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Abstract

Tau is a microtubule stabilizing protein that forms aggregates in Alzheimer’s disease (AD). Tau derived from AD
patients’ brains induces tau aggregation in a prion-like manner when injected into susceptible mouse models.
Here we investigated whether cerebrospinal fluid (CSF) collected from patients diagnosed with probable AD or
mild cognitive impairment (MCI) likely due to AD harbors a prion-like tau seeding potential. CSF was injected
intrahippocampally into young P301S tau transgenic mice. CSF obtained from AD or MCI patients increased
hippocampal tau hyperphosphorylation and tau tangle formation in these mice at 4 months post-seeding. Tau
pathology was also accentuated in the contralateral hippocampus, and in anterior and posterior directions,
indicative of spreading.
We provide first evidence for in vivo prion-like properties of AD patients’ CSF, accelerating tau pathology in
susceptible tau transgenic mice. This demonstrates that biologically active tau seeds reach the CSF compartment in
AD. Further studies may help to evaluate strain specific properties of CSF derived tau bioseeds, and to assess their
diagnostic potential.
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Introduction
Tau is a soluble protein that promotes microtubule
assembly in neuronal cells. However, in pathological
conditions, it becomes hyperphosphorylated and forms
intracellular aggregates. This is characteristic of Alzhei-
mer’s disease (AD), but also of other neurodegenerative
disorders known as tauopathies, including cases of fron-
totemporal dementia (FTD), corticobasal degeneration
(CBD), and progressive supranuclear palsy (PSP) [36]. In
AD, tau aggregation propagates from one brain region
to another in specific patterns [6, 18, 20, 21, 23]. It has
been shown that tau pathology can be seeded in a
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prion-like manner, as the injection of brain extracts from
tau transgenic donor mice or tauopathy patients into tau
transgenic host mice causes tau aggregation in the inoc-
ulated mice [1, 8, 9, 24, 26, 27].
Pathologically modified tau forms are present in the

extracellular space and can transfer between cells in the
brain [10, 17, 40]. Phosphorylated tau can be secreted
via exosomal release, and reach the cerebrospinal fluid
(CSF) [32]. CSF tau levels are currently being used for
the clinical diagnosis of AD in conjunction with cogni-
tive tests, brain imaging and CSF amyloid-β (Aβ) level
measurements [34]. Increased tau levels in the CSF
correlate best with cognitive decline in AD patients.
Information on the prion-like properties of Aβ and tau

from CSF in AD is limited. It has been shown that CSF
amyloid-β does not exhibit prion-like properties in vivo
[16, 35]. Recently, two studies reported a seeding-like
potential of CSF-derived tau in vitro [31, 38]. It is
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however not known, whether tau-comprising CSF har-
bors seeding potential in vivo.
Here, we studied the in vivo seeding capacity of CSF

derived from AD patients upon inoculation into P301S
tau transgenic mice. These animals develop tau hyper-
phosphorylation and neurofibrillary tangles (NFT) when
ageing. We collected CSF from patients diagnosed with
probable AD or mild cognitive impairment (MCI) likely
due to AD, and injected it into young P301S tau mice.
As a result, we observed a significant increase in
neurons positive for hyperphosphorylated tau, and an
accelerated formation of Gallyas-Braak positive aggre-
gates in the hippocampus, when compared to mice inoc-
ulated with CSF derived from elderly control patients. In
parallel, there were signs of spreading of tau pathology
along anatomical networks, in the form of hyperpho-
sphorylated tau-positive neurons and dot-like struc-
tures, comparable to findings when seeding with
brain-derived tau in P301S tau mice [1]. These findings
provide first in vivo evidence for the presence of bio-
active tau seeds in CSF.
Materials and methods
Mice
Homozygous human P301S mutant tau transgenic mice
(P301S tau mice) [3] were used as host mice for all seed-
ing experiments. Animal experiments were performed in
compliance with protocols approved by the official local
Committee for Animal Care and Animal Use of the
Canton of Basel (License Nr. BS2471).
CSF collection and patient characteristics
In order to obtain large volumes of CSF from AD and
control patients, allowing subsequent concentration,
CSF was collected within a clinical trial set up in collab-
oration with the Memory Clinic, University Center for
Medicine of Aging, Basel. The trial was approved by the
local Ethics Commission of the Canton of Basel, and re-
cruitment was limited to patients with a Mini Mental
State (MMS) Score [14] > 19/30. All patients examined
for memory disturbances and potential neurodegenera-
tive disorders at the Memory Clinic were consecutively
allowed to enter the study. Up to 15 ml of CSF per pa-
tient were collected by lumbar puncture from a total of
23 subjects after obtaining written informed consent of
the patient and a care-giver. Freshly collected CSF was
spun at 3000 rpm for 30 min to remove cell debris. The
supernatants were collected and frozen at − 80 °C. Clin-
ical diagnosis was based on multimodal examinations
including neuropsychological assessments, brain MRI
imaging, CSF tau and Aβ level measurements. Brain
perfusion SPECT imaging data was available on a subset
of the patients.
CSF processing
In order to obtain reasonable tau levels in small volumes
that could be injected into mouse brains, CSF samples
were concentrated [35]. In brief, 10 ml CSF per patient,
was lyophilized (− 80 °C, 0.01 mbar vacuum pressure),
reconstituted in sterile H2O and dialyzed (using
Float-A-Lyzer G2, 1kD, Spectrum Labs) to reduce the
salt load, re-lyophilized, and finally reconstituted in
about 10 μl H2O (Additional file 1: Figure S1). The final
concentration of tau was measured by ELISA.

Elisa
CSF levels of tau, phospho-tau and Aβ, were measured
by commercial kits “Innotest hTAU AG”, “Innotest
PHOSPHO-TAU”, and “Innotest β-Amyloid (1-42)” ac-
cording to the manufacturer’s guidelines (Innogenetics/
Fujirebio Europe N.V., Belgium) [4, 37].

