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We describe two new transgenic mouse lines for studying pathological changes of Tau protein related to Alzheimer’s disease. They are
based on the regulatable expression of the four-repeat domain of human Tau carrying the FTDP17 (frontotemporal dementia and
parkinsonism linked to chromosome 17) mutation �K280 (TauRD /�K280), or the �K280 plus two proline mutations in the hexapeptide
motifs (TauRD /�K280/I277P/I308P). The �K280 mutation accelerates aggregation (“proaggregation mutant”), whereas the proline
mutations inhibit Tau aggregation in vitro and in cell models (“antiaggregation mutant”). The inducible transgene expression was driven
by the forebrain-specific CaMKII� (calcium/calmodulin-dependent protein kinase II�) promoter. The proaggregation mutant leads to
Tau aggregates and tangles as early as 2–3 months after gene expression, even at low expression (70% of endogenous mouse Tau). The
antiaggregation mutant does not aggregate even after 22 months of gene expression. Both mutants show missorting of Tau in the
somatodendritic compartment and hyperphosphorylation in the repeat domain [KXGS motifs, targets of the kinase MARK (microtubule
affinity regulating kinase)]. This indicates that these changes are related to Tau expression rather than aggregation. The proaggregation
mutant causes astrogliosis, loss of synapses and neurons from 5 months of gene expression onward, arguing that Tau toxicity is related
to aggregation. Remarkably, the human proaggregation mutant TauRD coaggregates with mouse Tau, coupled with missorting and
hyperphosphorylation at multiple sites. When expression of proaggregation TauRD is switched off, soluble and aggregated exogenous
TauRD disappears within 1.5 months. However, tangles of mouse Tau, hyperphosphorylation, and missorting remain, suggesting an
extended lifetime of aggregated wild-type Tau once a pathological conformation and aggregation is induced by a proaggregation Tau
species.
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Introduction
Tau is a microtubule (MT)-associated protein stabilizing micro-
tubules as tracks for axonal transport (Garcia and Cleveland,
2001; Lee et al., 2001; Goedert et al., 2006; Mandelkow et al.,
2007). Tau is highly soluble yet forms pathological “paired-
helical filaments” (PHFs) in neurodegenerative diseases such as

Alzheimer’s disease (AD) or frontotemporal dementia and par-
kinsonism linked to chromosome 17 (FTDP17). The Tau–MT
interaction is based on the “repeat-domain” of Tau, including
three to four pseudorepeats of �31 residues, which also forms the
core of PHFs, illustrating the close relationship between physio-
logical and pathological functions.

The solubility of Tau has made it difficult to mimic its aggre-
gation experimentally. This problem was solved in several ways:
(1) The repeat domain aggregates faster than full-length Tau, and
therefore removal of the flanking domains accelerates aggrega-
tion (Wille et al., 1992). (2) Polyanionic cofactors, such as hepa-
rin, acidic peptides, or RNA (Goedert et al., 1996; Kampers et al.,
1996; Perez et al., 1996) promote aggregation by compensating
the positive charges of Tau. (3) Some FTDP17 mutants show
enhanced aggregation (Lewis et al., 2000; Lee et al., 2001; Brandt
et al., 2005; LaFerla and Oddo, 2005; SantaCruz et al., 2005;
McGowan et al., 2006; Götz et al., 2007). (4) Aggregation in trans-
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genic mice is promoted by combining Tau mutations with APP
(amyloid precursor protein) or presenilin mutations raising the
level of �-amyloid (A�) (Götz et al., 2001; Lewis et al., 2001;
Oddo et al., 2003; Roberson et al., 2007). Alternatively, Tau phos-
phorylation is enhanced by activating Tau kinases (Lucas et al., 2001;
Cruz et al., 2003; Terwel et al., 2005; Tanemura et al., 2006). (5)
Acceleration of aggregation by high protein concentrations was ex-
ploited in most mouse models in which exogenous Tau was strongly
overexpressed (Andorfer et al., 2003; SantaCruz et al., 2005).

Here, we describe mouse models in which we combined Tau
truncation and mutations at low Tau levels. PHF formation is
based on hexapeptide motifs in the four-repeat domain ( 275VQI-
INK 280, 306VQIVYK 311) with a high propensity for �-structure
(von Bergen et al., 2001), including the �K280 mutation known
from FTDP17 (Rizzu et al., 1999), because this causes rapid ag-
gregation (proaggregation mutant) (Barghorn et al., 2000). To
test the toxicity of aggregation, we inserted proline mutations in
the hexapeptide motifs that disrupt aggregation by destroying
�-structure (antiaggregation mutant). The expression of TauRD/
�K280 was restricted to the forebrain via the calcium/
calmodulin-dependent protein kinase II� (CaMKII�)-promoter
(Mayford et al., 1996) to avoid motor defects, which prevent
analysis of cognitive functions because of inhibition of
microtubule-based transport (Terwel et al., 2002; Mandelkow et
al., 2004). The expression was regulated via the tetracycline-
responsive transactivator (Gossen and Bujard, 1992) to study the
recovery from pathology after switching off exogenous Tau (Ishi-
hara et al., 1999).

The results show that aggregation properties of Tau in vitro are
predictive of its behavior in mouse models. Strong propensity for
�-structure leads to aggregation in neurons, but deleting the
�-propensity by proline mutations does not. Aggregation causes
neurotoxicity and synapse loss. Aggregates of exogenous Tau are
reversed by discontinuing its expression. Unexpectedly, exoge-
nous Tau prompts endogenous Tau to coaggregate as well, illus-
trating that the pathological properties of the foreign protein can
be transmitted to the host protein.

Materials and Methods
Generation of TauRD transgenic mice
The proaggregation and antiaggregation transgenic mice were generated
using the bidirectional transcription unit encoding the four-repeat do-
main of human tau/TauRD (244 –372 aa) carrying the �K280 and �K280/
I277P/I308P by PCR-based site-directed mutagenesis and PCR amplifi-
cation. The cDNA was inserted into pBI5 bidirectional vector at ClaI and
SalI restriction sites (Baron et al., 1995). The DNA plasmid was digested
with XmnI and AseI enzymes and a fragment containing the Tet-operon-
responsive element (tetO), bidirectional CMV promoter (Ptet-bi),
TauRD, and luciferase sequences (5.75 kb) was microinjected into mouse
fertilized eggs and reimplanted in pseudopregnant females. Founders
were screened by PCR and gene reporter assay (luciferase assay). To
develop an inducible Tet-OFF system, the Tau transgenic mouse lines
were crossed with CaMKII�-tTA transgenic mice (Mayford et al., 1996).
The activator mice were a generous gift from Dr. E. Kandel (Columbia
University, New York, NY).

