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Filamentous inclusions made of hyperphosphorylated tau are
characteristic of numerous human neurodegenerative diseases,
including Alzheimer’s disease, tangle-only dementia, Pick disease,
argyrophilic grain disease (AGD), progressive supranuclear palsy,
and corticobasal degeneration. In Alzheimer’s disease and AGD, it
has been shown that filamentous tau appears to spread in a ste-
reotypic manner as the disease progresses. We previously demon-
strated that the injection of brain extracts from human mutant
P301S tau-expressing transgenic mice into the brains of mice trans-
genic for wild-type human tau (line ALZ17) resulted in the assem-
bly of wild-type human tau into filaments and the spreading of
tau inclusions from the injection sites to anatomically connected
brain regions. Here we injected brain extracts from humans who
had died with various tauopathies into the hippocampus and ce-
rebral cortex of ALZ17 mice. Argyrophilic tau inclusions formed in
all cases and following the injection of the corresponding brain
extracts, we recapitulated the hallmark lesions of AGD, PSP and
CBD. Similar inclusions also formed after intracerebral injection of
brain homogenates from human tauopathies into nontransgenic
mice. Moreover, the induced formation of tau aggregates could be
propagated between mouse brains. These findings suggest that
once tau aggregates have formed in discrete brain areas, they
become self-propagating and spread in a prion-like manner.

Soluble microtubule-associated protein tau assembles into in-
soluble, filamentous, and hyperphosphorylated intracellular
inclusions in a variety of human neurodegenerative diseases, in-
cluding Alzheimer’s disease (AD), tangle-only dementia (TD),
Pick disease (PiD), argyrophilic grain disease (AGD), progressive
supranuclear palsy (PSP), and corticobasal degeneration (CBD)
(1). In adult human brain, six tau isoforms are expressed from
a single microtubule associated protein tau (MAPT) gene through
alternative mRNA splicing (2). It gives rise to three tau isoforms
with three repeats each and three tau isoforms with four repeats
each. The repeats are 31 or 32 amino acids in length and are
located toward the carboxy terminus of tau. Adult mice express
predominantly tau isoforms with four repeats (3). The repeats
form the core of the tau filaments whose isoform composition
can vary between diseases. Thus, in AD and TD, both three- and
four-repeat tau make up the neurofibrillary lesions (4-6),
whereas in PiD three-repeat tau predominates in the neuronal
inclusions (7). The assembly of four-repeat tau into filaments is
characteristic of PSP, CBD, and AGD (8-11).

Mutations in MAPT cause familial forms of frontotemporal
dementia, establishing that tau protein dysfunction is sufficient to
cause neurodegeneration and dementia (12-14). These mutations
cause the development of inclusions made of hyperphosphorylated
filamentous tau; depending on the mutations, the inclusions are
made of all six tau isoforms, three-repeat tau or four-repeat tau. At
an experimental level, these findings have led to the development
of transgenic mouse models that recapitulate the essential molec-
ular and cellular features of human tauopathies. Thus, transgenic
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mice expressing human mutant P301S tau show neurodegeneration
and abundant filaments made of hyperphosphorylated tau protein
(15, 16). By contrast, mouse lines expressing single isoforms of wild-
type human tau do not produce tau filaments or develop neuro-
degeneration (17-19). We previously showed that the injection of
brain extracts from human mutant P301S tau-expressing mice into
the brains of mice transgenic for the longest human four-repeat tau
isoform (ALZ17 line) induced the assembly of wild-type human tau
into silver-positive inclusions and the spread of pathology from the
sites of injection to neighboring brain regions (20). In conjunction
with other findings (21-28), this work is consistent with the in-
tercellular transfer of tau aggregates. Filaments from human tau-
opathy brains exhibit a range of morphologies (29) and distinct
conformers of aggregated tau may cause distinct tauopathies, based
on the involvement of specific brain regions and cell types.

