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Abstract
One of the key features of misfolded tau in human neurodegenerative disorders is its propagation from one brain area into many
others. In the last decade, in vivo tau spreading has been replicated in several mouse transgenic models expressing mutated
human tau as well as in normal non-transgenic mice. In this study, we demonstrate for the first time that insoluble tau isolated
from human AD brain induces full-blown neurofibrillary pathology in a sporadic rat model of tauopathy expressing non-mutated
truncated tau protein. By using specific monoclonal antibodies, we were able to monitor the spreading of tau isolated from human
brain directly in the rat hippocampus. We found that exogenous human AD tau was able to spread from the area of injection and
induce tau pathology. Interestingly, solubilisation of insoluble AD tau completely abolished the capability of tau protein to induce
and spread of neurofibrillary pathology in the rat brain. Our results show that exogenous tau is able to induce and drive
neurofibrillary pathology in rat model for human tauopathy in a similar way as it was described in various mouse transgenic
models. Rat tau spreading model has many advantages over mouse and other organisms including size and complexity, and thus
is highly suitable for identification of pathogenic mechanism of tau spreading.
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Introduction

Progressive accumulation of pathologically modified tau protein
in the central nervous system is a defining feature of
Alzheimer’s disease (AD), Pick’s disease, progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD),
and other human tauopathies [1]. In AD, the tau pathology fol-
lows a distinct spatiotemporal pattern, manifesting initially in the
entorhinal cortex, followed by hippocampal and cortical regions
[2]. The distribution and progression of tau pathology correlates

well with the cognitive decline in AD patients [2, 3]. This pro-
gression of tau pathology is mediated trans-synaptically by ret-
rograde or anterograde transmission of misfolded tau through
anatomically connected regions in the brain [4, 5].

Spreading of tau pathology by injection of brain extract
from animal models [6] or AD brain [7] or other tauopathies
[7, 8] has been reported. In addition, misfolded tau protein
from different tau maladies induces various tau lesions idio-
syncratic for the specific human tauopathies [8], suggesting
the existence of diverse pathological tau species or ‘tauons’ in
tauopathies, as it was proposed by Michal Novak in 1994 [9].
Furthermore, various tau forms manifesting either as oligo-
mers or fibrils have been shown to induce neurofibrillary pa-
thology in mouse models [10–15]. Moreover, we and others
have showed that the 3-repeat and 4-repeat tau isoforms differ
in their seeding propensity and require the presence of a prop-
er partner or substrate (e.g., as in these cases, the additional
transgenic expression of tau, whether wild type, or altered) to
drive disease progression [8, 16]. All this evidence suggests
that tau protein itself serves as a pathogenic entity that induces
and spreads tau pathology from one neuron to another, follow-
ing a predictable sequence of transmission.

Although the abovementioned studies support the induc-
tion of tau pathology in transgenic mice models [6, 11], these
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models predominantly express tau protein with a mutation at
P301S or P301L [11, 14, 15, 17], which is observed exclu-
sively in FTDP-17, but not in AD. On the other hand, it has
been demonstrated that intracerebral inoculation of tau fibrils
purified from AD brains resulted in the formation of tau pa-
thology in non-transgenic mice [18]. However, it is important
to note, that the amount of disease tau used for injection in the
abovementioned study was at about 10 times higher than the
concentration of tau used for transgenic mice. To sum up these
findings, a high amount of tau, of either exogenous or endog-
enous origin, seems to be essential for induction and spread of
tau pathology in mouse models.

It is not entirely clear whether the ability to induce and
drive neurodegeneration by intracerebral injection of diseased
tau can be reproduced only in experimental mouse models, or
whether it is rather a general feature of diseased tau. In order to
address this issue, we employed a rat model of tauopathy
expressing human truncated tau that recapitulates AD neuro-
fibrillary degeneration mainly in the brainstem. Interestingly,
no neurofibrillary lesions were observed in the hippocampus
this model, despite high transgene expression [19]. Here, we
demonstrate that misfolded tau isolated from AD brain in-
duced and propagated tau pathology in the hippocampus of
said rat model. Tau pathology was able to spread in similar
way as it was described previously in mouse models, although
in the absence of mutated tau. We found that tau neurofibril-
lary tangles contain both tau isolated form human brain, and
human transgenic and endogenous rat tau. By transforming
insoluble tau into a soluble form, we have completely
abolished its pathogenic activity. Our results support the idea
that the seeding potency of tau is rather general feature
tauopathies and can be recapitulated in various rodent species.