All of the mouse strains have been conceived on an identical genetic
background, C57BL/6, and all of the mice used in the present study were
heterozygous. As negative control, nontransgenic littermates were used.
During the gestation and in the first 6 weeks after birth, the mice were
raised in presence of doxycycline hydrochloride (50 and 200 �g/ml, re-
spectively) dissolved in 5% sucrose supplied in the drinking water to sup-
press the exogenous Tau during early development. For switch-off experi-
ments, the proaggregation TauRD mice received 200 �g/ml doxycycline
hydrochloride in the drinking water for 6 weeks. All animals were housed
and tested according to standards of the German Animal Welfare Act.

The proaggregation and antiaggregation transgenic mice were identi-
fied by PCR of genomic mouse tail DNA (DNA isolation; Invitek, Berlin,
Germany) using the primer pairs 5�-AAT GAG GTC GGA ATC GAA
GG-3� and 5�-TAG CTT GTC GTA ATA ATG GCG G-3�; 5�-CAT CGA
TAT GCA GAC AGC CC-3� and 5�-TCG ACT GGA CTC TGT CCT
TG-3�, which amplified a 469 bp DNA fragment specific for the tTA
trangene, and a 335 bp DNA fragment specific for the TauRD construct.

To evaluate the luciferase assay, fibroblast primary cultures were gen-
erated from ear biopsies. The fibroblasts were grown to 90% confluency
and were transiently transfected with 0.4 �g of rtTA2-M2/pUHrT62–1
plasmid encoding the tetracycline transcriptional activators (tet-on)
(Gossen and Bujard, 1992). The protein expression was induced by 1
�g/ml doxycycline, and the cell lysates were analyzed 24 h after gene
expression. Luciferace activity was measured using the Lumat LB 9507
system (Berthold Technologies, Bad Wildbad, Germany).

Western blotting
To estimate total Tau levels, fresh brain tissue or tissue snap-frozen in
liquid N2 and stored at �80°C was homogenized in 8 vol of lysis buffer
[50 mM Tris-HCl, pH 7.4, 10% glycerol, 1% NP-40, 5 mM DTT, 1 mM

EGTA, 20 mM NaF, 1 mM Na3VO4, 150 mM NaCl, protease inhibitors
(Complete Mini; Roche, Indianapolis, IN), 5 mM CHAPS (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate), 100 U/ml
benzonase, 5 �M okadaic acid]. Proteins were resolved by SDS-PAGE
(17% polyacrylamide gels) and transferred to polyvinylidene difluoride
membranes. The membranes were incubated in 5% nonfat milk in TBS-
Tween for 1 h at room temperature. The blots were incubated at 4°C
overnight in primary antibody followed by incubation 1 h at room tem-
perature with secondary antibody. Ten micrograms of total protein was
loaded per line for detection with pan-tau antibody K9JA (A-0024;
1:20,000; DakoCytomation, Carpinteria, CA) and analyzed by densitom-
etry (LAS 3000; AIDA software; Raytest, Straubenhardt, Germany).

Extraction of Sarkosyl-insoluble Tau
A Sarkosyl-insoluble fraction of Tau was isolated from brain tissue as de-
scribed previously (Greenberg and Davies, 1990). Briefly, the brain tissue was
homogenized in 3 vol of cold buffer H (10 mM Tris-HCl, 1 mM EGTA, 0.8 M

NaCl, 10% sucrose, pH 7.4) and centrifuged at 27,200 � g for 20 min at 4°C.
The supernatant was collected and the resulting pellet was homogenized in
buffer H and centrifuged at 27,200 � g for 20 min at 4°C. Both supernatants
were combined, adjusted to 1% (w/v) N-lauroylsarcosine, and incubated at
37°C with shaking for 60–90 min. After centrifugation at 150,000 � g for 35
min at 20°C, the pellet was resuspended in 50 mM Tris-HCl, pH 7.4, using 0.5
�l of buffer for each milligram of initial weight of the brain tissue. Western
blotting was used to analyze the supernatant and the insoluble pellet. The
ratio between the volumes of the supernatant and the Sarkosyl-insoluble
pellet loaded in 17% SDS gels was always 1:2 (the amount of protein in the
insoluble fraction was doubled compared with soluble fraction). For quan-
tification of Tau levels in each fraction, the Western blots were probed with
pan-tau antibody K9JA and analyzed by densitometry (LAS 3000; AIDA
software; Raytest).

Histology
Immunohistochemistry. The samples for immunohistochemistry were
prepared by paraffin embedding. Mice were anesthetized with 2-bromo-
2-chloro-1,1,1-trifluoroethane and killed by decapitation. The brains
were removed and weighed. Briefly, one of the hemispheres of the mouse
brain was placed in 4% formaline for 24 h, and then dehydrated by
sequential incubation in a series of ethanols and chloroform. The final
embedding was in a mixture of paraffin and paraplast. Five micrometer
coronal sections were obtained from each paraffin block. Endogenous
peroxidase was quenched by treating the paraffin sections with 0.6%
H2O2 and nonspecific binding of antibodies was eliminated by applying
10% horse serum for 30 min at room temperature. Primary antibody
prepared in 1% horse serum was applied for 1 h at room temperature,
followed by secondary antibody for 30 min incubation at room temper-
ature. All of the antibody dilutions and the washing steps were performed
in 10 mM Tris and 154 mM NaCl, pH 7.5. For secondary antibody and
avidin-biotinylated peroxidase system, we used the Vectastain Universal
Elite ABC kit (Vector Laboratories, Burlingame, CA). Antigen retrieval
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with citrate buffer was performed for an efficient epitope exposure to the
antibodies. The following antibodies were used: 12E8 (1:500) for phos-
phorylated S262/S356 Tau (gift from Dr. P. Seubert, Elan Pharma, South
San Francisco, CA); MC-1 (1:5; gift from Dr. P. Davies, Albert Einstein
College, Bronx, NY); NeuN (1:1000) neuronal marker (Chemicon Inter-
national, Temecula, CA); and GFAP (1:1000) glial marker (Sigma, St.
Louis, MO). Rabbit polyclonal peptide antibodies were generated against
pT231 (1:500; SA 5007), pS46 (1:50; SA 5010), first N-terminal insert (SA
4473), pS202 (1:60; Biosource, Camarillo, CA), and pS404 (1:100;
Biosource).

Gallyas silver staining. Five micrometer paraffin sections were silver
stained according to published procedures (Braak and Braak, 1991).

Thioflavin S staining. After removing the paraffin and rehydration, the
autofluorescence was quenched (Sun et al., 2002), sections were incu-
bated in 0.05% Thioflavin S (Sigma) for 8 min, and excess Thioflavin S
was removed by two brief washes in 80% EtOH. After three washing steps
in large volumes of tap water, the sections were mounted in Permafluor
(Beckman Coulter, Paris, France).