Here we have injected brain extracts from humans with patho-
logically confirmed AD, TD, PiD, AGD, PSP, and CBD into the
hippocampus and cerebral cortex of ALZ17 mice. Silver-positive
inclusions formed in all cases, with the presence of pathological
structures reminiscent of AGD, PSP, and CBD following the in-
jection of the corresponding human brain extracts. Silver-positive
inclusions also formed after the intracerebral injection of brain
homogenates from human tauopathies into wild-type mice. More-
over, the induced formation of tau inclusions could be propagated
between mouse brains. Aggregation and spreading of human tau in
the ALZ17 brains were not observed following the injection of Af-
containing extracts or the crossing of ALZ17 with human mutant
amyloid precursor protein transgenic mice (APP23 line).

Results

Tau Inclusion Formation in ALZ17 Transgenic Mice Following the
Intracerebral Injection of Brain Extracts from Sporadic Human
Tauopathies. To investigate the prion-like properties of aggre-
gated human tau, we stereotaxically injected total brain homoge-
nates prepared from affected brain regions of neuropathologically
confirmed cases of AD, TD, PiD, AGD, PSP, and CBD unilaterally
into the hippocampus and overlying cerebral cortex of 3-mo-old
ALZ17 mice. Injected mice were killed 6, 12, and 15 mo after in-
jection. Gallyas-Braak silver staining and immunolabeling with
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Fig. 1. Gallyas-Braak silver-positive neuronal tau inclusions in the hippocampal region of ALZ17 mice 6 mo after the intracerebral injection of brain
homogenates from sporadic human tauopathies. (Upper row) Pathological tau hallmark lesions observed in the human tissues used for brain extract
preparation. From Left to Right: Gallyas-Braak silver impregnation visualized neurofibrillary tangles (NFTs) and neuropil threads (NTs), as well as dystrophic
neurites in the vicinity of plaques in AD; NFTs and NTs in the absence of plaques in TD; argyrophilic grains in AGD; globose NFTs and NTs in PSP and small NFTs
and abundant NTs in CBD. Pick bodies were observed in PiD using AT100 immunostaining. (Lower row) Filamentous tau lesions formed in the brain of ALZ17
mice after injection of the corresponding human brain extracts. From Left to Right: NFTs after the injection of AD and TD brain homogenates; argyrophilic
grains after the injection of AGD brain homogenate; nerve cell body inclusions and NTs after the injection of PSP homogenate; small numbers of nerve cell
body inclusions and numerous NTs after the injection of CBD homogenate; short, thick NTs after the injection of PiD homogenate. (Scale bars, 50 um.) Sections

were counterstained with hematoxylin.

antitau antibody AT100 were then used to detect the presence of
tau filaments. Tau hyperphosphorylation was investigated with
antibody ATS. In all injected ALZ17 mice, irrespective of human
tauopathy, staining with Gallyas-Braak and immunolabeling with
AT100 were observed. Tau inclusions were present in the hippo-
campus 6 mo after the injection of AD, TD, AGD, PSP, CBD, and
PiD brain homogenates (Fig. 1) and the amount of aggregated
tau progressed over time (Fig. S1 and Dataset S1). The smallest
number of silver-positive structures was obtained when brain
homogenates from cases of PiD were injected (Dataset S1). At the
injection level, Gallyas-Braak and AT100 staining was observed in
the fimbria, the optic tract, the medial lemniscus, the dorsal thal-
amus, the cerebral peduncle, and the amygdala (Fig. S2). Anterior
to the injection level, scattered tau aggregates were present in the
fimbria, the thalamus, and the internal capsule. Posterior to the
injection level, aggregated tau was present in the cerebral peduncle
and the entorhinal cortex (Fig. S2). Structures positive with ATS,
AT100, and Gallyas-Braak were also observed in the fornix, a brain
region that is connected to the hippocampus, but located far distant
ventrally (Fig. S2). The propagation of the induced filamentous tau
pathology was similar for all injected tauopathies, with the excep-
tion of PiD, where induced tau filaments remained confined to the
injection sites. No staining with Gallyas-Braak or AT100 was ob-
served 15 mo after the injection of a brain homogenate prepared
from an age-matched control (Fig. S1). Electron microscopy of
sarkosyl-insoluble material from the injected brains failed to show
filaments, presumably because there were too few to detect. Future
experiments will analyze injected mouse brain areas as a function of
time using electron microscopy.