Materials and Methods

Human Brain Samples

In this study, frozen human brain tissue samples from parietal
cortex of patients clinically diagnosed as having AD and one
healthy control brain were used (see Table 1). The

neuropathological examination confirmed the presence of nu-
merous NFTs and amyloid plaques in selected brains. All
brain samples were procured from respective brain banks in
compliance with their material transfer agreements.

Isolation of Sarkosyl-Insoluble Tau

Sarkosyl-insoluble tau was extracted according to published
protocols [20, 21]. Cortices from control and AD brains were
homogenised in buffer containing 20 mM Tris, 0.8 M NaCl,
1 mM EGTA, 1 mM EDTA, and 10% sucrose supplemented
with protease inhibitors (Complete, EDTA free, Roche
Diagnostics, USA) and phosphatase inhibitors (1 mM sodium
orthovanadate, 20 mM sodium fluoride). After centrifugation
at 20,000×g for 20 min the supernatant (S1) was collected and
small fraction was saved as total protein extract; 40% w/v of
N-lauroylsarcosine (sarkosyl) in water was added to a final
concentration of 1% and mixed by stirring for 1 h at room
temperature. The sample was then centrifuged at 100,000×g
for 1 h at 25 °C using Beckmann TLA-100 (Beckmann instru-
ment Inc., California, USA). Pellets (P2) were washed and re-
suspended in PBS to 1/50 volume of S1 fraction and sonicated
briefly; 10 μg w/v of P2 fraction corresponding to S1 fraction
was used for SDS-PAGE analysis.

Transmission Electron Microscopy

To visualise the presence of tau filaments in the insoluble
preparations, the fractions were adhered to carbon-coated
400 mesh copper grids (Christine Gröpl, Austria). Grids were
washed with pure water for 2 min and were negatively stained
with 2% uranyl acetate for 1 min (Sigma-Aldrich, St. Louis,
Missouri, USA). After multiple washings, the stained grids
were examined using an FEI Morgagni 268 electron micro-
scope (Prague, Czech Republic).

Guanidine Hydrochloride Disaggregation of Disease
Tau Isolated from Human Brains

Guanidine hydrochloride disaggregation of the sarkosyl in-
soluble fraction (P2) was performed as previously published
with minor modifications [22, 23]. Briefly, 500 μg of insol-
uble fraction (corresponding to concentration of tau) was
solubilised and reduced in 6 M guanidine hydrochloride
(GdnHCl, Sigma-Aldrich, St. Louis, Missouri, USA) and
5 mM dithiothreitol with gentle homogenisation for 1 h
and alkylated with 15 mM indole acetic acid in the dark
for 30 min. After brief centrifugation, the samples were
subjected to dialysis in 1xPBS, centrifuged at high speed,
and concentrated using a microcon centrifugal filter
(Millipore, Slovakia).

Table 1 Details of brain samples used in this study

Case no. Braak stage Age Sex PM delay (h)

AD1 5 87 F 4

AD2 6 85 M 29

AD3 5 64 M 28

AD4 6 85 M 29

AD5 5 82 F 12

Non-AD 1 82 M 8
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SDS-PAGE and Western Blotting

Proteins were resolved on 12% SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were blocked with
5% non-fat free milk in 1×TBS-Tween for 1 h. Following
blocking, the membranes were incubated with primary pan-
tau antibody DC25 (1:1 dilution in blocking buffer) overnight
at 4 °C. Following incubation using horseradish peroxidase
(HRP)-conjugated secondary antibody (Dako, Glostrup,
Denmark), blots were developed using SuperSignal West Pico
Chemiluminescent detection kit (Thermo Scientific, USA) on
Image Reader LAS-3000 (Fuji Photo Film Co., Ltd., Japan).
Immunoblots were quantified using AIDA Biopackage
(Advanced Image Data Analyzer software; Raytest, Germany).

