CP13 tau
immunoreactivity in the cytoplasm and neuronal processes consistent with
pretangle pathology. Abnormal tau pathology was also evident in
oligodendocytes (D). All NBF mice had similar patterns of pretangle
pathology in the brain.

flecting different transgene expression levels, although
the qualitative pattern of the immunoreactivity was simi-
lar. These data demonstrated that wild-type mouse tau
overexpression was able to cause pretangle formation in
various brain regions and provided a strong rationale for
continuing to develop the remaining mTau breeding lines.

Expression of Wild-Type Genomic Mouse in the
mTau Mice

Genomic mouse transgenic tau expression in the fertile
founder lines was determined using real time RT-PCR
and ranged from 0 to 1.8-fold overexpression relative to
the endogenous tau gene (data not shown). The highest
expressing fertile founder lines (approximately 1.78-fold
overexpression of tau relative to NTg as determined by
both real-time PCR and Western analysis) were ex-
panded and bred to homozygosity. In situ hybridization
showed an expression pattern in these transgenic lines
similar to the endogenous tau mRNA in nontransgenic
littermates (Figure 3, A and B). Tau is ubiquitously ex-
pressed in the forebrain, mostly in neuronal cells. Optical
density analysis of tau mRNA signals from the in situ
hybridization (Figure 3B), as well as, tau protein levels
determined by Western blot relative to NTg were consistent
with the real-time PCR data, showing between approxi-
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Figure 3. Expression of genomic wild-type mouse tau. A: In situ
hybridization was performed on sections from 3-month-old mTau Tg and
NTg mice. The mTau mice had increased mRNA expression in an identical
expression pattern to NTg mice. B: Expression of transgenic tau mRNA
ranged from 1.6 to 1.8 over the endogenous tau transcript in most brain
regions including the hippocampus, cortex, and cerebellum and was
similar to the results from RT-PCR analysis. C: Soluble tau levels in the
brains of homozygous mTau mice were determined by Western analysis
(MS06 antibody) at 3 months of age. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control. D: Densitometric
analysis showed that homozygous mTau mice had soluble tau levels
approximately 3.5-fold over the endogenous tau level of NTg mice.
Hemizygous mTau mice had soluble tau levels twofold greater than the
endogenous tau level in NTg mice. E: Survival rate for all cohorts were
calculated using Kaplan-Meier methods (P < 0.001 for overall log-rank
test) with survival curves compared using pairwise multiple comparison
procedures (Holm-Sidak method). Homozygous mTau mice had accelerated
mortality (>50% death) up to 4 months of age, which was statistically
significant compared with hemizygous and NTg littermates (P = 0.025
and P = 0.017, respectively).

mately 1.8-fold overexpression in hemizygotes and 3.5-fold
in homozygotes (Figure 3, C and D). Although homozygotes
could be generated from these lines, the resultant homozy-
gous mice have decreased fertility consistent with our high-
est expressing founder animals, which were infertile with
expression levels >1.8-fold. In addition, the homozygotes
had increased mortality with greater than 50% of the ani-
mals dying by 4 months of age (Figure 3E). Importantly,
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unlike the Htau mice, in which overexpression of the entire
human tau gene, even on a mouse tau knockout back-
ground, resulted in abnormal tau exon 10 mRNA splicing
ratios, ' no aberrant splicing of mouse tau isoforms was
observed in 3-month-old Tg mTau mice compared with NTg
controls (data not shown), with essentially all of the tau
mRNA shown to contain exon 10.

Age-Dependent Changes in Phosphorylation
and Solubility in mTau Mice

Tauopathies in humans and in animal models are char-
acterized biochemically by accumulation of insoluble hy-
perphosphorylated tau. This is associated with the devel-
opment of pretangles and later neurofibrillary tangles that
are composed of insoluble twisted filaments (PHFs) of
aggregated tau of varying morphology. Western blot
analysis of total lysate preparations from mTau mice, with
phospho-independent (Tau5) or phospho-dependent an-
tibodies (CP13 or PHF1), showed the presence of mouse
tau migrating at 50 to 60 kDa, as well as some higher
molecular weight species (64 kDa) that stained positive
with the phospho-dependent antibodies. An age-related
increase in total tau protein and in the hyperphosphory-
lated tau species, with higher apparent molecular weight,
was observed with a peak at 15 months of age and then
a subsequent decrease from 18 to 22 months of age,
similar to the levels of 9-month-old Tg animals (Figure 4,
A and B). Sarkosyl-insoluble tau migrating at 64 kDa was
also detected in the mTau mice using phospho-depen-
dent antibodies (Figure 4C). A similar insoluble tau spe-
cies migrating at 64 kDa has been observed in human
patients with tauopathy and has been associated with the
formation of NFTs in other transgenic mouse models.
Electron microscopy was performed on this sarkosyl-
insoluble material and showed tau aggregates that were
immunogold labeled with tau antibodies (Figure 4D).