Morphological Diversity of Induced Tau Inclusions. Six months after
the intracerebral injection of AD and TD human brain homo-
genates into ALZ17 mouse hippocampus and cerebral cortex,
tau inclusions in the form of silver-positive staining of nerve cell
bodies and neuropil threads were in evidence. AD and TD
homogenates induced morphologically similar tau aggregates,
which resembled the pathologies of the human tissues used
for injection (Fig. 1). Ap plaques did not form in ALZ17 mice
following the injection of AD brain extract. The intracerebral
injection of AGD extracts also induced the formation of silver-
positive tau inclusions in ALZ17 mice. These inclusions con-
sisted of small spherical or comma-shaped structures that closely
resembled the argyrophilic grains of AGD (Fig. 1). At the in-
jection sites, the inclusions were located predominantly in the
dentate gyrus and in sectors CA1 and CA2 of the hippocampus.
The argyrophilic grains were either loosely dispersed or arranged
in rows, the latter apparently being located in nerve cell processes.
In addition to argyrophilic grains, small numbers of neurofibrillary
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tangles were observed, similar to what is known to occur in AGD
cases (Fig. S1). The intracerebral injection of brain homogenates
from patients with PSP also induced the formation of silver-posi-
tive inclusions in ALZ17 mice. In neurons and their processes,
tauopathy was present as silver-positive nerve cell body inclusions
and neuropil threads (Fig. 1), similar to what was observed fol-
lowing the injection of AD and TD brain homogenates. The in-
jection of CBD brain homogenates resulted in the induction of
numerous neuropil threads and a smaller number of silver-
positive nerve cell body inclusions (Fig. 1). The injection of PiD
extract into the brain of ALZ17 mice resulted in the formation of
short and thick neuropil threads that could be detected using
Gallyas-Braak silver and antitau antibodies 12E8 and AT100
(Fig. 1). Typical Pick bodies (known to be negative for Gallyas-
Braak silver and antibody 12E8) were not observed. In injected
animals, immunohistochemistry with antiionized calcium-binding
adapter molecule 1 (Ibal) antibody failed to detect neuroin-
flammation, similar to what was described previously following
the injection of P301S mouse brain homogenates (20).