Stereotaxic surgery
Three month-old P301S tau mice were anaesthetized
with a mixture of ketamine (10 mg/kg) and xylazine (20
mg/kg) and placed on a heating pad to maintain body
temperature during surgery. Mice were injected in the
right hippocampus (A/P, − 2.5 mm from bregma; L, −
2.0 mm; D/V, − 1.8 mm) using a Hamilton syringe. Each
mouse received a unilateral stereotaxic injection of 5 μl
concentrated CSF, at a speed of 1.25 μl/min. Following
the injection, the needle was kept in place for an
additional 3 min. The surgical area was cleaned with sa-
line and the incision sutured. Mice were monitored until
recovery from anaesthesia, provided analgetic medica-
tion for up to 48 h post-surgery, and checked regularly
following surgery.
Immunohistochemical analysis
Four months post-inoculation, the mice were deeply anaes-
thetized with pentobarbital (150mg/kg) and perfused with
20ml cold PBS, followed by 20ml 4% paraformaldehyde in
PBS. The brains were dissected and post-fixed overnight.
Following paraffin embedding, 5 μm thick coronal sections
were prepared. Sections were silver-impregnated following
the method of Gallyas-Braak to visualize filamentous tau
pathology [7, 19]. Hematoxylin and eosin staining (H&E)
was performed for morphological analysis. For tau immu-
nohistochemistry AT8 (1:1000, Thermo Scientific), and
AT100 (1:1000, Thermo Scientific) were used [29]. Second-
ary antibodies were from Vector Laboratories, Burlingame,
CA (Vectastain ABC kit).
For quantification, 3 brain tissue sections were ana-

lyzed at levels comprising the injection site (from − 2 to
− 3 μm from bregma), and the number of Gallyas-Braak
silver stained inclusions, AT8 and AT100 positive
neurons (entire hippocampus) and dot-like structures
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(dentate gyrus (DG), fimbria) was counted on 4X, 10X,
or 20X magnified images, taken with an Olympus BX43
Upright Microscope (Life Science). For a few stainings,
only 2 sections next to the indicated bregma levels
were well preserved and usable for quantification.
Bregma levels were determined by visual comparison
with the Mouse Brain Atlas (Franklin and Paxinos,
2007). The quantifications and the measurements of
the area of the respective anatomical regions were per-
formed by the Cell counter plugin in ImageJ (imagej.
net). Brain images that were used and modified are
from the Mouse Brain Atlas (Franklin and Paxinos,
Elsevier 2007).
AT8 positive neurons were furthermore semi-

quantitatively assessed at various bregma levels in
CA1, CA3, and dentate gyrus (DG) regions, and an
average score was obtained. For the heatmap (Fig. 2),
average tau pathology per bregma level was calculated
and color-graded.
Table 1 Clinical, imaging, and laboratory findings of the patients se
patients’ group, AD CSF: Alzheimer’s disease group). Bold letters indi
National Institute on Aging-Alzheimer’s Association workgroups on d
abbreviation: BP = “Biomarker probability of AD etiology” [2, 25]

patient
number

group diagnosis
NIA-AA
criteria

alternative
clinical diagnosis

age MMS B

1 CTR Dementia
unlikely to be
due to AD

vascular
encephalopathy

80 26 v
e

2 CTR Dementia
unlikely to be
due to AD

neurocognitive
deficits associated
with progressive
pancreas carcinoma and
tumorectomy

73 25 m
m

3 CTR MCI - unlikely
to be due
to AD

early Wernicke–
Korsakoff syndrome

61 30 c
W
s

4 CTR MCI - unlikely
to be due
to AD

depression 57 28 n

1 AD Probable AD
with high BP

– 73 25 h
a
v

2 AD Probable AD
with high BP

– 61 24 t
a

3 AD MCI - core
clinical data

– 79 28 m
a

4 AD Probable
AD with
intermediate BP

– 71 23 le
a
m

5 AD Probable AD
with intermediate
BP

– 74 21 h
g
a
m

Statistical analysis
In order to estimate the effects of AD CSF tau seeds ver-
sus control seeds, mean values of counts/area were cal-
culated, and p-values were obtained by t-tests. Data was
collected from 3 to 6 seeded mice per group, depending
on the stainings, as indicated in Additional file 1: Table
S1. P-values are interpreted exploratory and are not
adjusted for multiple comparisons. In the results section
and the figures, mean values and standard deviations are
indicated. A p-value < 0.05 was considered as significant.
A comprehensive overview on the statistical data is
provided in Additional file 1: Table S1.
Data sharing
All relevant clinical data on the patients included in this
exploratory translational study is provided in Table 1.
Additional individual de-identified patient data will be
shared by the corresponding author.
lected for the preparation of CSF seeds (CTR CSF: control
cate pathological values of CSF tau, p-tau or Aβ. NIA-AA criteria:
iagnostic guidelines for Alzheimer’s disease. Criteria

rain MRI SPECT CSF
tau
(pg/ml)

CSF
p-tau
(pg/ml)