Age-Related Increase in Tau Pathology

The age-related biochemical changes in tau expression
and hyperphosphorylation/faccumulation in the mTau
mice are also observed pathologically. Immunohisto-
chemistry was performed with CP13 on brains collected
from multiple male and female mTau mice between 3 and
18 months of age. Pretangle pathology (CP13-positive)
was first seen as early as 6 months of age in the hemi-
zygous mTau mice beginning in the entorhinal cortex and
then spreading to other regions of the cortex and hip-
pocampus (Figure 5). The Tau pathology increased with
age, with 15- to 18-month-old mTau mice showing the
most abnormal tau immunoreactivity (CP13) (Figure 5,
A-H). In addition, the localization of the immunoreactivity
changes with aging. In younger mice, staining of neuro-
nal processes is observed; in contrast, by 18 months of
age, the immunoreactivity is restricted to the cell bodies
(Figure 5, E-H). This finding is also similar to the redistri-
bution of tau from its normal location in the axons to the
neuronal cell bodies after hyperphosphorylation in hu-
man Alzheimer’s disease (AD).2® Tau pretangle pathol-

ce EEE EEPDO B Phospho & total tau
& & LYY N Z = expression in total tau lysate
' mmCP13
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CP13 CJTau5

Figure 4. Soluble hyperphosphorylated tau protein increases with age, and
sarkosyl-insoluble tau is present in mTau mice. A and B: Western blots and
optical density analysis of total tau protein levels and phosphorylation
changes with age in Tg mTau mice at various ages and NTg littermates.
Asterisk indicates a sick animal at time of harvest. Blots were probed with
phospho-tau antibody (Ab) CP13, PHFI1, and total tau antibodyTau5
normalized to glyceraldehyde-3-phosphate dehydrogenase and relative to
average NTgs. Statistical analysis was done by Student’s rtest in Excel. Total
tau protein expression and tau hyperphosphorylation appears to peak at 15
months of age in the mTau mice, with this age group showing a statistically
significant difference between Tgs and NTgs for total tau expression (Tau5
antibody) (P = 0.016). This experiment was repeated five times with similar
results (2 = 2-3 per genotype per time point per geD); representative Western
blots shown above. C: Western blot of sarkosyl-insoluble tau using PHF1
phospho-tau antibody. Western blots were repeated five times with similar
results (7 = 2-3 per genotype per time point per geD); representative Western
blots shown above. D: Electron microscopy shows immunogold labeling,
using Ab WSK44, of sarkosyl-insoluble tau aggregates in the 30 to 50%
interface after sucrose gradient purification of the sarkosyl-insoluble fraction.

ogy also increases with gene dosage as shown by the
3-month-old homozygous mice having tau pathology sim-
ilar to that of the 9-month-old hemizygous mice (Figure
5D). Immunoreactivity with other phospho-tau epitopes,
PHF1 and AT8, which have been suggested to recognize
later pathological changes in tau, also increase with age
in the mTau mice (up to 15 to 18 months of age) (Sup-
plemental Figure S1, see http.//ajp.amjpathol.org). How-
ever, Gallyas silver staining was not detected, suggest-
ing that the tau pathology formed in these mice does not
progress beyond the pretangle stage. A positive corre-
lation between age, genotype, and hyperphosphorylated
tau burden in all brain regions analyzed using the Spear-
man rank-order correlation test, was observed with peak
tau burden occurring at 15 months of age (Figure 5, | and
J; Supplemental Figure 1, see http.//ajp.amjpathol.org).
Importantly, a subset (approximately 50%) of the 15-
month-old cohort were characterized as moribund at the
time of harvest, with weight loss, reduced grooming,
urine scalding, and in 30% of this subset, an inward tail
hang indicative of motor dysfunction was also observed.