Immunofluorescence. Immunolabeling was performed as described
previously (Rune et al., 2002; Kretz et al., 2004). Coronal frozen sections
of transgenic and nontransgenic mouse brains were fixed in 4% parafor-
maldehyde and incubated overnight at 4°C with primary antibody
against synaptophysin (1:1000; Boehringer, Bagnolet, France) and spi-
nophilin (1:750; Upstate Biotechnology, Lake Placid, NY). The digitized
images obtained with a laser-scanning microscope (SP2; Leica, Berlin,
Germany) were analyzed by an imaging system (Openlab 2.2.5; Impro-
vision, Conventry, UK). For evaluating the synaptophysin and spinophi-
lin staining, defined areas were analyzed and the relative staining index
was determined by multiplying the stained area (pixel number) with the
intensity of staining (value on the gray scale). The result was divided by
the number of measured areas. For each group, 20 fields in the stratum
radiatum of the CA1 and CA3 were investigated. Means � SD were
calculated and statistical analyses were performed by ANOVA, followed
by a post hoc test; p � 0.05 was considered to be significant.

Electron microscopy
Synapse count. The electron microscopy analysis of the synapses was per-
formed as described previously (Kretz et al., 2004). Briefly, 400 �m hip-
pocampal slices after fixation in 1% glutaraldehyde, 1% paraformalde-
hyde in 0.1 M phosphate buffer were postfixed in 1% OsO4, dehydrated in
ethanol, and embedded in Epon 820. Blocks were trimmed to contain
only the stratum pyramidale and radiatum of the CA1 region. Ultrathin
sections were cut on a Reichert-Jung OmU3 ultramicrotome. The sec-
tions were stained with uranyl acetate, followed by lead citrate. The spine
synapse density was calculated using stereological methods as described
previously (Prange-Kiel et al., 2004).

Immunogold negative stain electron microscopy. To evaluate the pres-
ence of PHFs, the Sarkosyl-insoluble fractions were purified by iodixanol
gradient and applied on 600-mesh carbon-coated copper grids for 1 min,
washed twice with 1% albumin/PBS, and immunogold labeled with 10
nm gold particles (G1527; Sigma). The grids were incubated on a drop of
antibody/gold solution for 1 h in a chamber with a water-saturated at-
mosphere. The grids were negatively stained with 2% uranyl acetate for 1
min, and the specimens were examined with a Philips CM12 electron
microscope at 100 kV (Philips, Eindhoven, The Netherlands). The anti-
body dilutions were as follows: K9JA, 1:80 (DakoCytomation); Tau-1,
1:25 (gift from Dr. L. Binder, Northwestern University, Chicago, IL).

Results
Tau constructs and generation of transgenic mouse strains
We generated two inducible mouse strains that express mutant
variants of the Tau repeat domain (TauRD: construct K18, with
four repeats), which is essential for PHF aggregation (Fig. 1). One
of the mutants is termed “proaggregation,” because it carries the
Lys280 deletion, which was identified in a case with FTDP17
(Rizzu et al., 1999), and has a remarkable tendency to aggregate
(Barghorn et al., 2000). As a negative counterpart, we generated a
second “antiaggregation” mutant based on the TauRD/�K280 se-
quence with two additional proline mutations in the hexapeptide
motifs (I277P, I308P) to inhibit the formation of �-structure and
aggregation (von Bergen et al., 2000, 2001). Both mouse strains
are double transgenic because we used the tetracycline controlled
transactivator (tTA) to generate inducible transgenic mice that
express TauRD under the control of the CaMKII� promoter that
drives protein expression in the forebrain (Mayford et al., 1996).

Figure 1. Constructs of Tau derived from Tau repeat domain. The top bar diagram represents
the longest isoform of the human tau40 (441 residues). The bottom diagram shows the four-
repeat construct TauRD derived from htau40. One of the constructs used here contains the
FTDP17 mutation �K280 to accelerate aggregation by promoting �-structure (proaggregation
mutant). The second mutant has additionally two proline mutations (I277P and I308P in the
hexapeptide motifs) to inhibit the aggregation by disrupting �-structure (antiaggregation
mutant).

Figure 2. Mutant TauRD protein levels in transgenic mice. Representative immunoblots
probed with K9JA polyclonal antibody that recognizes the repeats plus C-terminal domain of
Tau. A, Levels of Tau in cortex of mutant TauRD-inducible transgenic mice. Cortex brain lysates
from nontransgenic littermate, proaggregation (TauRD/�K280) and antiaggregation (TauRD/
�K280/2P) mutants at 9 months of gene expression. Ten micrograms of total protein is loaded
per lane. B, Ratio of mutant TauRD versus endogenous Tau in transgenic mice at 9 months of
gene expression (n � 3 mice/group) (mean � SEM, 0.73 � 0.02 for the proaggregation
mutant; 0.68 � 0.07 for the antiaggregation mutant). C, Immunoblots of Sarkosyl-soluble and
-insoluble fractions from cortex lysates of proaggregation and antiaggregation mutant mice at
3 and 12 months of gene expression. Blot analysis with K9JA antibody. Sarkosyl-soluble frac-
tions show the presence of endogenous (�55 kDa) and exogenous (�12–14 kDa) Tau protein
in the case of proaggregation and antiaggregation mutants. The Sarkosyl-insoluble fractions
indicate the aggregation of endogenous mouse Tau and exogenous mutant TauRD in the pro-
aggregation mutant mice, but the absence of aggregation in the antiaggregation mutant mice.
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In this Tet-OFF system, the administra-
tion of doxycycline in the drinking water
represses the mutant TauRD gene expres-
sion. To avoid any potential developmen-
tal consequences from expression of mu-
tant TauRD protein, all mice received
doxycycline during the mating time and 6
weeks after birth.

Accumulation of Sarkosyl-insoluble Tau
in proaggregation mutant
The mutant TauRD construct can be de-
tected in Western blots as a band of 12–14
kDa. The clear difference between the mo-
lecular weight of the exogenous human
and endogenous mouse Tau allowed us to
distinguish these proteins and calculate their
ratio (Fig. 2A). The proaggregation and an-
tiaggregation mouse lines had similar low
levels of exogenous Tau, 70% or less of en-
dogenous Tau (Fig. 2B).