CSF
Aβ
(pg/ml)

ascular
ncephalopathy

no signs of AD or
FTD, compatible with
vascular encephalopathy

500 78 544

ild vascular
icroangiopathy

– 206 50 580

ompatible with
ernicke-Korsakoff
yndrome

compatible with
Wernicke-Korsakoff
syndrome

162 43 928

ormal – 360 53 1133

ippocampal
trophy, no
ascular lesions

– 840 105 366

emporal brain
trophy

Left parietal decreased
glucose metabolism
compatible with early
AD

500 92 318

ild hippocampal
trophy

– 759 119 516

ft hippocampal
trophy,
icroangiopathy

– 308 77 240

ippocampal and
lobal brain
trophy, mild
icroangiopathy

– 238 32 402

http://imagej.net
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Skachokova et al. Acta Neuropathologica Communications            (2019) 7:72 Page 4 of 9
Results
CSF derived from AD patients accelerates cerebral tau
pathology in P301S host mice
CSF collection: patients’ characteristics
CSF was prospectively from a total of 23 patients visiting
an outpatient Memory Clinic, in the setting of an ex-
plorative clinical trial. Up to 15 ml of CSF were collected
per patient without any relevant side effects. Clinical,
imaging, and laboratory data of all patients were
assessed. For experimental inoculation into transgenic
mice, we selected CSF samples derived from the patients
with the highest (“Alzheimer’s disease patients”: AD
group, n = 5) and the lowest (“control”-patients: CTR
group, n = 4) probability of AD-related cognitive decline.
AD CSF samples were included from 2 patients fulfilling
the actual criteria for “Probable AD dementia with high
biomarker probability of AD etiology”, two patients with
“Probable AD dementia with intermediate biomarker
probability of AD etiology” [25], as well as one patient
with “MCI - core clinical data” [2], the latter with high
evidence for neuronal injury in the CSF analysis [2]. The
4 patients attributed to the CTR CSF group fulfilled the
criteria for “Dementia-unlikely to be due to AD” (n = 2)
or “MCI-unlikely due to AD” (n = 2), without biomarker
evidence for AD [2, 25]. Detailed patients’ characteristics
are provided in Table 1. Cognitive decline of control pa-
tients was clinically attributed to non-neurodegenerative
causes (e.g. vascular dementia or alcohol abuse).
Mean age (CTR 67,8y/AD 71,6y, p = 0,52) and MMS
Score (27,3/24,2, p = 0.10) did not significantly differ
between the two groups, although there was a trend
Fig. 1 Immunohistochemistry for AT8 and AT100 tau phosphorylation mar
unilateral hippocampal inoculation with CSF derived from control patients
neurons (c, p = 0,001) ipsilateral to the inoculation site; AT100 positive hipp
per area. Scale bar in e equals 500 μm, and applies to a, b, d, and e
to a higher MMS in the patients attributed to the
control patients’ group.
Given the physiologically low tau concentrations in

CSF in the ng/ml range, the samples were concentrated
as previously described (Additional file 1: Figure S1)
[16, 35]. After concentration, no significant difference
of the total tau levels between the two groups was mea-
sured by ELISA (156 ng/ml / 204,6 ng/ml, P = 0.65,
Additional file 1: Figure S2).

Hippocampal neuronal tau pathology provoked by AD-
patients’ CSF
Intrahippocampal injections of AD-patients’ CSF into
young P301S tau mice resulted in an increased number
of AT8 positive hippocampal neurons at the injection
level, as compared to CTR CSF inoculated mice
(Fig. 1a-c, mean neuron count per area CTR CSF/AD
CSF: 0,049/0,611, p = 0,001, for comprehensive overview
on the statistical data see Additional file 1: Table S1).
Immunohistochemistry for AT100 also showed a signifi-
cant increase in positive hippocampal neurons in the
AD CSF injected hippocampus when compared to CTR
CSF administered mice (Fig. 1e-f, CTR CSF/AD CSF:
0,101/0,729, p = 0,013, for a detailed view on the accen-
tuated AT8 and AT100 pathology in the CA1 field see
Additional file 1: Figure S3). Moreover, a trend to in-
creased tau phosphorylation was noticeable also in the
contralateral, non-injected hippocampus, both for AT8
as well as for AT100 hyperphosphorylated tau, when
comparing the CTR group to the AD group (AT8:
0,050/0,393, p = 0,053, AT100: 0,164/0,626, p = 0,053).
kers of 7 months old P301S transgenic mice, sacrificed 4 months after
(CTR) or AD patients (AD) (a, d; b, e). AT8 positive hippocampal
ocampal neurons, ipsilateral (f, p = 0,0013). Numbers indicate neurons
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Semi-quantitative analysis revealed more AT8 positive
hippocampal neurons in AD CSF seeded mice anterior
(from − 2 to − 2.5 mm) and posterior (from − 2.5 to -3
mm) to the injection site, compared to CTR CSF seeded
mice, both, ipsi-, and contralateral to the injection site
(Fig. 2). This is compatible with CSF-induced spreading
of tau pathology throughout the hippocampus of inocu-
lated mice along anatomically connected regions,
similarly to previous findings when seeding with tau
containing brain homogenates [1, 8, 33].
Previous seedings with brain homogenates in P301S mice

resulted in a prominent increase in dot-like structures, at-
tributable to axonal tau aggregates [1]. Hippocampal tissue
from AD CSF seeded mice showed similar wide-spread
dot-like structures, when stained for AT8 or AT100.
Dot-like structures were most prominent in the dentate
gyrus (DG) (Fig. 3a-f, Additional file 1: Figure S4a-d), as
well as in the pathways of the fimbria (Fig. 3g-m). In CTR
CSF seeded mice, some dot-like structures were also
present, most prominently in the DG (Fig. 3a, d), and
accentuated in the dorsal hippocampus, where they occur
regularly in untreated aged P301S mice. When comparing
CTR CSF to AD CSF inoculated mice, the increase in
AT8 and AT100 positive dot-like structures in the
DG was significant ipsilateral to the injection site
(AT8: 1,265/3,045, p = 0,013 (Fig. 3a-c); AT100: 1,930/
6,400, p = 0,036 (Fig. 3d-f )), and even contra-lateral to
the injection site (AT8: 1,012/2,574, p = 0,031; AT100:
3,121/6,266, p = 0,047). Compatible with an induced
spreading of tau aggregation, an increase of tau hyper-
phosphorylation was also noted in the fimbria, both for
AT8 and AT100 positive granular structures (AT8: 1,736/
4,310, p = 0,039 (Fig. 3g-i); AT100: 2539/5514, p = 0,018
Fig. 2 Heat map of a semiquantitative analysis of AT8 tau positive neurons
to the injection site after CTR CSF and AD CSF seedings. Bregma levels 2–2
(Fig. 3k-m)), while showing a similar trend on the
contra-lateral side (AT8: 1,603/3,258, p = 0,121; AT100:
2,598/4,302, p = 0,053).
Furthermore, Gallyas-Braak staining showed an in-