In addition to the induction of argyrophilic neuronal inclu-
sions, all of the injected brain homogenates generated Gallyas-
Braak silver-positive and AT100-immunoreactive tau inclusions
in oligodendroglia in the form of coiled bodies. Similar oligo-
dendroglial inclusions were previously observed following the
intracerebral injection of brain extracts from symptomatic mice
transgenic for human mutant P301S tau into ALZ17 mice (20).
In addition, we observed astrocytic inclusions following the in-
jection of PSP, CBD, and AGD brain homogenates; they closely
resembled the inclusions characteristic of these human tauo-
pathies, based on GFAP, ATS, and AT100 immunohistochem-
istry, and Gallyas-Braak silver impregnation (Fig. 2). Thus,
ALZ17 mice injected with PSP brain homogenates showed
astrocytic inclusions closely resembling tufted astrocytes, which
exhibited Gallyas-Braak and/or AT100-positive lesions in proxi-
mal and distal astrocytic processes (Fig. 2). The intracerebral
injection of CBD brain homogenates into ALZ17 mice led to the
formation of inclusions closely resembling astrocytic plaques,
with the distal tips of astrocytic processes being positive with
Gallyas-Braak silver and/or antitau antibody AT100 (Fig. 2). The
induced tufted astrocyte-like and astrocytic plaque-like lesions
were double labeled by AT100 and anti-GFAP (Fig. 2). The
intracerebral injection of AGD brain homogenates induced the
formation of an AT100-positive, but Gallyas-Braak—negative,
astrocytic tau pathology in ALZ17 mice (Fig. 2), closely re-
sembling the astroglial pathology of human AGD. Noninjected
ALZ17 mice were devoid of astrocytic tau inclusions; the same
was true of ALZ17 mice injected with brain homogenates from
AD, TD, or PiD patients.
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Fig. 2. Induction of astrocytic tau inclusions in ALZ17 mice 12 mo after the
intracerebral injection of PSP, CBD, and AGD brain homogenates. (Top row)
Gallyas-Braak silver impregnation reveals a tufted astrocyte in the PSP case
used for injection (Left). Following the injection of PSP brain homogenate,
double labeling with anti-GFAP (dark blue) and AT100 (red) revealed
a tufted-like astrocytic tau inclusion (Center) in which aggregated tau was
detected by Gallyas-Braak staining in proximal and distal processes (arrows)
located around the nucleus (arrowheads) of the tufted-like astrocyte (Right).
(Middle row) Gallyas-Braak silver impregnation revealed an astrocytic pla-
que in the CBD case used for injection (Left). Following the injection of CBD
brain homogenate, double labeling with anti-GFAP (dark blue) and AT100
(red) revealed an astrocytic plaque-like lesion (Center) in which silver-posi-
tive material was only found in the distal processes (arrows) of the plaque-
like lesion after Gallyas-Braak staining (Right). (Bottom row) AT100 immu-
nolabeling shows a tufted-like astrocyte in the AGD case used for injection
(Left). Following the injection of AGD brain homogenate, AT100 immuno-
labeling revealed a tau-positive tufted-like astrocyte (Center) that was
negative by Gallyas-Braak silver (Right). (Scale bars, 50 pm.) Sections were
counterstained with hematoxylin.

Tau Inclusion Formation in Wild-Type Mice Following the Intracerebral
Injection of Brain Extracts from Sporadic Human Tauopathies. To in-
vestigate if overexpression of human tau is required for the in-
duction and spreading of tau aggregates, we next injected AD,
TD, AGD, and PSP human brain homogenates into the hippo-
campus and overlying cerebral cortex of 3-mo-old C57BL/6 mice,
which were then analyzed 6 and 15 mo postinjection. Gallyas-
Braak silver-positive and ATS- and AT100-immunoreactive
inclusions were in evidence (Fig. 3), although they were less
numerous than after the intracerebral injection of human brain
homogenates into ALZ17 mice. Silver-positive nerve cell bodies,
neuropil threads, and oligodendroglial coiled bodies were pres-
ent at the hippocampal injection site 6 mo after the injection.
The amount of silver-positive material increased over time and
extended to the optic tract, the subiculum, and the dorsal thal-
amus (Fig. 3). Astrocytic tau inclusions, positive with antitau
antibodies AT8 and AT100, but not with Gallyas-Braak silver,
also formed after the injection of AGD brain extract (Fig. 3).
The tau-positive material induced in C57BL/6 mice was not
immunoreactive with the human tau-specific antibody T14 but
was revealed by antibody MT1 that detects mouse tau (Fig. 3),
confirming the aggregation of murine tau.

Propagation of Tau Inclusion Formation by Serial Injection into Mouse
Brains. The serial propagation of induced filamentous tau pa-
thology was investigated following the intracerebral injection
into 3-mo-old ALZ17 mice of homogenates from ALZ17 mice
that had received a bilateral injection of brain extract from
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human P301S tau transgenic mice 18 mo earlier. One half of the
brain was used for the preparation of homogenates, with the
other half serving for the verification of the presence of silver-
positive tau inclusions (Fig. S34). Twelve months after the in-
jection, Gallyas-Braak silver staining and AT100 immunostaining
revealed the presence of neuronal and oligodendroglial tau
inclusions at the injection sites (Fig. 4 A and B). A second set of
homogenates was prepared from the brains of C57BL/6 mice
that had been injected bilaterally with TD or AGD brain
homogenates 18 mo earlier (Fig. S3 B and C). Twelve months
after the intracerebral injection into ALZ17 mice, many neuropil
threads and some nerve cell body tau aggregates were present
at the injection sites (Fig. 4 C and D).