The tendency of the mutant TauRD

constructs to aggregate in the cortex was
evaluated by Sarkosyl extraction (Green-
berg and Davies, 1990), which reveals not
only tangles but also pretangle aggregates.
We compared two groups of animals,
young mice (3 months of gene expression)
and older mice (12 months of gene expres-
sion). The majority of exogenous TauRD

protein as well as the three endogenous
mouse Tau isoforms were found in the sol-
uble fraction, both for proaggregation and
antiaggregation mutants (Fig. 2C).
Sarkosyl-insoluble Tau was observed only
for the case of the proaggregation mouse
line. The ratio of mutant TauRD to endogenous mouse Tau was
similar in the Sarkosyl-insoluble and -soluble fractions
(0.4 – 0.5), showing that endogenous mouse Tau was incorpo-
rated into the aggregates. In contrast, the antiaggregation mouse
line showed no Sarkosyl-insoluble pellet. Similarly, the wild-type
control mice containing no human Tau also showed no Tau in
the Sarkosyl-insoluble fraction, consistent with the highly soluble
nature of native Tau.

The proaggregation mutant TauRD and mouse Tau
coaggregate into neurofibrillary tangles
In the case of AD, increasing levels of Tau pathology and aggre-
gation can be defined in terms of an early conformational change
(MC1 antibody) (see Fig. 7A–D) (details below), early stages of
aggregation (Sarkosyl-insoluble Tau, “pretangles”), and fully de-
veloped tangles (visualized by Gallyas silver staining). We asked
which of these stages are achieved in our mouse models. In the
proaggregation mice, tangle formation started as early as 2–3
months of gene expression, and Gallyas-positive neurons were
identified in a high number in the entorhinal cortex and amyg-
dala of proaggregation mutants (Fig. 3B,C) compared with the
controls (Fig. 3A). This result is remarkable considering that, in
these mice, the expression of exogenous TauRD protein is low, less
than that of mouse Tau (�70%). At 12 months of gene expres-
sion, neurofibrillary tangle (NFT) pathology involved larger ar-
eas of entorhinal cortex (Fig. 3D,E), and at 15 months, NFTs
were present in the neocortex (Fig. 3F,G). NFTs were morpho-

logically heterogenous, showing flame-shaped structures (Fig.
3B,E,G) and dystrophic neurites (Fig. 3G, arrow). Some of the
neurons that lacked NFTs showed a ballooned shape, indicative
of incipient degeneration (Fig. 3C, arrow). The elevated level of
total Tau can be detected by the pan-tau antibody K9JA, which
highlights the cells expressing the exogenous TauRD, despite the
endogenous Tau background (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material).

As mentioned above, the aggregation starts in the entorhinal
cortex of proaggregation mutants at 3 months of gene expression
(Fig. 4A). In contrast, in the case of the antiaggregation Tau mice,
we observed no NFTs in the entorhinal cortex at 3 months of gene
expression, and not even after 22 months (Fig. 4B). The presence
of NFTs in proaggregation mice and their absence in the antiag-
gregation mice were confirmed by Thioflavin S staining (Fig.
4C,D).

We searched for Tau filaments in the Sarkosyl-insoluble ma-
terial from the entorhinal cortex of proaggregation mice at 7
months of gene expression by negative stain electron microscopy.
Bundles of filaments resembling those of AD were identified after
enrichment by iodixanol density gradient centrifugation and im-
munogold labeling with a pan-tau antibody (K9JA, recognizing
the repeats and the C-terminal tail) and antibody Tau-1 (Fig.
3H, I). Antibody Tau-1 (Binder et al., 1985) recognizes an un-
phosphorylated epitope around residue 200 in the flanking re-
gion before the repeats that is not present in the exogenous

Figure 3. Tau aggregation in TauRD /�K280 transgenic mice by Gallyas silver staining. A, Entorhinal cortex of negative control
(nontransgenic littermate) at 21 months. B, C, Gallyas-positive neurons in the entorhinal cortex (B) and in amygdala (C) in
proaggregation mutant mice at 3 months after TauRD/�K280 gene expression. The arrow indicates a ballooned neuron in the
amygdala. D, F, Accumulation of Gallyas-positive neurons in the entorhinal cortex at 12 months (D) and in neocortex at 15 months
after TauRD/�K280 gene expression (F ). E, G, Higher magnification of D and F; the arrow in G indicates dystrophic neurites. H, I,
Negative stain electron microscopy of bundles of Tau filaments labeled with 10 nm immunogold, using antibodies K9JA (H )
(against repeats plus C-terminal domain) and Tau-1 (I ) (against region 189 –207 aa before the repeats), demonstrating that
mouse Tau and exogenous TauRD are present in the same filaments. The filaments are �10 nm wide and were isolated from
proaggregation transgenic mice at 7 months of gene expression. Scale bars: A–C, E, G, 50 �m; D, F, 100 �m; H, I, 100 nm. Ent,
Entorhinal cortex; Amyg, amygdala.
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TauRD. This confirms that endogenous mouse Tau contributes to
the filaments formed from the proaggregation Tau mutant.

Early phosphorylation of the KXGS motifs and
conformational changes in proaggregation TauRD , but not
with antiaggregation TauRD

In AD, Tau occurs in an aggregated and hyperphosphorylated
form. We therefore investigated the relationship between these
two properties in our mouse models. The Tau repeat domain
lacks most of the phosphorylation sites that are characteristic of
AD Tau, but it contains the KXGS motifs that are targets of the
microtubule affinity regulating kinase (MARK). There are four
such motifs in TauRD, one per repeat, and phosphorylation can be
detected by the antibody 12E8 (Fig. 5A), which recognizes phos-
phorylated S262 and S356 (Seubert et al., 1995). In the case of the
proaggregation mutant, the hippocampal pyramidal neurons in
the CA1 region showed an increased phosphorylation at S262/
S356 after 2 months of gene expression (Fig. 5B). The phosphor-
ylated TauRD/�K280 was pathological, relocated to the somatic
compartment at 2 months of gene expression, and showed soma-
todendritic missorting in the neurons of the subiculum at 12
months (Fig. 5D). In the case of the antiaggregation mutant, there
was no phosphorylation at KXGS motifs in a similar hippocam-
pal region at 2 months of gene expression (Fig. 5C). After 12
months of gene expression, the subicular neurons showed only a
low level of KXGS phosphorylation (Fig. 5E), whereas the control
mice showed no 12E8 staining.