crease in silver positive hippocampal neuronal inclusions
in AD CSF seeded host mice, both ipsilateral (Fig. 4a-c,
0,029/0,151, p = 0,0007), as well as contralateral to the
injection site (0,049/0,128, p = 0.014). This is compatible
with the induction of later stage tau hyperphosphoryla-
tion and tau aggregation by the AD CSF tau seeds, as
also visible on higher magnification views of the CA1
region (Fig. 4d, e). Only in a subset of mice, focal granu-
lar aggregates of Gallyas-Braak positive tau structures
became visible. In a mouse seeded with CSF collected
from patient #2, we noted a focal induction of Gallyas-
Braak positive grains in the ipsilateral alveus above the
CA1 field (Fig. 4f ), while in a mouse inoculated with
CSF derived from patient #1, prominently focal granular
tau structures appeared in the dorsal fornix, strictly
limited to the inoculated side (Fig. 4g). The latter finding
was reminiscent of previous observations of focal tau ag-
gregation in the dorsal fornix following injection of hu-
man brain extracts derived from tauopathy patients [5].

Discussion
Here we demonstrate the in vivo tau seeding effects of
cerebrospinal fluid (CSF) derived from patients suffering
from AD dementia or mild cognitive impairment (MCI)
likely due to AD. CSF containing hyperphosphorylated
tau species accelerated tau pathology after intrahippo-
campal inoculation into P301S tau transgenic host mice.
These findings corroborate two recent reports of in vitro
seeding-like activity of CSF tau [31, 38], providing now
anterior and posterior, as well as ipsilateral (asterisks) and contralateral
.5/2–2.5 mm (a, c, anterior), and 2.5–3/2.5–3 mm (b, d, posterior)



Fig. 3 AT8 and AT100 immunohistochemistry after unilateral hippocampal seeding with CTR CSF (a, g; d, k) and AD CSF (b, h; e, l) into P301S
mice. Accumulation of AT8 (c, p = 0.013) and AT 100 (f, p = 0.036) positive dot-like structures in the DG ipsilateral to the injection site. Increase in
AT8 (i, p = 0.039) and AT 100 (m, p = 0.018) positive dot-like structures in the fimbria. Numbers indicate dot like structures per area. Scale bar in e
equals 150 μm in a, b, d and e; scale bar in l equals 37,5 μm in g, h, k, and l

Fig. 4 Gallyas-Braak stainings. Overview on the hippocampus (CTR CSF: a, AD CSF: b). Increase in Gallyas-Braak positive hippocampal neurons in
AD CSF seeded mice compared to CTR CSF seedings (c, p = 0.0007). Gallyas positive neurons in the CA1 subfield (CTR CSF: d, AD CSF: e). Focal
dot-like Gallyas-Braak positive structures in the ipsilateral alveus above the CA1 field after inoculation of CSF from patient #2 (f, arrow), and in the
ipsilateral dorsal fornix after seeding with CSF from patient #1 (g). Numbers indicate neurons per area. Scale bar in a equals 500 μm in a and b;
scale bar in d equals 100 μm and applies to d-f; scale bar in g equals 76 μm
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first evidence for biological seeding activity of patients’
derived CSF tau in susceptible host mice.
CSF collected from patients with a high probability of

AD or related MCI was used, and compared with CSF
derived from age-matched patients with diagnosis other
than AD. Inoculation of CSF collected from AD and MCI
patients resulted in a significant increase of markers of tau
pathology in the hippocampus of P301S tau host mice.
Advanced tau pathology was also notable in the contralat-
eral hippocampus, and in anterior and posterior direc-
tions. This is comparable to the spreading we and others
have described after seeding with brain extracts of tau
transgenic mice or tauopathy patients [1, 5, 8, 9, 22].
Besides an overall increase in tau inclusion positive

hippocampal neurons, injection of concentrated AD pa-
tients’ CSF into young P301S tau mice resulted in focal
granular, dot-like tau accumulation particularly in the
fimbria and the dentate gyrus (DG) in a subset of the in-
oculated mice. This granular pathology is very similar to
earlier findings in tau transgenic mice seeded with brain
extracts from a patient who suffered from corticobasal
degeneration [5]. Punctate Gallyas-Braak silver staining
positive structures indicative of axonal tau aggregates
accumulated in the alveus and the dorsal fornix close to
the injection site in two AD CSF inoculated mice, rem-
iniscent of a similar pathology induced in the fornix of
P301S tau mice seeded with P301S tau mouse donor
brain extracts [1]. These characteristic focal Gallyas-
Braak positive, axonal dot-like structures were visible in
a subset of AD CSF inoculated host mice. Seeding
patterns might differ due to varieties in the tau strains
involved in the donor patients. It has been shown that
brain samples from different tauopathy patients may
accelerate tau aggregation variably in different structures or
cell types, and also propagate in distinctive ways, indicating
the presence of different tau strains [5]. Recently, different
ultrastructural polymorphs of patients’ brain-derived tau
strains have been identified by cryo-EM [12, 13].
Our findings suggest that in AD patients, pathological

tau species with biological seeding competence drain
from the brain interstitial fluid to the CSF compartment.
There, they retain their potential to evoke seed-like
effects in vivo, similarly as previously reported for brain
parenchymal tau species.
The here observed tau seeding competence of AD pa-