Semi-quantitative estimation of sarkosyl-insoluble tau or
solubilised tau was performed using immunoblotting as previ-
ouslypublished [16,24].Briefly, knownamountsof recombinant
tau 2N4R and tau fractions were subjected to immunoblotting
using pan-tau antibody DC25 and were quantified by densitom-
etry using AIDA Biopackage (Advanced Image Data Analyzer
software; Raytest, Germany). The concentration of insoluble tau
protein was estimated using a standard curve with reference in-
tensities of known concentrations of recombinant tau 2N4R.

Animals

The experiments were performed on transgenic SHR72 rats
[19] which express human truncated tau aa151–391. All ani-
mals were housed under standard laboratory conditions with
free access to water and food and were kept under diurnal
lighting conditions. The animals were anesthetised and
sacrificed according to ethical guidelines to minimise pain
and suffering of experimental animals. Efforts were made to
minimise the number of animals utilised. All experiments
were approved by the State Veterinary and Food Committee
of Slovak Republic, and by the Ethics Committee of the
Institute of Neuroimmunology, Slovak Academy of Sciences.

Experimental Groups

Animals (females, n = 60) were allocated to experiments as
follows:

& Assessment of the capacity of exogenous tau to induce
local pathology: three groups of six animals were injected
bilaterally either with 600 ng AD brain insoluble tau frac-
tion (AD1), PBS, or control brain extract. Sacrifice
4 months after application.

& Assessment of the capacity of induced tau pathology to
spread beyond the injection site: four groups of three an-
imals, injected unilaterally either with 600 ng of one of
three AD brain insoluble tau fraction (AD3, AD4, or
AD5), or PBS. Sacrifice 2 months after application.

& Assessment of the impact of solubilisation of PHF tau on
its seeding potency: three groups of six animals, injected
bilaterally either with 600 ng solubilised or AD brain in-
soluble tau fraction (AD4), or PBS. Sacrifice 4 months
after application.

& Assessment of the impact of dose on spreading: two
groups of six animals, injected unilaterally either with
400 or 600 ng AD brain insoluble tau fraction (AD1).
Sacrifice 4 months after application.

Stereotaxic Administration

Rats were anesthetised with an intraperitoneal administration
of Zoletil (30 mg/kg) and Xylariem (10 mg/kg) and fixed to a
stereotaxic apparatus (Kopf Instruments, California, USA);
600 or 400 ng (200 ng/μL) of tau proteins dissolved in PBS
were injected using an UltraMicroPump III (UMP III) Micro-
syringe injector and Micro4 Controller (World Precision
Instruments, Florida, USA). Stereotaxic coordinates for the
anterodorsal hippocampal injection (A/P: −3.6 mm, M/L:
±2.0 mm, D/V: −2.3 mm) were obtained from a stereotaxic
atlas [25]. The left hemisphere was used for unilateral
injections.

Immunohistochemistry

Rats were anesthetised and perfused transcardially with
phosphate-buffered saline (PBS). Brains were fixed in sucrose
solutions (15, 25, and 30% for 24 h each) followed by freezing
in 2-methyl butane and stored. Frozen brains were serially cut
into 40-μm-thick sections using a cryomicrotome (Leica
CM1850, Leica Biosystems). We used coronal sections to ex-
amine contralateral spread of the pathology and rest of the
studies were performed using sagittal sections. The sections
were blocked with Aptum section block (Aptum, UK) followed
by incubation with primary antibodies (Table 2) overnight at
4 °C. Sections were stained with biotin-conjugated secondary
antibodies and developed using Vectastain ABC Kit (Vector
Laboratories, CA, USA). After mounting, sections were evalu-
ated usingOlympus BX51microscope equippedwith Olympus
DP27 digital camera (Olympus microscope solutions).

Tangle Quantification

For the assessment of the hippocampus, sections were collect-
ed from the first section where the hippocampal formation
becomes apparent, to the last section where it is still present.
For assessment of the brainstem, its entire width was sec-
tioned. For quantification, every 8th section was used
(resulting distance of sections 320 μm). Quantification was
performedmanually, with every tangle in the respective region
of interest being counted.
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Statistical Analysis

Experimental data were analysed using Graph Pad Prism ver-
sion 6 (GraphPad Software, CA, USA). One-way ANOVA
with Tukey’s post-test was used for multiple comparisons.
An unpaired t test was used for comparisons between two
groups, and a paired t test for within-animal comparisons
(e.g., brainstem vs. hippocampus, or contralateral vs. ipsilat-
eral side). Data are presented as dot plots, with error bars
denoting mean ± SD. Differences were considered to be sta-
tistically significant if p < 0.05. *p < 0.05, **p < 0.01, and
***p < 0.001 are used to denote statistical significance.