Neurodegenerative Changes Accompany
Pathology in mTau Mice

Other pathological analyses suggested that neurodegen-
erative changes are occurring in the mTau mice, includ-
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Figure 5. Tau burden increases with age and gene expression. Paraffin
sections of the piriform cortex were immunostained with CP13. A: 3-
month hemizygous. B: 6-month hemizygous. C: 9-month hemizygous. D:
3-month homozygous (images at X40 magnification). E: 12-month
hemizygous. F: 15-month hemizygous. G: 18-month hemizygous. H: 18-
month NTg (images at X10 magnification). Tau burden was determined
using the positive pixel count algorithm of Aperio ImageScope software.
Percent positivity in cortex (I) and hippocampus (J) of mTau mice is
shown. Statistical analyses were performed (7 = 5-9 for NTgs and 8-9 for
Tgs) using the Spearman rank-order correlation test in SigmaPlot and
showed positive correlations between age and tau burden in the cortex
(correlation coefficient 0.263; P = 0.02) and hippocampus (correlation
coefficients 0.492; P = 0.00) and between genotype and tau burden
(correlation coefficient for cortex 0.548, P = 0.00; correlation coefficient
for hippocampus 0.549, P = 0.00).

ing gliosis, vacuolization, and axonal degeneration. The
accumulation of tau pathology in the mTau mice is ac-
companied by gliosis with aging (Figure 6, A-C; data not
shown). In addition to the neuronal inclusions, glial tau
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pathology (CP13) was also observed in the mTau mice.
This glial immunoreactivity appears to colocalize with
oligodendrocytes but not with astrocytes or microglia
(Supplemental Figure S2, see http://ajp.amjpathol.org;
data not shown). This finding is similar to JNPL3 mice,**
and various other models of tauopathy, which have
been reported to have tau pathology in oligodendro-
glial cells.?52¢

mTau mice also develop vacuolization in the neuropil
occurring primarily in the hippocampus with age (Figure
6). The vacuolization tracks with transgene expression
level and significantly increases with age, genotype, and
tau burden (Figure 6, D-F), although the severity is variable
between transgenic mice (Supplemental Figure S3, see
http://ajp.amjpathol.org). Nontransgenic animals show either
no vacuolization or little vacuolization, which does not in-
crease with age. Electron micrographs indicate that the
vacuoles in the mTau mice are derived from both degener-
ated axons and reactive astrocytes, possibly reflecting ex-
citotoxic damage,?” which has been shown to produce
similar pathological changes in mice.® At the ultrastructural
level, myelinated axons show severe vacuolization formed
by splitting of the myelin lamellae at the intraperiod line.
Some affected axons contained abnormal filaments that
were the same size as neurofilaments, whereas other axons
were completely degenerated (Figure 6, G-I).

Image analysis also showed evidence of hippocampal
neuronal loss, based on quantification of neuron staining
with the neuronal marker antibody NeuN, in aged (22
months) mTau mice compared with younger transgenic and
age-matched NTg animals (Figure 6, J-L). Although the
difference was nonsignificant, the power of the test was not
the desired power for this type of study. Further analysis
with a larger number and/or stereological studies will be
necessary to confirm these results. These data correlates
well with both the biochemical and pathological data show-
ing an increase in tau expression and hyperphosphorylation
associated with increased vacuolization derived from de-
generating axons in the hippocampus up to 15 months of
age, followed by a decrease in tau burden. This decrease in
tau burden and hippocampal neuronal marker staining in
the mTau mice may reflect neuronal loss occurring by the
22-month time point, although we cannot rule out a survivor
effect based on the 50% morbundity observed in our 15-
month-old cohort.