tients’ CSF contrasts our earlier findings in seeding ex-
periments with Aβ. There, even very long seeding times
after inoculation of concentrated human or murine Aβ
comprising CSF into APP transgenic host mice failed to
provide evidence for the presence of bioactive Aβ seeds
in the CSF compartment [16, 35]. The here described
biological tau seeding activity of CSF is however not en-
tirely surprising. In contrast to Aβ that aggregates
broadly in the brain parenchyma and the perivascular
space, tau is readily drained towards the CSF compart-
ment. Opposite to Aβ, tau levels increase in the CSF
with the progression of AD [28].
Furthermore, our evidence for in vivo seeding activity

of CSF tau follows recent findings on the ability of CSF
tau to induce seeding-like conformational changes
in vitro [31, 38]. Ventricular CSF samples collected post
mortem at autopsies of AD patients have been inducing
tau aggregation in HEK293 cells expressing a P301S tau
repeat domain [38]. CSF tau derived from Pick’s disease
patients has furthermore been found to induce real-time
quaking conversion (RT-QuIC) of a 3 repeat tau frag-
ment [31]. In vitro seeding activity in cellular systems, or
prion-like substrate conversion capacity by RT-QuIC,
has furthermore recently been demonstrated for CSF in
the context of other neurodegenerative proteinopathies,
including sporadic Creutzfeldt Jakob disease [15] and
Huntington’s disease [39].
The presence of bioactive tau seeds in the CSF of AD

patients suggests a diagnostic use of the aggregation in-
duction capacity of CSF in tauopathies. In contrast to
brain tissue, CSF can easily be collected from patients
with a low rate of side effects [30]. The simple analysis
of CSF tau levels is an established part of the diagnostic
criteria for AD, but it lacks yet high specificity and is un-
able to provide prognosis at early or even preclinical
disease stages [11, 28]. The latter would however be im-
portant also for the development of novel therapies. Our
detection of bioactive tau seeds in CSF of AD patients
augurs well for the development of novel diagnostic
tools that are based on the specific conformational prop-
erties and the bioactivity of tau.
The biological in vivo seeding capacity of AD pa-

tients’ CSF that we describe calls for considerations on
the biosafety of operators when handling CSF samples.
Compared to previous seedings with brain tissues [8],
the seeding effects described here after inoculation of
concentrated CSF into a tau overexpressing murine
host system are relatively mild. We therefore consider
the seeding potential of AD tau in CSF rather low. We
however did not compare the seeding capacity of AD
CSF to proportionately diluted AD brain lysates, so that
a direct comparison of the seeding potential of CSF to
brain-derived tau remains yet to be done. The host
mice used in the present study furthermore express a
human P301S mutant tau form which is particularly
prone to aggregation. The present findings therefore
can’t be directly translated into the setting where
people with normal wild-type tau would be exposed to
AD patients’ tau samples. Altogether, the seeding
potential of CSF might be of limited relevance in a rou-
tine laboratory or clinical setting when adhering to
standard safety procedures for the handling of poten-
tially infectious bio-samples.
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This study is subject to some limitations. Due to the
large amounts of CSF needed, CSF had to be collected
consecutively from donating patients. This resulted in a
limited number of patients’ samples attributable to either
the AD- or the control-group, similar to the previous
in vitro study done in HEK293 cells [38]. As tau seeding is
a time and concentration dependent process [9], we con-
centrated the CSF samples before the intracerebral inocu-
lations. We can’t therefore exclude, that the seeding
potential of tau was increased by the concentration
process itself. The absence of any seeding activity in our
previous experiments with concentrated CSF-Aβ [16, 35],
as well as the significant differences between the CSF tau
derived from AD patients versus the controls, however
speak against a relevant influence of the concentrating
procedure. Given the short life span of homozygous
P301S tau mice, the maximum seeding time was limited
to 4months. We therefore can’t exclude that a more
robust seeding response would become apparent at later
time points post-seeding.
The exact nature of bioactive tau seeds has yet

remained unknown. The need of large amounts of CSF
for seedings in the present study has precluded any de-
tailed analysis of the bioactive seeds. In their post mortal
CSF samples, Takeda et al. found high molecular weight
tau (HMW) species, and considered them to be the bio-
active species in vitro [38]. Future studies will be needed
to analyze the structural nature of CSF tau bioseeds.
In conclusion, we here provide first in vivo evidence

for the presence of bioactive tau aggregation accelerating
seeds in CSF of AD patients. Further studies will be
needed to elaborate whether CSF derived bioactive tau
seeds might be of use as a marker of AD, as well as to
study mechanistic aspects of potentially strain specific
patterns of CSF bioseeds in different tauopathies.
Additional file

Additional file 1: Figure S1. CSF was collected from patients and
controls by a lumbar puncture, obtaining about 10 ml on average. From
those, 8 ml were used for subsequent lyophilization, dialysis, and re-
lyophilization, and finally dissolved in 66 μl sterile water, with a theoretical
concentration factor of 120x. Figure S2. Tau and phospho-tau (P-Tau,
T231) concentration of the patients CSF used for seeding experiments, as
measured by ELISA. There was no significant difference of the total tau
levels between the AD and the CTR group, as measured by ELISA, before
(0,530 ng/ml / 0,307 ng/ml, p = 0,183) and after concentration (204,6 ng/
ml / 156 ng/ml, p = 0.646). Figure S3. Immunohistochemistry of the
hippocampal CA1 field for AT8 and AT100 tau phosphorylation markers
of 7 months old P301S transgenic mice, sacrificed 4 months after
unilateral hippocampal inoculation with CSF derived from control
patients (CTR) or AD patients (AD) (a-d). Scale bar in d equals 100 μm and
applies to a-d. Figure S4. Immunohistochemistry of the dentate gyrus for
AT8 and AT100 tau phosphorylation markers of 7 months old P301S
transgenic mice, sacrificed 4 months after unilateral hippocampal
inoculation with CSF derived from control patients (CTR) or AD patients
(AD) (a-d). Scale bar in d equals 37,5 μm and applies to a-d. Table S1.
Overview of the statistical data of unilateral intrahippocampal seedings
with CSF derived from AD patients (AD) and control patients (CTR) into
P301S mice. Abbreviations: HIPP: Hippocampal, DG: dentate gyrus, IPSI:
ipsilateral to the intrahippocampal inoculation of the seed, CONTRA:
contralateral to the intrahippocampal inoculation of the seed. (PDF 3360 kb)

Acknowledgements
We thank PD Dr. Axel Regeniter, University Hospital Basel for his support of
the analysis of the CSF samples. We acknowledge Andreas Schoetzau, dipl.
Math., (www.eudox.ch) for statistical advice. MT and DTW are supported by
the Swiss National Science Foundation (31003A_152846 to MT and
32323B_123812 and 310030_169486 to DTW), the Velux Foundation, the
Mach-Gaensslen Foundation, the Synapsis Foundation and the D&N Yde
Foundation, Switzerland. MG is supported by the UK Medical Research
Council (U105184291).