Results

Characterisation of the Insoluble Tau Fraction
Isolated from Human AD Brain Tissue

Analysis of the sarkosyl insoluble tau fraction by immuno-
blotting using the pan-tau antibody DC25 (epitope aa347–
354; Fig. 1a) revealed tau in all fractions isolated from human

AD brain tissues (brains AD1–5), but not in the control human
brain (not shown). Recombinant 6 human tau isoforms (6i)
and human truncated tau (4R) were used as positive control.
The A68 tau triplet, which is characteristic of insoluble tau
from human AD, was observed in all insoluble tau fractions
isolated from AD brains. Using transmission electron micros-
copy, we confirmed the presence of paired helical filaments
(PHF) in all preparations from AD brains (representative im-
age in Fig. 1b, c).

Insoluble Tau from Alzheimer’s Disease Brain Induced
Tau Pathology in Rat Hippocampus

When injected bilaterally in the hippocampi of transgenic rats,
insoluble tau from Alzheimer’s disease brain induced full-
blown tau pathology. The hippocampus, in this rodent model,
does not develop neurofibrillary pathology despite the expres-
sion of human truncated tau. Immunohistochemistry revealed
phospho-tau immuno-positive structures (antibody AT8) only
in the group injected with insoluble AD tau (Fig. 2a, d), but
not in animals injected with non-AD control material (Fig. 2b,
e) or PBS (Fig. 2c, f). Furthermore, this effect was dose

Table 2 List of antibodies used for immunohistochemical analysis in the study

Antibody Clonality Dilution Source

Anti-tau DC39C (epitope aa 434–441) Mouse monoclonal 1:100 Axon Neuroscience (Bratislava, Slovak Republic)

Anti-tau DC39N1 (epitope aa45–68) Mouse monoclonal 1:100 Axon Neuroscience (Bratislava, Slovak Republic)

Anti-human phospho tau AT8 (pS202/pT205) Mouse monoclonal 1:1000 Thermo Scientific (IL, USA)

Anti-phospho tau pT205 Rabbit polyclonal 1:1000 Invitrogen (California, USA)

Anti-phospho tau pT212 Rabbit polyclonal 1:1000 Invitrogen (California, USA)

Anti-phospho tau pS214 Rabbit polyclonal 1:1000 Invitrogen (California, USA)

Anti-tau DC25 (epitope aa 347–353) Mouse monoclonal 1:1* Axon Neuroscience (Bratislava, Slovak Republic)

*Supernatent from cultured hybridoma cells was used

Fig. 1 Characterisation of the sarkosyl-insoluble tau fraction from AD
brains. a Western blot. Insoluble tau fractions were isolated from AD
brain (AD1–5) using sarcosyl 1% w/v. Pan-tau antibody DC25 was used
for immunostaining. Recombinant human 6 tau isoforms (6i) and trun-
cated tau 4 repeat (4R 151–391) were used as positive controls. b Lower

magnification electron micrograph show the predominant presence of
paired helical filaments (PHF) in insoluble tau preparation. c Higher
magnification image of paired helical filament. Scale bar: b 1 μm and c
200 nm

624 Mol Neurobiol (2019) 56:621–631



dependent, we observed numerically higher levels of AT8-
positive tangles in animals injected with 600 ng than in those
injected with 400 ng (injected side: p = 0.0018; uninjected
side: p = 0.93; Suppl fig. 1). In line with results obtained by
immunohistochemistry, robust tau pathology in the hippocam-
pus of animals injected with sarkosyl-insoluble AD tau was
observed by immunoblotting using the pan-tau antibody
DC25 (Fig. 2g), and no pathology in non-AD control or
PBS-injected groups. As positive controls insoluble tau frac-
tion from brainstem from transgenic rat model and AD brains
(AD tau) were used. Ponceau staining confirmed that the dif-
ference in tau levels measured by immunoblot was not due to
differences in loading of proteins (Suppl fig. 2).