Discussion

Neurofibrillary pathology in AD and other neurodegen-
erative diseases results from the aggregation and depo-
sition of hyperphosphorylated tau proteins. Unfortunately,
most models overexpressing wild-type human tau iso-
forms,® including one overexpressing a genomic human
tau transgene generating all six tau isoforms (8c mice),®
have failed to produce significant NFT pathology. Inter-
estingly, removal of the endogenous mouse tau gene in
the 8c model (Htau mice) did induce age-related neuro-
pathology'; although the knockout strategy used to gen-
erate this model could have unintended consequences
by removal of microRNAs®® and interactions with other
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Figure 6. Neurodegenerative changes in mTau mice. A—C: Astrogliosis increases with age and tau gene expression in the mTau mice. Paraffin sections
immunostained with GFAP show severe astrogliosis in the cortex of an 18-month Tg mTau mouse at X5 (B) and X20 (C) magnification. A: X5 magnification
of 18-month NTg for comparison. D-F: Vacuolization increases with age and tau burden in the mTau mice. Paraffin sections immunostained with H&E show
vacuolization in the hippocampus of an 18-month Tg mTau mouse at X5 (D) and X20 (E) magnification. F: Vacuole burden in the hippocampus was
determined by scoring 0 to 3 (Supplemental Figure 3, see http.//ajp.amjpathol.org). All scoring was done blinded to genotype, age, and gender; n = 8-13
mTau mice per genotype per time point. Statistical analysis of burden scores and vacuole burden scores using the Spearman rank-order correlation test in
SigmaPlot showed positive correlations between age and tau burden (correlation coefficient 0.357; P = 0.02), genotype and tau burden (correlation
coefficient 0.783, P = 0.00), genotype and vacuole burden (correlation coefficient 0.325, P = 0.03), and tau burden and vacuole burden (correlation
coefficient 0.316, P = 0.04). G-I: Electron micrographs of various stages of the vacuolization process occurring in the mTau mice. G: Electron micrograph
showing an almost normal axon with layers of myelin tightly packed, although the innermost lamellae of the myelin sheath is starting to separate. H:
Electron micrograph showing separation of the innermost lamellae of the myelin sheath due to axonal degeneration. Fluid infiltrates myelin sheath creating
vacuolizations within an axon. Inset: Higher magnification image showing intramyelin vacuolization due to a split at the intraperiod line (red arrow) of
myelin sheath of the axon. It Electron micrograph showing a completely degenerated axon. Inset: Higher magnification image confirming that this was an
axon as evidenced by the presence of the myelin sheath and filaments measuring the size of neurofilaments. J-L: Evidence of hippocampal neuronal loss in
the mTau mice with aging. Paraffin sections of the dentate gyrus were immunostained with the neuron-specific nuclear protein, NeuN. J: 22-month NTg. K:
22-month Tg. All images are at X10 magnification. L: Image analysis of NeuN staining in the hippocampus of mTau mice was performed using the positive
pixel count algorithm of Aperio ImageScope software. Percent positivity in hippocampus of mTau mice is shown. Quantification of NeuN staining, which
stains neurons, showed a nonsignificant trend toward neuronal loss in aged mTau mice compared with younger mTau and age-matched NTg animals.
Statistical analysis was done by #test in SigmaPlot using matched serial sections from Tg and NTg mTau mice (7 = 3 to 4 NTg and 5 to 7 Tg mice per time
point).



proteins. Because the primary difference between these
models is the presence of the endogenous mouse tau
gene, it is possible that small differences between the
proteins of these two species may interfere with their
ability to aggregate, thereby preventing the development
of pathology. Based on this hypothesis, we have overex-
pressed a genomic mouse tau transgene using a BAC
clone to generate a simple model of the sporadic tauopa-
thies. As a result, regulation of the tau genomic transgene
appears to mimic the endogenous gene in all aspects of
regulation. In particular, exon 10 alternative splicing in
the transgene-derived tau mRNA occurs in an appropri-
ate pattern in the adult mouse brain, with >95% of the
mRNA containing exon 10. The only exception is that
overall levels of tau mRNA and protein are increased up
to twofold in the expanded mTau lines. Higher levels of
expression in some mTau founders inevitably led to re-
duced fertility that prevented breeding of these lines.
Controversy exists as to whether endogenous mouse
tau is capable of forming aggregates or interacting with
human tau, because mouse tau does not usually form
aggregates in vivo. Mouse tau, however, has been shown
to form aggregates in vitro that are indistinguishable from
human tau aggregates.'® Although previous studies us-
ing mutant human tau-overexpressing mice and human-
specific antibodies have shown that only the human tau
protein is present in the sarkosyl-insoluble fraction in
these mice,®® more recent evidence demonstrates that
endogenous mouse tau can be incorporated into tangles
initiated by exogenous human tau in vivo.'” Our bio-
chemical data show that overexpression of endogenous
mouse tau leads to age-related hyperphosphorylation at
several pathological epitopes and the accumulation of
aggregated sarkosyl-insoluble tau species. Evidence
from an inducible model of tauopathy in which memory
loss was reversed and neuron loss ceased after tau
transgene suppression despite the continued accumula-
tion of NFTs®"22 suggests that tau filaments in the form of
NFTs are not required for tau-associated neurodegenera-
tion but rather other earlier events, such as oligomeriza-
tion may actually be primarily responsible for neurode-
generation. Thus, the mTau model may be ideally suited
for studying early events linked to tau toxicity.
Hemizygous mTau mice develop pretangle pathology
(CP13 positive) by 6 to 9 months of age that increases
with age to include staining with other pathological phos-
pho-epitopes such as AT8 and PHF1. However, at the tau
overexpression levels achieved in the expanded lines
(1.8- fold in hemizygotes), mature, Gallyas-positive NFTs
were not observed, which means that this model does not
yet provide a clear demonstration that mouse tau is ca-
pable of forming these late stage lesions. Homozygous
mice and founders with greater than twofold overexpres-
sion levels were either infertile or had impaired breeding;
thus, high levels of tau expressed from the correct pro-
moter appear to be linked to infertility in the mTau mice.
This result is interesting, given the observation that a
human tau haplotype (H2) linked to low tau expression
levels®® is also associated with increased fertility in the
Icelandic population.®* Furthermore, accelerated mortal-
ity observed in the mTau lines with greater than twofold
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overexpression levels indicated that even moderate tau
overexpression subject to regulation similar to the endog-
enous gene is toxic.