Because the endogenous mouse Tau coaggregates with exog-
enous TauRD, we asked whether mouse Tau is phosphorylated at
sites diagnostic for AD outside the repeat domain (mostly Ser-
Pro or Thr-Pro motifs). Indeed, in the case of the proaggregation
mice, the aggregated endogenous mouse Tau was phosphory-

lated in the domains flanking the repeats (e.g., at Thr231 and
Ser46) (Fig. 6F,G). Several antibodies diagnostic for Alzheimer-
like Tau phosphorylation [e.g., AT8 (pS202/pT205) or PHF-1
(pS396/pS404)] were checked but did not show any reactivity (in
both cases, only the first of the two residues was phosphorylated).
Interestingly, strong immunoreactivity of phosphorylated Tau at
single sites (S404, T231, S202, S46, and S262 or S356) was iden-
tified in the CA3 region, neurons that bear heavy NFT pathology
at 5 months of gene expression (Fig. 6B,D,F–I). Similarly, neu-
rons in the amygdala exhibiting pronounced tangle pathology by
Gallyas staining (Fig. 6C) showed phosphorylation at KXGS mo-
tifs (Fig. 6E). These data support the above results from Sarkosyl-
insoluble fractions and electron microscopy that both human
and mouse Tau became missorted and coaggregated in the brains

Figure 4. NFTs in proaggregation but not in antiaggregation mice. A, Gallyas-positive neu-
rons in the entorhinal cortex of proaggregation mutant mice at 3 months after TauRD/�K280
gene expression. B, Absence of Gallyas-positive neurons in the entorhinal cortex of antiaggre-
gation mice at 22 months after TauRD/�K280/2P gene expression. C, Thioflavin S staining of the
entorhinal cortex confirms the presence of NFTs in proaggregation mice at 3 months after
TauRD/�K280 gene expression and absence of NFTs in the antiaggregation mutant (D) at 3
months after TauRD/�K280/2P gene expression. Scale bars: A–D, 20 �m. Ent, Entorhinal
cortex.

Figure 5. Phosphorylation at KXGS motifs and mislocalization of TauRD /�K280 to the so-
matodendritic compartment. A, Bar diagram of Tau repeat domain and 12E8 epitopes, the
phosphorylation sites of MARK. B, Somatic relocalization of hyperphosphorylated TauRD/
�K280 in hippocampal, CA1 neurons at 2 months after gene expression of the proaggregation
mutant. C, Absence of hyperphosphorylated TauRD/�K280/2P in hippocampal CA1 region at 2
months after gene expression of the antiaggregation mutant. D, Immunohistochemistry of
proaggregation mouse brains at 12 months of TauRD/�K280 gene expression showed phos-
phorylation and translocation of Tau protein in the somatodendritic compartment of subiculum
and (E) only mild phosphorylation of Tau protein in the antiaggregation mutant at the same
time point. Scale bar: B–E, 20 �m.
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of the transgenic animals. Neurons with
aggregated Tau in the hippocampal region
were also positive for staining with anti-
body MC-1, confirming that aggregation
was accompanied by a pathological con-
formational in mouse Tau in the proaggre-
gation mutant mice (note that the MC-1
epitopes is present only in mouse Tau, not
in the truncated human Tau) (Fig.
7A,B,D). MC-1 staining was not observed
with antiaggregation mice (Fig. 7C).

Age-dependent neuronal loss and
astrogliosis in the dentate gyrus of the
proaggregation transgenic mice
To assess whether tangle pathology was as-
sociated with neurodegeneration, the neu-
ronal loss was evaluated in the brain of the
transgenic mice. Coronal brain sections of
wild-type, proaggregation, and antiaggre-
gation mice were immunostained with the
neuronal-specific marker NeuN for differ-
ent time points, young mice at 5 months
and old mice at 24 months of gene expres-
sion. For proaggregation mutants, neuro-
nal loss was detected in the granule cells of
the dentate gyrus starting at 5 months of
gene expression (Fig. 8B, arrows). In aged
proaggregation mice, at 24 months of gene
expression there was a remarkable neuronal loss of the granule
cells in the dentate gyrus and shrinkage of the molecular layer
(Fig. 8E). In contrast, in the case of the antiaggregation mice,
both young and old, the layers of granule neurons in the dentate
gyrus were comparable with those in the wild-type mice (Fig.
8A,C,D,F).

Reactive changes after Tau accumulation and neuronal loss in
the brains of the transgenic mice were evaluated by GFAP immu-
nohistochemical staining. Astrogliosis was present in the hilus
region of proaggregation mutant mice after 21 months of TauRD/
�K280 gene expression (Fig. 8H), but not with antiaggregation
mutants and nontransgenic littermates for a similar time point
(Fig. 8G,I). An increased number of GFAP-positive cells were
noticed in the entorhinal and piriform cortex of the proaggrega-
tion mutant mice (data not shown).

The level of presynaptic proteins and spine synapses
decreases in the hippocampus of proaggregation transgenic
mice
Because loss of synapses is known as one of the earliest changes in
AD (Terry et al., 1991; Coleman and Yao, 2003), we asked how
synapses and synaptic proteins were influenced by the presence of
Tau in the brains of proaggregation and antiaggregation trans-
genic mice. Synaptophysin, a constituent of the synaptic vesicles,
was chosen as a presynaptic marker (Rune et al., 2002), and spi-
nophilin, a protein present in the dendritic spines, was selected as
a postsynaptic marker (Muly et al., 2004). Frozen brain sections
of the proaggregation and antiaggregation TauRD transgenic mice
at 9.5 months of gene expression were quantitatively evaluated by
immunohistochemistry for the levels of the synaptic proteins
(Fig. 9A). Significantly, the immunoreactivity of synaptophysin
in the stratum radiatum of the CA1 hippocampal region in the
case of the proaggregation mice was reduced by �70% compared
with antiaggregation mutants and wild-type littermates. Simi-

larly, in the CA3 region of the proaggregation mutant, the synap-
tophysin immunoreactivity decreased to �50% compared with
control and antiaggregation mutant (Fig. 9B). There was also a
moderate decrease of spinophilin immunoreactivity in the pro-
aggregation mutant (26% in CA1 region) (Fig. 9C).

Figure 6. Coaggregation and phosphorylation of endogenous and exogenous Tau in proaggregation mutant mice. A, Coronal
section from the brain of proaggregation mice at 5 months of gene expression by Gallyas silver staining. The frames indicate NFTs
in the hippocampus and amygdala of proaggregation mutant mice. B, C, Higher magnification of the hippocampus and amygdala.
D, E, The same areas as B and C show positive 12E8 staining. F–I, Pyramidal neurons, CA3 region positive for pT231, pS46, pS202,
and pS404. These sites lie outside the repeats and demonstrate the coaggregation of mouse Tau. Scale bars: A, 1 mm; B–I, 100
�m. amyg, Amygdala.