Ap Did Not Induce Tau Aggregation in ALZ17 Mice. We investigated
the presence of pathological Af in the human brains used for
injection into ALZ17 mice. Pathological Ap was absent in TD,
PSP, CBD, PiD, and control extracts (Fig. S4). Abundant neu-
ritic Ap plaques were present in AD and moderate numbers of
diffuse plaques were in evidence in AGD. Biochemical charac-
terization showed the presence of both Ap (1-40) and Ap (1-42)
in AD (Fig. S44), with a predominance of Ap (1-42) in AGD
(Fig. S4C). To study the effect of AP deposition on the aggre-
gation of wild-type human tau, we intracerebrally injected
homogenates prepared from the neocortex of 24-mo-old APP23
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Fig. 3. Induction of tau inclusions in nontransgenic C57BL/6 mice 12 mo
after the intracerebral injection of brain homogenates from sporadic human
tauopathies. Gallyas-Braak silver impregnation revealed the presence of
neuropil threads and coiled bodies in (A) the optic tract following the in-
jection of TD homogenate, (B) the subiculum after the injection of PSP ho-
mogenate, and (C) the dorsal thalamus following the injection of AD
homogenate. AT100 immunostaining of the hippocampal region showed
the presence of (D) coiled bodies (arrows) and (E) a tufted-like astrocyte
following the injection of AGD homogenate. (F) MT1 immunostaining
detected mouse tau aggregates after the injection of AD brain homoge-
nates. (Scale bars, 50 um.) Sections were counterstained with hematoxylin.

PNAS | June 4,2013 | vol. 110 | no.23 | 9537

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301175110/-/DCSupplemental/pnas.201301175SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301175110/-/DCSupplemental/pnas.201301175SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301175110/-/DCSupplemental/pnas.201301175SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301175110/-/DCSupplemental/pnas.201301175SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301175110/-/DCSupplemental/pnas.201301175SI.pdf?targetid=nameddest=SF4

L= 2
® . ’
L4
¢
’
. . L
C i A D
& v
- ) [ 4
S o se
‘e P - »
o 1 i -
& .
&/ ¥ s
¢ 9% wi, § *° .
o @ LR 8s
o . A
* 2 /

Fig. 4. Induction of tau inclusions following the intracerebral injection of
induced mouse brain homogenates, as detected by Gallyas-Braak silver im-
pregnation. (A) Neuropil threads and coiled bodies in the alveus and
(B) neurofibrillary tangle in the subiculum of an ALZ17 mouse 12 mo after the
injection of brain homogenate from an ALZ17 mouse that had 18 mo pre-
viously been injected with brain homogenate from a mouse transgenic for
human mutant P301S tau. (Cand D) ALZ17 mouse 12 mo after the injection of
brain homogenate from a C57BL/6 mouse that had 18 mo previously been
injected with TD brain homogenate. (Scale bars, 50 pm.) Sections were
counterstained with hematoxylin.

mice into the hippocampus and neocortex of 3-mo-old ALZ17
mice. By Western blotting, both Ap (1-40) and Ap (1-42) were
present (Fig. S4H). The intracerebral injection of the Ap-rich
APP23 brain extract failed to influence AT8-positive tau pa-
thology in ALZ17 mice (Fig. 5 A and B). In particular, tau
inclusions immunoreactive with antitau antibody AT100 or
silver-positive using the Gallyas-Braak method were absent for
up to 18 mo after the injection (Fig. 5C). We also failed to
detect AP deposits following the injection of Ap-rich extracts
into ALZ17 mice (Fig. 5D). Neither tau inclusions nor Ap
deposits formed following the injection of brain homogenates
from age-matched control mice.

Next we crossbred APP23 with ALZ17 tau transgenic mice.
This bigenic line developed a combination of the changes char-
acteristic of each transgenic line, namely AB deposits with as-
sociated glial and reactive neuronal alterations and accumulation
of hyperphosphorylated tau in the somatodendritic compartment
(Fig. S5 A and B). Ap and tau abnormalities coexisted, but did
not appear to influence each other. In particular, AT100- and/or
Gallyas-Braak—positive inclusions were not present, even in 2-y-
old APP23 x ALZ17 mice (Fig. S5 C and D).