In order to characterise the neurofibrillary inclusions in the
AD tau injected groups, we performed histological staining
using antibodies against tau phospho-epitopes pT212
(Fig. 3c, d), and pS214 (Fig. 3e, f); robust staining was ob-
served with both phospho-tau antibodies. In addition, staining
using the DC39C antibody specific for the C-terminus of tau
(Fig. 3g, h) which does not recognise transgenic human trun-
cated tau (aa151–391) showed that either endogenous or seed-
ed human misfolded tau or both may be incorporated in the
neurofibrillary inclusions in these animals. Gallyas silver
staining, a hallmark of tauopathies, confirmed the presence
of mature argyrophilic tau lesions in the hippocampus in AD
tau injected animals (Fig. 3i, j).

Exogenous Misfolded Tau Protein Is a Component
of Neurofibrillary Pathology in Experimental Model

To investigate whether misfolded human tau protein from
AD brains was incorporated in the neurofibrillary inclusions

in rats, we performed immunostaining of brain sections
using the human-specific N-terminal tau antibody DC39N1
[26]; widespread DC39N1 staining of neurofibrillary tangles
generated in the hippocampus shows this to be the case
(Fig. 4b, d). The DC39N1 staining was less pronounced
than AT8 staining (Fig. 4a, c). Interestingly, AT8 revealed
degenerating neurons with early and late neurofibrillary tan-
gles, as well as neuropil threads. On the contrary, DC39N1
antibody recognised solely mature tangles; the staining was
mainly restricted to the soma (Fig. 4e, f). However, the
number of AT8-positive hippocampal tangles was signifi-
cantly higher than the number of DC39N1-positive tangles
(p = 0.021; Fig. 4i).

In order to confirm that the specificity of the antibody to
human tau N-terminus in transgenic rat brain, we immuno-
stained hippocampus, that contains injected human AD tau
and brainstem, where we did not inject AD tau. The trans-
genic line innately develops AT8-positive inclusions in the
brainstem early on, and they are DC39N1 negative. As
suspected, we did not observe any DC39N1-positive tau
inclusions (Fig. 4h) in the brainstem, while numerous
AT8-positive neurofibrillary tangles were present
(Fig. 4g). Mapping the topographical distribution of neu-
rofibrillary pathology (Fig. 4j) revealed propagation of pa-
thology from the site of injection (CA1) to adjacent regions
both in the rostral (i.e., towards CA2) and caudal direction
(towards the subiculum). Interestingly, the distribution of
human tau-specific DC39N1-positive inclusions closed
mimicked the distribution of AT8-positive tangles suggest-
ing the dissemination of exogenous human misfolded tau
from the site of injection and its inclusion in neurofibrillary
lesions at distant sites.

F i g . 2 Ana ly s i s o f t au pa t ho l ogy in i n j e c t ed g roup s .
Immunohistochemical staining using AT8 antibody reveal the presence
of neurofibrillary tangles in groups injected with sarkosyl-insoluble tau
from AD brain (a, d), but not in control PHF (b, e) or PBS-injected group
(c, f). g Western blot analysis of sarkosyl-insoluble tau extracts from
hippocampus of injected transgenic rat model. Sarkosyl-insoluble tau

was isolated from injected animal groups (n = 3). Hippocampus from
non-injected transgenic rat model was used as control (PBS). Insoluble
tau fraction from brainstem of transgenic rat model (+ve) and PHF-tau
were used as positive controls. Insoluble fraction from hippocampus from
non-transgenic littermates was used as negative controls (−ve). Scale bar:
100 μm
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Misfolded Tau from Different AD Patients Displayed
Different Seeding and Spreading Properties

We were intrigued to find out whether tau protein from differ-
ent AD brains differs in its seeding potency. We isolated
sarkosyl-insoluble tau from three different AD brains (AD3,
4, 5; Fig. 5a) with similar post-mortem delay (Table 1); 600 ng
of insoluble tau was injected (unilaterally) into hippocampus
(CA1) of SHR72 transgenic rats and spreading assessed
2 months later. We observed AT8-positive structures in all

groups inoculated with AD tau (Fig. 5b–g), in and around
the site of injection, albeit to a varied degree (Fig. 5h).
Insoluble tau from AD4 showed higher numbers of tangles
around the site of injection (AD3 vs AD4: p < 0.05). The