Authors’ contributions
DTW designed the study; ZS, AM, AUM, and DTW designed research; ZS, AM,
FS, MF, YN, VS-M, MS performed research; ZS, AM, FS, MF, AUM, MS, MT, MG,
and DTW analyzed data; and ZS, AM, MG, and DTW wrote the paper. All
authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Institute of Medical Genetics and Pathology, University Hospital Basel,
Petersgraben 4, CH-4031 Basel, Switzerland. 2Department of Neurology,
University Hospital Basel, Petersgraben 4, CH-4031 Basel, Switzerland.
3Memory Clinic, University Center for Medicine of Aging, Felix Platter
Hospital & University of Basel, Burgfelderstrasse 101, CH-4002 Basel,
Switzerland. 4MRC, Laboratory of Molecular Biology, Francis Crick Avenue,
Cambridge CB2 0QH, UK. 5Neurology, Medical University Clinic, Kantonsspital
Baselland, Rheinstrasse 26, 4410 Liestal, Switzerland.

Received: 14 March 2019 Accepted: 17 April 2019

References
1. Ahmed Z, Cooper J, Murray TK, Garn K, McNaughton E, Clarke H, Parhizkar S,

Ward MA, Cavallini A, Jackson S et al (2014) A novel in vivo model of tau
propagation with rapid and progressive neurofibrillary tangle pathology: the
pattern of spread is determined by connectivity, not proximity. Acta
Neuropathol 127:667–683. https://doi.org/10.1007/s00401-014-1254-6

2. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, Gamst A,
Holtzman DM, Jagust WJ, Petersen RC et al (2011) The diagnosis of mild
cognitive impairment due to Alzheimer's disease: recommendations from
the National Institute on Aging-Alzheimer's Association workgroups on
diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 7:270–
279. https://doi.org/10.1016/j.jalz.2011.03.008

3. Allen B, Ingram E, Takao M, Smith MJ, Jakes R, Virdee K, Yoshida H, Holzer
M, Craxton M, Emson PC et al (2002) Abundant tau filaments and
nonapoptotic neurodegeneration in transgenic mice expressing human
P301S tau protein. J Neurosci 22:9340–9351

4. Andreasen N, Minthon L, Davidsson P, Vanmechelen E, Vanderstichele H,
Winblad B, Blennow K (2001) Evaluation of CSF-tau and CSF-Abeta42 as
diagnostic markers for Alzheimer disease in clinical practice. Arch Neurol 58:
373–379

5. Boluda S, Iba M, Zhang B, Raible KM, Lee VM, Trojanowski JQ (2015)
Differential induction and spread of tau pathology in young PS19 tau
transgenic mice following intracerebral injections of pathological tau from
Alzheimer's disease or corticobasal degeneration brains. Acta Neuropathol
129:221–237. https://doi.org/10.1007/s00401-014-1373-0

6. Braak H, Braak E (1997) Frequency of stages of Alzheimer-related lesions in
different age categories. Neurobiol Aging 18:351–357

https://doi.org/10.1186/s40478-019-0725-3
http://www.eudox.ch
https://doi.org/10.1007/s00401-014-1254-6
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1007/s00401-014-1373-0


Skachokova et al. Acta Neuropathologica Communications            (2019) 7:72 Page 9 of 9
7. Braak H, Braak E, Ohm T, Bohl J (1988) Silver impregnation of Alzheimer’s
neurofibrillary changes counterstained for basophilic material and lipofuscin
pigment. Stain Technol 63:197–200

8. Clavaguera F, Akatsu H, Fraser G, Crowther RA, Frank S, Hench J, Probst A,
Winkler DT, Reichwald J, Staufenbiel M et al (2013) Brain homogenates from
human tauopathies induce tau inclusions in mouse brain. Proc Natl Acad
Sci U S A 110:9535–9540. https://doi.org/10.1073/pnas.1301175110

9. Clavaguera F, Bolmont T, Crowther RA, Abramowski D, Frank S, Probst A,
Fraser G, Stalder AK, Beibel M, Staufenbiel M et al (2009) Transmission and
spreading of tauopathy in transgenic mouse brain. Nat Cell Biol 11:909–913.
https://doi.org/10.1038/ncb1901

10. Dujardin S, Begard S, Caillierez R, Lachaud C, Carrier S, Lieger S, Gonzalez JA,
Deramecourt V, Deglon N, Maurage CA et al (2018) Different tau species
lead to heterogeneous tau pathology propagation and misfolding. Acta
neuropathologica communications 6:132. https://doi.org/10.1186/s40478-
018-0637-7

11. Epelbaum S, Genthon R, Cavedo E, Habert MO, Lamari F, Gagliardi G, Lista S,
Teichmann M, Bakardjian H, Hampel H et al (2017) Preclinical Alzheimer’s
disease: a systematic review of the cohorts underlying the concept.
Alzheimers Dement 13:454–467. https://doi.org/10.1016/j.jalz.2016.12.003