Figure 7. Neurofibrillary pathology and pathological conformation of mouse Tau in the
hippocampus of TauRD/�K280 proaggregation mice. A, NFT pathology in the case of TauRD/
�K280 proaggregation mice at 8 months after gene expression. The arrow indicates the CA3
hippocampal neurons stained by Gallyas silver staining. B, Higher magnification of hippocam-
pal CA3 region, indicating formation of NFT pathology in the brain of proaggregation mice. C, D,
Conformational changes of endogenous Tau identified by MC1 antibody in the brain of proag-
gregation mice at 8 months after gene expression (D). The same CA3 region in the wild-type
mice is showing the absence of MC1 immunoreactivity (C). Scale bars: A, 100 �m; B–D, 50 �m.
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Using thin sectioning electron microscopy with unbiased ste-
reological evaluation, the number of spine synapses was mea-
sured in the stratum radiatum of the CA1 region of the proaggre-
gation and antiaggregation mutants at 9.5 months of TauRD

expression (Fig. 9D,E). The spine synapses were distinguished
from shaft synapses and a synapse was defined as the presence of
(1) presynaptic, postsynaptic parts and synaptic cleft, (2) vesicles
in the presynaptic region, and (3) a postsynaptic density plaque.
We found a 27% decrease in spine-synapse count in the proag-
gregation mutant (from 9.2 to 6.7 per 6.4 �m 3), compared with
wild-type control. Antiaggregation mutant showed no reduction
in spine synapses.

Missorting, phosphorylation, and aggregation of
TauRD /�K280 protein are reversible after switching off the
expression; only mouse Tau tangles tend to persist
An important question in the AD field is whether pathological
changes and aggregation of Tau protein are reversible. The induc-
ible TauRD mouse model allowed us to address this question by
switching off the Tau expression through addition of 200 �g/ml
doxycycline to the drinking water. Groups of mice were induced
for 3 or 9 months, and for each group the transgene expression
was switched off for 1.5 months, followed by biochemical and
immunohistochemical analysis.

Switching the expression on for 3 months and then off for 1.5
months revealed that the level of exogenous TauRD/�K280
Sarkosyl-soluble and -insoluble protein almost disappeared
(	90%) (Fig. 10A). Interestingly, the aggregated endogenous
mouse Tau in the Sarkosyl-insoluble fractions showed only a

mild decrease, indicating that the tangle
fraction of mouse Tau, once formed, is
more persistent (presumably because of
continued synthesis and nucleated aggre-
gation) (see Discussion). Similar results
were obtained in the case of older mice (9
months ON, and then 1.5 months OFF)
(Fig. 10B).

The pathological somatodentritic lo-
calization of Tau phosphorylated at KXGS
motifs showed complete reversibility in
the somatosensory and piriform cortex af-
ter 1.5 months of switching off the TauRD/
�K280 transgene (Fig. 10C,D). Similar re-
sults were obtained in the case of older
mice at 9 –10 months of gene expression
and 1.5 months of switch-off (Fig. 10E,F).
With regard to phosphorylation, the
switching-off of TauRD/�K280 for 1.5
months after 10 months of expression lead
to complete reversal of MARK type phos-
phorylation, independently of age and lo-
calization, whereas the neurofibrillary tan-
gles were only partly reversed. This is in
agreement with the above biochemical
analysis, arguing that aggregates of exoge-
nous TauRD are reversible, but aggregates
of endogenous mouse Tau, once formed,
are difficult to reverse (Fig. 10G–L). Simi-
lar data were obtained by switching on for
3 months and then switching off the Tau
transgene for 3 months (data not shown).
To check the persistence of endogenous
mouse Tau in tangles after switch-off ex-

periments (10 months ON and 1.5 months OFF), coronal paraf-
fin brain sections were probed by antibodies recognizing only
endogenous mouse tau, for example against the first insert (Ab
SA4473), against pS46 and pT231 (proline-rich domain before
the repeats) (Fig. 10N–P). All regions positive for Gallyas silver
staining showed positive immunoreactivity, highlighting the per-
sistence of endogenous Tau aggregates and of enhanced phos-
phorylation at SP or TP motifs.

To evaluate the toxicity of the aggregated mouse tau, we in-
vestigated the neuronal cell loss and astrogliosis in proaggrega-
tion mice after switching off the TauRD/�K280 transgene for 1.5
months. The hippocampal pyramidal areas that retained NFT
pathology after switch-off displayed altered neuronal morphol-
ogy and neuronal loss (Fig. 11A–D). Phosphorylation at four
phosphoepitopes located outside of the exogenous TauRD/�K280
construct, namely S46, S202, S404, and T231, confirmed that the
Tau protein involved in the persisting NFTs and altered neuronal
morphology was indeed endogenous mouse Tau (Fig. 11E–H).
The astrocytosis that was visible in the hilus area of the proaggre-
gation mutant mouse at 6 months of gene expression, became
clearly reduced after 1.5 months of switching off the transgene
(Fig. 11 I, J).

Discussion
Neurofibrillary lesions are hallmarks of AD and other tauopa-
thies, and mice expressing different Tau variants were developed
for modeling the pathology (Lee et al., 2001; Brandt et al., 2005;
LaFerla and Oddo, 2005; McGowan et al., 2006; Götz et al., 2007).
Important questions are whether Tau hyperphosphorylation is

Figure 8. Neuron loss and astrogliosis in hippocampus of proaggregation transgenic mice. Coronal brain sections were immu-
nostained with NeuN (neuron-specific marker). A–C, Comparison between the layers of granule cells in the dentate gyrus of
control, proaggregation, and antiaggregation mice at 5 months of gene expression. Arrows indicate the loss of neurons in the
dentate gyrus of the proaggregation mutant. D–F, Control, proaggregation mutant, and antiaggregation mutant at 24 months of
gene expression. Note the reduction of the granule cell layer in the dentate gyrus in the case of the proaggregation mutant
compared with antiaggregation mutant and control mice. The double arrows indicate the shrinkage of the molecular layer for
proaggregation mutant and no changes in the case of antiaggregation mutant and wild-type mice. G–I, Paraffin brain sections
immunostained for GFAP. Note increased GFAP immunoreactivity in the hilus of the proaggregation mutant at 21 months of gene
expression compared with antiaggregation mutant and wild-type mice, indicating that aggregation of TauRD induces inflamma-
tory reactions. Scale bars: A–F, 100 �m; G–I, 50 �m.
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necessary for aggregation, how endoge-
nous Tau contributes to pathology,
whether changes are reversible, and how
Tau affects synapses and neurons. We de-
signed mouse models in two variants in
which the Tau repeat domain is expressed
as proaggregation or antiaggregation mu-
tants. The proaggregation mutation
�K280 (identified in FTDP17) (Rizzu et
al., 1999), strongly induces aggregation by
enhancing �-structure (von Bergen et al.,
2001; Khlistunova et al., 2006), which can
be blocked by proline mutations in the
hexapeptide motifs. The TauRD expression
was driven in the forebrain by a CaMKII�-
promoter (Mayford et al., 1996). This al-
lowed the development of models resem-
bling AD in that pathology appears first in
the entorhinal region and hippocampus,
but not in the spinal cord, as in some pre-
vious mouse models (Götz et al., 1995;
Spittaels et al., 1999). Another advantage
was the regulatable Tau expression (Tet-
off system) (Gossen and Bujard, 1992),
which enabled analysis of the reversibility
of Tau pathology.