Discussion

The present findings show that brain homogenates from a num-
ber of human tauopathies induced the formation of tau inclu-
sions, both in ALZ17 mice transgenic for wild-type human tau
and in nontransgenic control mice.

In ALZ17 mice, neuronal and oligodendroglial inclusions
formed following the intracerebral injection of brain homoge-
nates from all cases of AD, TD, PiD, AGD, PSP, and CBD. The
ALZ17 line expresses a single isoform of wild-type four-repeat
human tau (19). With the exception of PiD, where the tau
inclusions consist predominantly of three-repeat tau (7), the
inclusions of the other tauopathies are made of four-repeat tau
(AGD, PSP, and CBD) (8-11) or of a mixture of three-repeat
and four-repeat tau (AD and TD) (4, 5). From the work on other
neurodegenerative diseases, especially prionoses, it is known that
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the amount of misfolded protein formed is proportional to the
sequence similarity between the seed and the soluble protein
recruited by the seed (30). The same appears to be true of tau,
because the number of inclusions induced following the in-
tracerebral injection of PiD disease homogenates into ALZ17
mouse brains was smaller than that present following the in-
jection of AGD, PSP, and CBD brain homogenates. However, we
cannot exclude that the aggregation-inducing activity in the PiD
homogenates consisted of a small amount of aggregated four-
repeat tau, because PiD is only rarely a pure three-repeat tau-
opathy (31). This was supported by the presence of 12ES8 staining
following the intracerebral injection of PiD brain extract. The
aggregates characteristic of AGD, PSP, and CBD are made of
four-repeat tau, as is the human tau isoform the ALZ17 line is
transgenic for. These findings agree with in vitro studies that have
shown that seeds made of either three-repeat, three/four-repeat,
or four-repeat tau can recruit soluble four-repeat tau (32).
From the study of prion diseases, it is also known that different
aggregate conformations can give rise to distinct disease phe-
notypes and neuropathologies (30). We show here a similar
phenomenon for four-repeat tauopathies. Thus, the intracerebral
injection of PSP brain homogenates into ALZ17 mice resulted in
the formation of silver-positive astrocytic aggregates that re-
sembled tufted astrocytes (the hallmark lesions of PSP) (33, 34),
the injection of CBD homogenates gave rise to the formation of
silver-positive structures reminiscent of the astrocytic plaques
found in CBD (35, 36), and the injection of AGD homogenates
resulted in the formation of silver-negative astrocytic tau pathology
as observed in human AGD (37, 38). All of the astrocytic inclusions
were strongly immunoreactive with antitau antibodies AT8 and
AT100. Following the intracerebral injection of AGD brain
extracts into ALZ17 mice, numerous silver-positive grains also
formed in nerve cells. It thus appears that several tau conformers
made of assembled four-repeat tau exist, which can give rise to the
distinct clinical phenotypes and glial and/or neuronal pathologies
of several human tauopathies, including PSP, CBD, and AGD. It
remains to be determined if additional tau conformers can also

ﬁv‘mts " 1;;;%;%
ae ﬂ. gy R

_ zz;%, "

e "f@* %““’f‘#
e

Fig. 5. A did not induce tau aggregation in ALZ17 mice. The injection of
APP23 brain homogenate into the hippocampal formation of ALZ17 mice
had no effect on the pretangle tau staining with antibody AT8 at 15 mo
after the injection (A), compared with a noninjected ALZ17 mouse (B).
(C) Gallyas-Braak silver impregnation failed to detect tau inclusions in the
hippocampal formation of an ALZ17 mouse 15 mo after the injection of
APP23 brain homogenate. (D) Staining for Ap with serum NT11 of a tissue
section adjacent to that used in C failed to reveal the presence of A deposits.
(Scale bar, 100 pum.) Sections were counterstained with hematoxylin.
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give rise to AD, TD, and PiD. Signs of neurodegeneration were not
observed for up to 18 mo after the injection of human brain
homogenates, in line with our previous findings following the in-
jection of brain extracts from mice transgenic for human P301S tau
(20). This supports the suggestion that the molecular tau species
responsible for propagation and neurotoxicity may be different.
Alternatively, spreading and neurodegeneration may be caused by
the same molecular tau species, but the relatively short lifespan of
the mouse may have precluded the development of significant
neurodegeneration in the present experimental setting.