Fig. 4 Human tau is a component of hippocampal neurofibrillary
inclusions in the AD tau injected animals. Lower and higher magnification
immunohistographs showing staining using AT8 antibody (a, c, and e) or
human tau specific antibody DC39N1 (b, d, and f) in the hippocampus (a–
f) and brainstem (g, h) of AD tau-injected groups. Histographs reveal the
presence of human tau in the NFTs in hippocampus (injected region);
intrinsic tangles in the brainstem of AD tau-injected animals shown for
comparison (g, h). i Graphs showing the number of AT8 or DC39N1-
positive tangles in the hippocampus and brainstem of injected animals.
Higher numbers of AT8-positive tangles are evident in both regions; tan-
gles in the brainstem do not contain DC39N1-positive injected AD tau at
all. j Depiction of the distribution of AT8 (red) and DC39N1 (green)-pos-
itive tangles in the hippocampus and adjacent regions in the groups injected
with insoluble tau

Fig. 3 Neurofibrillary pathology in AD tau injected group is mature and
is phosphorylated in AD-specific tau phospho-sites. Immunohistographs
showing neurofibrillary tangles immunoreactive with AT8 (a, b), pT212
(c, d), pS214 (e, f), and antibody DC39C (g, h). i, j. Mature neurofibril-
lary tangles in the form of Gallyas-positive argyrophilia were observed in
these animals. Scale bar: 100 μm

626 Mol Neurobiol (2019) 56:621–631



capacity of the AD brain extract to induce tau spreading was
confirmed by the fact that we also observed AT8-positive
structures in the non-injected (contralateral) hippocampal re-
gions in these animals (asterisk), yet, as expected, at a signif-
icantly lower level than on the injected side (paired t test; p =
0.0047).

Guanidine Hydrochloride Disaggregation Mitigates
Seeding Properties of Tau

One of the aims of the study was to investigate the property of
misfolded tau protein which contributes to the spreading of
pathology in the affected brain.We speculated that insolubility

of the misfolded tau protein could be one of the key properties
that confer its seeding potency. To test this hypothesis, we
treated the insoluble tau preparation using guanidium hydro-
chloride (GdnHCl) and injected the resulting material in the
hippocampus of transgenic rats. Post-disaggregation, we con-
firmed the presence of tau protein in the fraction using pan-tau
antibody DC25 (Fig. 6a). The pattern of treated insoluble tau
protein exhibited smear of high and low molecular tau
species as previously described, with a doublet at 64 kDa
and reduced intensities at 60 and 68 kDa [27, 28].
However, we observed that in comparison to the insoluble
tau fraction, the disaggregated tau fraction was devoid of
high molecular tau aggregates (asterisk).

Fig. 5 Comparative analysis of pathology in animals injected with
insoluble tau isolates from three different AD brains. a Extract of blot
from Fig. 1b showing insoluble tau fraction used for comparative
analysis. Coronal sections showing AT8-positive structures were observed
in injected as well as non-injected sites (marked by *) of hippocampus with
AD tau tau extracts from bAD3, dAD4, and fAD5, scale bar: 200 μm. c,

e, g Higher magnification images are shown in B, D, and F, respectively,
scale bar: 100 μm. h Scheme showing the distribution of tau pathology in
injected and non-injected regions after injection of AD tau extract from
three different brains. i, j Graph showing differences between the numbers
of AT8-positive tangles in groups injected with different brain extracts. p
values: *p < 0.05

Mol Neurobiol (2019) 56:621–631 627



We injected 600 ng (200 ng/μL) of insoluble or disaggre-
gated tau fraction (unilaterally) in the hippocampus of trans-
genic line expressing human truncated tau at 2 months of age
and assessed spreading 4 months post-injection. Interestingly,
using immunohistochemistry we did not observe AT8-
positive neurofibrillary structures in hippocampus (in CA1)
of transgenic rats injected with treated tau (Fig. 6d, e) or
PBS injected groups (Fig. 6f, g) when compared to the group
injected with insoluble tau (Fig. 6b, c). Using the pan-tau
antibody DC25 in immunoblotting, we observed high molec-
ular tau species in the hippocampus of transgenic rats only in
the group injected with insoluble tau, but not in in animals
who received disaggregated tau or PBS (Fig. 6h).