The analysis of Tau effects is compli-
cated by the multidomain structure of
Tau. The repeat domain harbors the mi-
crotubule interactions and PHF aggrega-
tion, but these are modulated by other do-
mains (hairpin or paperclip folding) (Jicha
et al., 1999; Binder et al., 2005; Jeganathan
et al., 2006). The repeats contain few phos-
phorylation sites (KXGS motifs) that
strongly inhibit Tau–Tau or Tau–MT in-
teractions (Schneider et al., 1999), whereas
other domains contain multiple sites
whose roles are uncertain (Stoothoff and Johnson, 2005). These
problems are circumvented by using only the repeat domain for
transfection.

With these tools, we addressed several issues: (1) What deter-
mines Tau aggregation in mice? Does the �-propensity predis-
pose to aggregation? (2) Does Tau aggregation in mice affect
similar regions as in AD? (3) Does Tau expression or aggregation
correlate with neuronal toxicity? (4) What is the influence of Tau
phosphorylation sites outside the repeats that are diagnostic of
AD? (5) Can Tau aggregation, phosphorylation, and toxicity be
reversed? (6) Does mouse Tau cooperate with exogenous Tau to
generate pathology?

High �-propensity of TauRD /�K280 promotes aggregation
even at low concentrations
Previous mouse models overexpressed human Tau under the
Thy-1 promoter, resulting in hyperphosphorylation and soma-
todendritic localization but not tangle formation (Götz et al.,
1995; Duff et al., 2000). The discovery of Tau mutations in
FTDP17 helped in generating transgenic models for tauopathy.
Thus, expressing Tau/P301L under the prion promoter caused
NFTs in spinal cord, brainstem, and pretangles in cortex (Lewis et
al., 2000), resulting in the loss of motor neurons. Other models
using Tau/P301L under control of the CaMKII�-promoter re-
sulted in cortical NFTs at 3–5 months (Ramsden et al., 2005;

SantaCruz el al., 2005). The rate of aggregation depended on the
expression level so that only mice with high overexpression (13-
fold) formed NFTs at an early age. In our proaggregation mice,
NFTs appeared early (2–3 months) in the entorhinal cortex even
at low expression (�70% of endogenous tau). Aggregation oc-
curred only with proaggregation but not with antiaggregation
TauRD. Because these variants only differ in amyloidogenicity,
they argue that the �-propensity drives aggregation in vitro and in
brains. If the �-propensity is weaker (as in full-length mutant
Tau), one requires higher Tau concentrations for aggregation
within the animal’s life span. If the �-propensity is destroyed (as
in antiaggregation Tau), tangle formation does not occur. An-
other way to enhance �-propensity is the deletion of flanking
regions outside the repeats because these can shield against ag-
gregation (Wille et al., 1992; Binder et al., 2005). This explains
why tangles develop faster with the proaggregation repeat do-
main than with full-length Tau (Eckermann et al., 2007).

Coaggregation of TauRD /�K280 with endogenous mouse Tau
There is a debate on whether transgenic human Tau interacts
with endogenous mouse Tau. The uncertainty arises partly be-
cause mouse Tau does not normally form aggregates, although its
assembly in vitro is indistinguishable from human Tau (Kampers
et al., 1999). Secondly, full-length mouse and human Tau iso-
forms are difficult to discern because of their similarity and het-

Figure 9. TauRD /�K280 reduces spine-synapse density and synaptic markers. A, Stratum radiatum of CA1 region of hippocam-
pus. Coronal brain sections from control, proaggregation, and antiaggregation mice were immunostained for the presynaptic
marker synaptophysin. Immunohistochemistry staining was performed on animals after 9 months of TauRD gene expression and
age-matched nontransgenic littermates. B, Quantification of staining shows that synaptophysin is strongly decreased in proag-
gregation mice [e.g., by �70% in the CA1 region (n � 9 –16; mean � SE; p � 0.001) and by �56% in the CA3 region (n �
9 –16; mean � SE; * p � 0.05)]. C, Quantification of spinophilin immunostaining in the CA1 and CA3 region shows no significant
differences between proaggregation and antiaggregation mice, and a slight decrease compared with nontransgenic littermates
(n � 9 –16; mean � SE). D, E, Brain sections from proaggregation and antiaggregation (9.5 months ON) mice were imaged by
electron microscopy (stratum radiatum of the CA1 region). F, Quantitative evaluation of spine-synapses in the stratum radiatum
of the CA1 hippocampal region. Note the decrease by 27% of the spine synapse number in the proaggregation mutant compared
with antiaggregation and control mice (proaggregation mice had 6.7 � 0.7 spine-synapses per 6.4 �m 3; antiaggregation mice
had 9.7 � 0.5 spine synapses per 6.4 �m 3; wild-type mice had 9.2 � 0.6 spine synapses per 6.4 �m 3) (n � 10; mean � SE;
*** p � 0.001). Scale bars: A, 40 �m; D, E, 600 nm.
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erogeneity (several isoforms, multiple states of phosphorylation).
Some experiments suggested that mouse Tau might protect
transgenic mice from developing NFTs, and to overcome this
impediment, several mouse models were generated on a knock-
out background of endogenous mouse Tau (Andorfer et al., 2003;
Terwel et al., 2005). Others demonstrated that lack of the prolyl-
isomerase Pin1 caused NFTs from endogenous mouse Tau (Liou

et al., 2003). Similarly, overexpression of
p25, an activator of cdk5, caused NFT-like
Tau aggregation (Cruz et al., 2003; Fischer
et al., 2005). Thus, the role of mouse Tau
in PHF formation remained elusive. In our
transgenic mice, the analysis was simpli-
fied because the exogenous repeat domain
is easily discerned from endogenous Tau,
and in addition it aggregates rapidly. The
unexpected observation was that human
TauRD induced pathological changes even
in mouse Tau, including missorting,
pathological conformation, phosphoryla-
tion, and coaggregation. This is consistent
with the fact that different human and
mouse Tau isoforms can coassemble in
vitro (Kampers et al., 1999). The abnormal
distribution and phosphorylation of
mouse Tau argues that aggregation of the
exogenous Tau can trigger abnormal
changes in the total Tau pool (i.e., foreign
Tau can “poison” host Tau).