In nontransgenic control mice, neuronal and oligodendroglial
inclusions were present following the intracerebral injection of
human brain homogenates from AD, TD, AGD, and PSP brains.
Inclusions formed at the injection sites, from where they spread
over time. They were positive with a mouse tau-specific antibody
and negative with a human tau-specific antibody, consistent with
the assembly of mouse tau. These findings establish that the
overexpression of human tau is not required for inclusion forma-
tion and spreading. However, the number of tau inclusions formed
following the intracerebral injection of a human brain homogenate
into ALZ17 mice was approximately five times greater compared
with the injection of the same homogenate into C57BL/6 mice,
consistent with a quantitative effect of overexpression and/or
a significant species barrier. The present findings also show that
aggregates made of human tau can induce the formation of
inclusions made of mouse tau, in line with recent findings (24, 25).
We showed previously that the parent P301S tau transgenic line
develops tau inclusions that are largely devoid of mouse tau (15)
and that the injection of brain extracts from this line into wild-type
mice did not lead to the significant spreading of tau aggregates
(20). In conjunction with the present findings, this suggests that
injected tau seeds made of human wild-type tau promote the
spreading of aggregated mouse tau more efficiently than tau seeds
made of human mutant P301S tau.

Serial transmission was observed in ALZ17 mice following the
injection of homogenates prepared from ALZ17 brains that had
been injected with brain extracts from mice transgenic for human
mutant P301S tau. Silver-positive nerve cell body inclusions,
neuropil threads, and coiled bodies formed at the injection sites.
The same was true of brain homogenates from C57BL/6 mice
that had been injected with TD or AGD brain extracts. These
findings established that the abnormal protein was present in an
apparently transmissible form in the brains of animals that had
been injected with brain homogenates 18 mo earlier.

AD is characterized by neuritic plaques, primarily composed of
extracellular deposits of Ap, and neurofibrillary lesions, com-
posed of intracellular inclusions made of hyperphosphorylated
tau (1). The amyloid cascade hypothesis of AD pathogenesis
posits that the aggregation of AP triggers the formation of tau
inclusions (39). Consistent with this view, previous work has
demonstrated an interaction between A and tau pathologies in
some brain regions (40-44). However, in these studies, both APP
and tau were mutant, unlike what is the case in AD, where tau is
wild type (1). It has previously been shown that in mice transgenic
for human mutant APP, tau does not aggregate (45, 46). Here we
demonstrate the same for mice double transgenic for human
mutant APP and wild-type human tau. Both types of pathologies
coexisted, but did not influence each other. This was also the case
when brain homogenates from mouse line APP23 were in-
tracerebrally injected into tau mouse line ALZ17. At present,
there exists no in vivo model system allowing one to study the
aggregation of both APP and wild-type tau. The findings reported
here and in ref. 20 have demonstrated the formation of tau
inclusions in ALZ17 mice following the intracerebral injection of
brain homogenates from sporadic human tauopathies and mice
transgenic for human mutant P301S tau.

The present work indicates that once small numbers of tau
inclusions have formed in the brain, they may become self-
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propagating and spread in a prion-like manner, independently of
other pathogenic mechanisms. What is true of aggregated human
tau may also be the case of other aggregation-prone proteins that
cause human neurodegenerative diseases, including a-synuclein,
superoxide dismutase 1, huntingtin, trans-activator regulatory
(TAR) DNA-binding protein 43 (TDP-43), and Ap (47). The
inhibition of cell-to-cell transmission of pathological aggregates,
for instance by passive immunotherapy, may constitute an effec-
tive mechanism-based therapeutic strategy for most human
neurodegenerative diseases.