12. Falcon B, Zhang W, Murzin AG, Murshudov G, Garringer HJ, Vidal R,
Crowther RA, Ghetti B, Scheres SHW, Goedert M (2018) Structures of
filaments from Pick's disease reveal a novel tau protein fold. Nature 561:
137–140. https://doi.org/10.1038/s41586-018-0454-y

13. Fitzpatrick AWP, Falcon B, He S, Murzin AG, Murshudov G, Garringer HJ,
Crowther RA, Ghetti B, Goedert M, Scheres SHW (2017) Cryo-EM structures
of tau filaments from Alzheimer's disease. Nature 547:185–190. https://doi.
org/10.1038/nature23002

14. Folstein MF, Folstein SE, McHugh PR (1975) “Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician. J
Psychiatr Res 12:189–198

15. Foutz A, Appleby BS, Hamlin C, Liu X, Yang S, Cohen Y, Chen W, Blevins J,
Fausett C, Wang H et al (2017) Diagnostic and prognostic value of human
prion detection in cerebrospinal fluid. Ann Neurol 81:79–92. https://doi.org/
10.1002/ana.24833

16. Fritschi SK, Langer F, Kaeser SA, Maia LF, Portelius E, Pinotsi D, Kaminski CF,
Winkler DT, Maetzler W, Keyvani K et al (2014) Highly potent soluble
amyloid-beta seeds in human Alzheimer brain but not cerebrospinal fluid.
Brain 137:2909–2915. https://doi.org/10.1093/brain/awu255

17. Frost B, Jacks RL, Diamond MI (2009) Propagation of tau misfolding from
the outside to the inside of a cell. J Biol Chem 284:12845–12852. https://doi.
org/10.1074/jbc.M808759200

18. Furman JL, Vaquer-Alicea J, White CL 3rd, Cairns NJ, Nelson PT, Diamond MI
(2017) Widespread tau seeding activity at early Braak stages. Acta
Neuropathol 133:91–100. https://doi.org/10.1007/s00401-016-1644-z

19. Gallyas F (1971) Silver staining of Alzheimer’s neurofibrillary changes by
means of physical development. Acta Morphol Acad Sci Hung 19:1–8

20. Goedert M, Eisenberg DS, Crowther RA (2017) Propagation of tau
aggregates and neurodegeneration. Annu Rev Neurosci 40:189–210. https://
doi.org/10.1146/annurev-neuro-072116-031153

21. Goedert M, Masuda-Suzukake M, Falcon B (2017) Like prions: the
propagation of aggregated tau and alpha-synuclein in neurodegeneration.
Brain 140:266–278. https://doi.org/10.1093/brain/aww230

22. Iba M, McBride JD, Guo JL, Zhang B, Trojanowski JQ, Lee VM (2015) Tau
pathology spread in PS19 tau transgenic mice following locus coeruleus
(LC) injections of synthetic tau fibrils is determined by the LC's afferent and
efferent connections. Acta Neuropathol 130:349–362. https://doi.org/10.
1007/s00401-015-1458-4

23. Kaufman SK, Del Tredici K, Thomas TL, Braak H, Diamond MI (2018) Tau
seeding activity begins in the transentorhinal/entorhinal regions and
anticipates phospho-tau pathology in Alzheimer's disease and PART. Acta
Neuropathol 136:57–67. https://doi.org/10.1007/s00401-018-1855-6

24. Kaufman SK, Thomas TL, Del Tredici K, Braak H, Diamond MI (2017)
Characterization of tau prion seeding activity and strains from
formaldehyde-fixed tissue. Acta neuropathologica communications 5:41.
https://doi.org/10.1186/s40478-017-0442-8

25. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas CH,
Klunk WE, Koroshetz WJ, Manly JJ, Mayeux R et al (2011) The diagnosis of
dementia due to Alzheimer's disease: recommendations from the National
Institute on Aging-Alzheimer's Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement 7:263–269. https://
doi.org/10.1016/j.jalz.2011.03.005

26. Mudher A, Colin M, Dujardin S, Medina M, Dewachter I, Alavi Naini SM,
Mandelkow EM, Mandelkow E, Buee L, Goedert M et al (2017) What is the
evidence that tau pathology spreads through prion-like propagation? Acta
neuropathologica communications 5:99. https://doi.org/10.1186/s40478-017-
0488-7

27. Narasimhan S, Guo JL, Changolkar L, Stieber A, McBride JD, Silva LV, He Z,
Zhang B, Gathagan RJ, Trojanowski JQ et al (2017) Pathological tau strains
from human brains recapitulate the diversity of Tauopathies in
nontransgenic mouse brain. J Neurosci 37:11406–11423. https://doi.org/10.
1523/JNEUROSCI.1230-17.2017

28. Olsson B, Lautner R, Andreasson U, Ohrfelt A, Portelius E, Bjerke M, Holtta M,
Rosen C, Olsson C, Strobel G et al (2016) CSF and blood biomarkers for the
diagnosis of Alzheimer's disease: a systematic review and meta-analysis.
Lancet Neurol 15:673–684. https://doi.org/10.1016/S1474-4422(16)00070-3

29. Ozcelik S, Sprenger F, Skachokova Z, Fraser G, Abramowski D, Clavaguera F,
Probst A, Frank S, Muller M, Staufenbiel M et al (2016) Co-expression of
truncated and full-length tau induces severe neurotoxicity. Mol Psychiatry
21:1790–1798. https://doi.org/10.1038/mp.2015.228

30. Peskind E, Nordberg A, Darreh-Shori T, Soininen H (2009) Safety of lumbar
puncture procedures in patients with Alzheimer’s disease. Curr Alzheimer
Res 6:290–292

31. Saijo E, Ghetti B, Zanusso G, Oblak A, Furman JL, Diamond MI, Kraus A,
Caughey B (2017) Ultrasensitive and selective detection of 3-repeat tau
seeding activity in pick disease brain and cerebrospinal fluid. Acta
Neuropathol 133:751–765. https://doi.org/10.1007/s00401-017-1692-z