Loss of neurons and astrogliosis
Apart from aggregation, our transgenic
mice displayed other features of AD,
namely, loss of neurons and astrogliosis,
analogous to other Tau models (Lewis et
al., 2000; Allen et al., 2002; Ramsden et al.,
2005). In proaggregation mice, neuronal
loss started in the dentate gyrus at 5
months. This neurodegeneration shows
that neuronal loss stems from neurotoxic-
ity induced by aggregation because it is ab-
sent in antiaggregation mice. Neuronal
loss and altered morphology remained af-
ter switching off the TauRD/�K280 trans-
gene for 1.5 months, particularly in re-
gions showing NFT pathology. Recent
reports on Tau/P301L mice demonstrated
that brief transgene suppression (1.5–2
months) sufficed to stop neuronal loss in
the CA1 region, but the number of neu-
rons did not recover (SantaCruz et al.,
2005). The GFAP immunoreactivity is
normally limited to white matter, whereas
in AD brains reactive astrocytes occur
around plaques (Dickson et al., 1988). Astro-
gliosis was detected in other Tau models re-
sulting from neurofibrillary pathology
(Schindowski et al., 2006; Yoshiyama et al.,
2007). Our mice displayed GFAP-positive
cells in the hilus region of proaggregation but
not antiaggregation mutants, demonstrating
that aggregation induces an inflammatory
response. However, switching off the trans-

gene for 1.5 months in proaggregation mice resulted in reduced
inflammation and Gallyas-stained tangles.

Amyloidogenic proaggregation TauRD /�K280 induces loss
of synapses
Memory impairment in AD correlates best with synaptic loss
(Terry et al., 1991; Selkoe, 2002). Indeed, wild-type Tau can dam-

Figure 10. Phosphorylation and aggregation of Tau is reduced after switching off the expression of TauRD /�K280. A, Repre-
sentative immunoblots of Sarkosyl-soluble and Sarkosyl-insoluble fractions from cortex homogenates of young proaggregation
mice: lanes 1–3, Sarkosyl-soluble fractions; and lanes 4 – 6, Sarkosyl-insoluble fractions of wild-type mice; proaggregation
mutant mice 4.5 months ON; or proaggregation mutant mice 3 months ON and 1.5 months OFF. B, Immunoblot analysis of
Sarkosyl-soluble fractions (lanes 1–3) and Sarkosyl-insoluble fractions (lanes 4 – 6) from cortex homogenates in the case of older
proaggregation mice. Lanes 1 and 4 show wild type; lanes 2 and 5 show proaggregation mutant, 11.5 months expression ON; and
lanes 3 and 6 show proaggregation mutant, 10 months ON and 1.5 months OFF. Note that after switch-off for 1.5 months, the
insoluble human TauRD disappears, whereas the insoluble mouse Tau stays aggregated (lane 6 in A and B; red boxes). C, Phos-
phorylation at KXGS motifs in Tau repeats seen by the 12E8 antibody in the cortex of proaggregation mutant at 4.5 months
TauRD/�K280 gene expression and (D) loss of 12E8 immunoreactivity after 1.5 months switching off gene expression (3 months
ON and 1.5 months OFF). E, F, 12E8 immunoreactivity in proaggregation transgenic mice at 11.5 months gene expression (E) was
reversible after suppression of TauRD/�K280 gene for 1.5 months (10 months ON and 1.5 months OFF) (F ). G, Tangles at 4.5
months of TauRD/�K280 gene expression in entorhinal cortex (Gallyas staining). H, I, Two examples of reduction (H ) or persis-
tence (I ) of tangles in the entorhinal cortex after switching off TauRD/�K280 gene expression for 1.5 months in mice with initial
3 months gene expression (3 months ON and 1.5 months OFF). J, NFTs in entorhinal cortex of proaggregation mutant at 11.5
months TauRD/�K280 expression. K, L, Two examples of switch off experiments: after 1.5 month suppression of TauRD/�K280
gene expression, the tangle pathology decreased (K ) or partly persisted (L) in proaggregation mice initially induced for 10 months
(10 months ON and 1.5 months OFF). M–P, Entorhinal neurons in the brain of proaggregation mice after 1.5 months of switch off
of the TauRD/�K280 transgene (10 months ON and 1.5 months OFF) were positive for Gallyas staining (M ), and at the same time
were stained by antibodies against the first N-terminal insert of Tau with antibody SA4473 (N ), against Tau phosphorylated at S46
(O) and at T231 (P). Note that full-length mouse Tau is present in the persisting tangles after switching off exogenous TauRD. Scale
bars: C–P, 50 �m.

Mocanu et al. • Tau Repeat Domain in Inducible Transgenic Mice J. Neurosci., January 16, 2008 • 28(3):737–748 • 745



age synapses in cell models by inhibiting intraneuronal transport
(Stamer et al., 2002; Thies and Mandelkow, 2007). In the present
study, synaptophysin was downregulated in the CA1–CA3 re-
gions in proaggregation mice. Consistent with this, a P301S
tauopathy model showed that hippocampal synaptic pathology
appears early in neurodegeneration, accompanied by decreased
presynaptic synaptophysin and postsynaptic GluR2/3 (Yo-
shiyama et al., 2007). We observed only a moderate decrease of
spinophilin in the CA1–CA3 regions. Gallyas-positive neurons in
the CA3 region and hyperphosphorylated Tau in the hippocam-
pus of the proaggregation mice could influence the CA3–CA1
connections through Schaffer collaterals. This might provide a
mechanism whereby TauRD/�K280 affects the function of hip-
pocampal neurons. Interestingly, the number of spine-synapses
was significantly downregulated in the CA1 region of proaggre-
gation but not in antiaggregation or control mice.

Reversibility of aggregation
A major discussion point in AD research is the reversibility of Tau
missorting, pathological conformation, hyperphosphorylation,
and aggregation, especially considering that A�-induced toxicity
is mediated by Tau (Santa Cruz et al., 2005; Roberson et al.,
2007). Our proaggregation mice displayed complete reversibility
of the changes involving TauRD/�K280 [i.e., once the expression
ceased, the protein disappeared in soluble and aggregated form
within 6 weeks, consistent with proteasomal degradation (Petru-
celli et al., 2004)]. The result agrees with our N2a cell model in
which aggregation of TauRD/�K280 and toxicity was reversible
after switch-off (Wang et al., 2007). Larger aggregates (tangles)
may be cleared by autophagy (Rubinsztein et al., 2007), although
even tangles are in dynamic equilibrium with Tau subunits, judg-
ing by the intrinsic lability of PHFs (Li et al., 2002), and could
therefore disappear via the proteasome pathway. The unexpected
feature was, however, the persistence of pathological changes of
endogenous mouse Tau after switching off the exogenous TauRD

(Fig. 10M–P). Our interpretation is that these aggregates are con-
tinuously replenished from the pool of newly synthesized mouse
Tau, which elongates existing seeds of filaments, once they have
been generated with the previous help of exogenous mutant
TauRD. This would also explain the results of SantaCruz et al.
(2005) in which the levels of exogenous Tau mRNA, neuronal
loss, and memory were reversible, but tangle pathology was not.
Thus, the persistence of aggregated mouse Tau illustrates how
pathological properties of a foreign protein (human TauRD) can
be transmitted to the host protein.
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