Materials and Methods

Mice. Line ALZ17 expressing human wild-type four-repeat tau (19), mice
transgenic for human mutant P301S tau (15), line APP23 expressing human
mutant amyloid precursor protein (48), and nontransgenic control mice, all
females on the C57BL/6 background, were used. ALZ17 x APP23 mice were
generated by crossing ALZ17 with APP23 mice for at least seven generations.
All experiments were in compliance with the Basel Committee for Animal
Care and Animal Use, Kantonales Veterindramt, Basel.

Preparation of Brain Homogenates. Total brain homogenates (i.e., soluble and
insoluble tau fractions) were prepared as described (20), resulting in a 1:5
(wt/vol) homogenate for human tissues and 1:10 (wt/vol) for murine tissues.
Human brain material was derived from neuropathologically confirmed
cases of nonfamilial AD [four females, 75, 79, 86, and 89 y of age, temporal
cortex, postmortem delays (pmds), 2-17 h], TD (two females, 86 and 89 y of
age, hippocampus, pmds 3 and 9 h), AGD (two females, 85 and 95 y of age,
amygdala, pmds 9 h each), PSP (two males, 68 and 72 y of age, putamen,
pmds 10 and 18 h), CBD (one male, 76 y of age, globus pallidus, pmd 9 h),
and PiD (two females, one male, 67, 73, and 61y of age, frontal cortex, pmds
8, 34, and 25 h). Brain regions were chosen because of their large burden of
tau inclusions. Temporal cortex from an age-matched control (male, 76 y of
age, pmd 18 h) was also used. The tissue homogenates were intracerebrally
injected into 3-mo-old ALZ17 transgenic and C57BL/6 control mice. Except
for PiD, M.T. reviewed all of the human cases for neuropathological
changes. B.G. reviewed the cases of PiD. Informed consent was obtained
from individuals who donated their brains for research. Human brain tissues
were used with permission from the relevant local ethical review committees
(Universities of Basel, Switzerland; Indianapolis, IN; and Toyohashi, Japan).

Histology and Immunohistochemistry. Gallyas-Braak silver impregnation and
tau immunohistochemistry were performed as described (20). Immunohis-
tochemistry for AB was also performed as described (48). The following
antibodies were used: T14 specific for human tau (1:1,000; Zymed); AT8
specific for tau phosphorylated at $202 and T205 (1:1,000; Pierce); AT100
specific for tau phosphorylated at T212, S214, and T217 (1:1,000; Pierce);
12E8 specific for tau phosphorylated at $262 and/or $356 (1:500; courtesy of
P. Seubert, Elan Pharmaceuticals, Inc., South San Francisco, CA); MT1 specific
for mouse tau (1:500, raised against amino acids 114-127 of the longest
brain isoform of mouse tau); NT11, a polyclonal serum raised against puri-
fied Ap deposits (1:1,000; courtesy of P. Paganetti, Basel, Switzerland); anti-
GFAP (1;100; Abcam); and anti-Ilba1 (1:300; Wako). Secondary antibodies
were from Vector Laboratories (Vectastain ABC kit).

Western Blotting. Western blotting for tau was done as described (20) using
HT7, an antibody specific for human tau (1:1,000; Pierce), AT8 (1:1,000) and
AT100 (1:200). Western blotting for Ap was carried out as described (43)
using the human-specific monoclonal antibody 1E8 (1:1,000; Signet).

Stereotaxic Surgery and Quantitative Analysis of Tau Pathology. Three-month-
old transgenic ALZ17 mice and nontransgenic C57BL/6 controls were oper-
ated as described (20). ALZ17 mice injected intracerebrally with human brain
extract were analyzed at 6 and 12 mo postinjection (five mice per time
point). Total counts of silver-positive structures at the hippocampal injection
site were assessed on selected Gallyas-Braak—stained coronal sections as
described (20).
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