32. Saman S, Kim W, Raya M, Visnick Y, Miro S, Saman S, Jackson B, McKee AC,
Alvarez VE, Lee NC (2012) Exosome-associated tau is secreted in tauopathy
models and is selectively phosphorylated in cerebrospinal fluid in early
Alzheimer disease. J Biol Chem 287:3842–3849

33. Sanders DW, Kaufman SK, DeVos SL, Sharma AM, Mirbaha H, Li A, Barker SJ,
Foley AC, Thorpe JR, Serpell LC et al (2014) Distinct tau prion strains
propagate in cells and mice and define different tauopathies. Neuron 82:
1271–1288. https://doi.org/10.1016/j.neuron.2014.04.047

34. Simonsen AH, Herukka SK, Andreasen N, Baldeiras I, Bjerke M, Blennow K,
Engelborghs S, Frisoni GB, Gabryelewicz T, Galluzzi S et al (2017)
Recommendations for CSF AD biomarkers in the diagnostic evaluation of
dementia. Alzheimers Dement 13:274–284. https://doi.org/10.1016/j.jalz.
2016.09.008

35. Skachokova Z, Sprenger F, Breu K, Abramowski D, Clavaguera F, Hench J,
Staufenbiel M, Tolnay M, Winkler DT (2015) Amyloid-beta in the
cerebrospinal fluid of APP transgenic mice does not show prion-like
properties. Curr Alzheimer Res 12:886–891

36. Spillantini MG, Goedert M (2013) Tau pathology and neurodegeneration.
Lancet Neurol 12:609–622. https://doi.org/10.1016/S1474-4422(13)70090-5

37. Sunderland T, Linker G, Mirza N, Putnam KT, Friedman DL, Kimmel LH,
Bergeson J, Manetti GJ, Zimmermann M, Tang B et al (2003) Decreased
beta-amyloid1–42 and increased tau levels in cerebrospinal fluid of patients
with Alzheimer disease. JAMA 289:2094–2103. https://doi.org/10.1001/jama.
289.16.2094

38. Takeda S, Commins C, DeVos SL, Nobuhara CK, Wegmann S, Roe AD,
Costantino I, Fan Z, Nicholls SB, Sherman AE et al (2016) Seed-competent
high-molecular-weight tau species accumulates in the cerebrospinal fluid of
Alzheimer's disease mouse model and human patients. Ann Neurol 80:355–
367. https://doi.org/10.1002/ana.24716

39. Tan Z, Dai W, van Erp TG, Overman J, Demuro A, Digman MA, Hatami A,
Albay R, Sontag EM, Potkin KT et al (2015) Huntington's disease
cerebrospinal fluid seeds aggregation of mutant huntingtin. Mol Psychiatry
20:1286–1293. https://doi.org/10.1038/mp.2015.81

40. Wu JW, Herman M, Liu L, Simoes S, Acker CM, Figueroa H, Steinberg JI,
Margittai M, Kayed R, Zurzolo C et al (2013) Small misfolded tau species are
internalized via bulk endocytosis and anterogradely and retrogradely
transported in neurons. J Biol Chem 288:1856–1870. https://doi.org/10.1074/
jbc.M112.394528

https://doi.org/10.1073/pnas.1301175110
https://doi.org/10.1038/ncb1901
https://doi.org/10.1186/s40478-018-0637-7
https://doi.org/10.1186/s40478-018-0637-7
https://doi.org/10.1016/j.jalz.2016.12.003
https://doi.org/10.1038/s41586-018-0454-y
https://doi.org/10.1038/nature23002
https://doi.org/10.1038/nature23002
https://doi.org/10.1002/ana.24833
https://doi.org/10.1002/ana.24833
https://doi.org/10.1093/brain/awu255
https://doi.org/10.1074/jbc.M808759200
https://doi.org/10.1074/jbc.M808759200
https://doi.org/10.1007/s00401-016-1644-z
https://doi.org/10.1146/annurev-neuro-072116-031153
https://doi.org/10.1146/annurev-neuro-072116-031153
https://doi.org/10.1093/brain/aww230
https://doi.org/10.1007/s00401-015-1458-4
https://doi.org/10.1007/s00401-015-1458-4
https://doi.org/10.1007/s00401-018-1855-6
https://doi.org/10.1186/s40478-017-0442-8
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1186/s40478-017-0488-7
https://doi.org/10.1186/s40478-017-0488-7
https://doi.org/10.1523/JNEUROSCI.1230-17.2017
https://doi.org/10.1523/JNEUROSCI.1230-17.2017
https://doi.org/10.1016/S1474-4422(16)00070-3
https://doi.org/10.1038/mp.2015.228
https://doi.org/10.1007/s00401-017-1692-z
https://doi.org/10.1016/j.neuron.2014.04.047
https://doi.org/10.1016/j.jalz.2016.09.008
https://doi.org/10.1016/j.jalz.2016.09.008
https://doi.org/10.1016/S1474-4422(13)70090-5
https://doi.org/10.1001/jama.289.16.2094
https://doi.org/10.1001/jama.289.16.2094
https://doi.org/10.1002/ana.24716
https://doi.org/10.1038/mp.2015.81
https://doi.org/10.1074/jbc.M112.394528
https://doi.org/10.1074/jbc.M112.394528

	Abstract
	Introduction
	Materials and methods
	Mice
	CSF collection and patient characteristics
	CSF processing
	Elisa
	Stereotaxic surgery
	Immunohistochemical analysis
	Statistical analysis
	Data sharing

	Results
	CSF derived from AD patients accelerates cerebral tau pathology in P301S host mice
	CSF collection: patients’ characteristics
	Hippocampal neuronal tau pathology provoked by AD-patients’ CSF


	Discussion
	Additional file
	Acknowledgements
	Authors’ contributions
	Competing interests
	Publisher’s Note
	Author details
	References