Discussion

Progressive accumulation of tau protein and transmission of
tau pathology across anatomically connected regions forms
correlates well with cognitive decline in Alzheimer’s disease
[3, 29, 30]. The process of tau transmission is mainly regulat-
ed by several mechanisms such as exocytosis [31], synaptic
discharge [32, 33], or other means of release into the extracel-
lular milieu and subsequent uptake by neighbouring neurons
[34]. Several independent studies demonstrated that diseased
forms of tau isolated from human AD brains can induce and
drive neurofibrillary degeneration either in transgenic mouse
models expressing mutant tau or in non-transgenic mice.
Various forms of tau protein, like fibrils [11, 14, 15], filament

forms [7, 8], oligomers [13] either insoluble [7, 11, 14–16] or
soluble [6, 13], differ in their seeding and transmission prop-
erties. Moreover, intracerebral injection of misfolded tau pro-
tein from different tauopathies led to the formation of fibrillary
lesions characteristic for individual tauopathies [7, 8].

All of abovementioned studies were performed exclu-
sively on mouse models suggesting that this specific fea-
ture of diseased tau can be influenced by mouse brain
microenvironment. In this study, we utilised a rat model
for human tauopathy that expresses human 4-repeat trun-
cated tau protein [19]. In general, rats are more resistant
to amyloid or tau-induced neurodegeneration in compari-
son to mice. While mice expressing either mutant forms
of APP, PS1, PS2 or tau usually developed a large number
of plaques or tangles, rats needs higher expression in or-
der to develop pathological lesions. Several transgenic rat
strains that express either human wild type [35] or mutant
APP [36–41] have been generated. Strikingly, the major-
ity of these models failed to develop β-amyloid plaques.
The only transgenic rat model showing amyloid pathology
is based on the expression of human amyloid precursor
protein (APP) with the familial AD (FAD) mutations
K670N/M671L and K670N/M671L/V717I and human
presenilin-1 (PS-1) transgene with the FAD M146V mu-
tation [38]. The similar situation is also in the case of
mutated tau where no single rat model expressing mutant
tau developed tau pathology [42]. This means that repli-
cation of mouse phenotype in rats is not as straightfor-
ward as one might expect.

Fig. 6 Comparison of tau pathology after injection of insoluble and
disaggregated tau. a Western blot analysis of insoluble and solubilised
tau fractions using pan-tau antibody DC25. Note the absence of high
molecular weight tau species (*) in the solubilised fraction and presence
of lowmolecular weight bands in the solubilised groups. Six recombinant
human tau isoforms (6i) were used as control. Immunohistographs using
AT8 antibody reveal the presence of neurofibrillary tangles only in groups

injected with insoluble tau (b, c) but not in those injected with solubilised
tau (d, e) or PBS (f, g). h Hippocampus extracts from injected animals.
Injection of insoluble tau induced tau pathology results in aggregation of
tau protein in the hippocampus; such pathology was absent in the groups
injected with PBS or solubilised tau. Recombinant 6 human tau isoforms,
truncated 4R tau 151–391, and PHF-tau were used as positive control.
Scale bar: 100 μm
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The model used in the study is characterised by the pres-
ence of tau neurofibrillary lesions in the brainstem, but not in
the hippocampus despite expression of human truncated tau.
Through intracerebral administration of human AD tau, we
induced full-blown tau pathology in the hippocampus. The
neurofibrillary inclusions contained human transgenic tau
and ra t endogenous tau ; the major i ty of tau i s
hyperphosphorylated at multiple phospho-sites pS202-
pT205 (AT8), pT212, and pS214. Importantly, at least a por-
tion of NFTs was argyrophilic, i.e. at the late stage of tangle
development, which suggests that the full tau neurodegenera-
tive cascade is replicated in the model.

The rat model showed several interesting and potentially
very valuable specifics in the present study. For example,
about 50% of induced hippocampal neurofibrillary tangles
contain besides transgenic and endogenous rat tau also human
tau originated from AD brain. The presence of exogenous
human tau was identified with an antibody recognising a
human-specific portion of the N-terminus, which is absent
on the transgene. The antibody recognised hippocampal
NFTs following injection of exogenous AD tau. This is in
sharp contrast to earlier reports, which showed the absence
of injected tau in the neurofibrillary inclusions [6, 8]. This
could be explained by the fact that the rat tau proteome con-
sists of six isoforms, identically to humans, and has high se-
quence homology with human tau [43], thus allowing stable
interactions between human and rat tau proteins. Our results
showed that the misfolded human tau protein can act as a
driver in the initial stage of neurodegeneration; later on, it
becomes a stable component of the diseased tau proteome.