Early progression of tau pathology in the mTau mice
occurred in brain regions, such as the entorhinal cortex,
that also seem to be most vulnerable to neurofibrillary
tangle formation in humans with Alzheimer’s disease.®®
The abnormal tau pathology in the mTau mice increases
with aging and results in a redistribution of tau from its
normal location in the axons to the neuronal cell bodies
after hyperphosphorylation as in AD.?® Based on bio-
chemical and pathological data, abnormal hyperphos-
phorylated tau accumulation appears to peak at 15
months of age in the mTau mice followed by a decrease
at 18 to 22 months of age similar to the levels of 9-month-
old Tg animals. This is accompanied by increased gliosis
and vacuolization occurring primarily in the hippocam-
pus. Tau burden positively correlates with vacuolization
in the mTau mice. Electron micrographs indicate that
these vacuoles, which also appear to peak at 15 months
of age followed by a decrease at subsequent time points,
are derived from degenerated axons.

One possible explanation for the apparent loss of tau
staining after 15 months of age is neuronal degeneration
and loss, as data obtained from neuron quantification
showed a nonsignificant trend toward neuronal loss in
aged mTau mice compared with that in younger mTau
and age-matched NTg animals. This finding is consistent
with other evidence for neurodegeneration, such as the
increased gliosis and vacuolization resulting from degen-
erating axons present in the mTau mice. The findings
presented here are therefore in agreement with the hy-
pothesis that abnormal tau accumulation in upstream
neurons causes a dying back process,®* resulting in
degenerating axons, vacuolization, and potentially neu-
ronal cell body loss in the mTau model beginning around
15 months of age. Further studies are needed to deter-
mine the effects of overexpression of endogenous tau on
axonal transport and synaptic function in the mTau
model. Although one recent study suggested that the N
terminus, which differs between mouse and human tau
(only 57% homology for amino acids in the first coding
exon), inhibits kinesin-dependent axonal transport,3® it
will be interesting to determine whether modest overex-
pression of the endogenous protein is sufficient to impair
axonal transport in these animals.

The mTau model is currently unique among transgenic
mouse models of tauopathy in terms of its transgene
regulation, which matches that of the endogenous
gene in all aspects, specifically expression pattern and
alternative splicing. Also unique is the development of ab-
normal tau and other pathological changes including
neurodegeneration with only modest overexpression of
wild-type tau proteins. In this regard, the mTau line es-
sentially models the impact of the human H1/H1 MAPT
genotype, which has been shown to increase the level of
tau expression, compared with that of other genotypes,
and which increases the risk for the development of
various tauopathies including progressive supranuclear
palsy and corticobasal degeneration.®~*" Another ben-
efit of the mTau model is the overexpression of wild-type
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4R tau from a genomic transgene, because adult rodents
almost exclusively express the 4R tau isoform, ™" which no
other line has achieved. This benefit is significant be-
cause increasing evidence points to the 4R tau isoforms
being required for the development of many of the human
tauopathies; however, previous transgenic mice express-
ing human genomic tau transgenes primarily generate 3R
tau, because of a shift in the alternative splicing of the
human exon 10. It will also be interesting to use the mTau
model to examine the difference in exon 10 alternative
splicing regulation between the human and mouse MAPT
genes.

The importance of this model system is further under-
lined by recent data demonstrating that lowering endog-
enous tau levels in an APP transgenic mouse model
results in a reduction in the AB-induced AD-like pheno-
type, specifically memory loss and excitotoxicity.*® The
mTau mice are particularly relevant for investigating the
interaction between AB and tau during the development
of Alzheimer’s disease, for which reproducing this inter-
action using in vivo models has been difficult. Observing
the effects of many phenotypic modifying factors in the
mutant models of tauopathy and their crosses with hu-
man APP models has proven to be problematic, most
likely because the rate of pathogenesis in these models is
too aggressive to be readily altered. The mTau model
may resolve many of these concerns, and as a result
cross-breeding studies are currently underway with the
intention of recapitulating key additional features of hu-
man Alzheimer’s disease. Regardless of the outcome of
these studies, the mTau model provides a useful tool for
studying the development of nonmutant tau pathology
more similar to that seen in AD and other sporadic
tauopathies and a more appropriate model for the anal-
ysis of potential therapies.
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