We tested three different AD brain isolates for their ability
to induce and spread tau pathology. In terms of the ability to
seed and propagate tau pathology, the insoluble tau from dif-
ferent AD brains displayed quantitative differences. We found
that tau extracted from the brain AD4 induced the highest
number of NFTs at the injection site when compared to two
other insoluble tau extracts (AD2 and AD4) despite of the
same amount of diseased tau injected into the hippocampus.
Our results suggest the existence of multiple tau species or
strains–tauons–in various AD brains. It is known that the rate
of progression of AD between patients can vary pronouncedly
[44, 45]. We speculate that besides several other factors (such
as genetic pre-dispositions, the pattern and rate of brain atro-
phy, and vascular changes), the difference in the seeding and
propagation potency of misfolded tau strains could be one of
the reasons for this heterogeneity in the patients. Investigating
the spreading properties of various tau strains and understand-
ing the underpinning mechanisms that allow some strains to
spread more efficiently is a promising approach towards the
development of therapeutics that seek to arrest the progression
of the disease process in tauopathies.

This study and many others [7, 11, 15, 16] demonstrated
that sonicated insoluble tau protein contains a group of tau

species displaying seeding properties. The stability of the
sarkosyl-insoluble tau is dependent on the salt bridges rein-
forced by hydrophobic interactions [46]. We therefore treated
insoluble tau by using GdnHCl, a weak interacting molecule
widely used as chemical denaturant to study the native folding
and refolding state of proteins [47–49]. Disaggregation of in-
soluble tau reduced the number of high molecular weight tau
aggregates, and concomitantly diminished the seeding and
transmissivity potency of tau protein in the brain. The treat-
ment of insoluble tau by GdnHCl induces a dynamic state of
tau protein, which consists of a structurally diverse ensemble
of unfolded conformations [50]. It does so by interacting with
the hydrophobic regions of the protein, thereby exposing it to
the solvent. Therefore, direct electrostatic interaction—but not
covalent modification—is responsible for the structural tran-
sition of proteins [51]. Furthermore, the phosphorylation sites
on the tau protein remain intact after GdnHCl treatment [52].
This indicates that the conformation (rather than phosphory-
lation) of insoluble tau protein determines the seeding poten-
cy. Our results are consistent with an earlier study reporting
that high molecular weight sarkosyl-insoluble tau proteins are
key mediators of tau pathology [50]. Recent research also
shows that high molecular weight tau aggregates are key me-
diators in seeding and propagation of tau pathology [53]. We
observed an absence of high molecular weight tau after disag-
gregation of insoluble tau, indicating a lack of seed competent
tau species in our preparation. Our results suggest that the
insolubility and stability of tau aggregates is a key patholog-
ical property of diseased tau that is essential for seeding and
propagation of misfolded tau protein in human neurodegener-
ative maladies.

The insoluble tau preparation from AD brain contains both
filaments and oligomers. It has been previously shown that
paired helical filaments or oligomers contribute to seeding
competency in rodents [8, 10, 13, 53, 54]. Moreover, it is also
argued that tau oligomers from AD are more efficient that
filaments in seeding phenomenon [13] and vice versa [53].
We speculate that oligomers, which arise during brief sonica-
tion employed in the preparation of insoluble tau fraction, may
be partly responsible for the seeding potency in the animal
model. However, based on our results, it is difficult to con-
clude the species of tau or ‘tauons’ are specifically responsible
for the seeding and spreading potency in this study.

To summarise, we have successfully performed in vivo tau
spreading experiments in a rat model via hippocampal injec-
tion of tau protein isolated from human AD brains. The exog-
enous human AD tau protein not only initiates and propagates
tau pathology but also forms an inherent component of neu-
rofibrillary inclusions in this transgenic rat model of
tauopathy. We have demonstrated that the pathological tau
proteomes from different AD brains vary in their seeding
and propagation properties. In addition, we show that insolu-
bility of misfolded tau protein is a key predisposition for
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seeding and propagation properties. Taken together, these data
highlight the rat model as a useful tool for further identifica-
tion of mechanisms of tau transmission, whether by using
imaging technologies or proteomic approaches.
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