
Neurobiology of Disease

Cellular Prion Protein Mediates the Disruption of
Hippocampal Synaptic Plasticity by Soluble Tau In Vivo

Tomas Ondrejcak,1 Igor Klyubin,1 X Grant T. Corbett,2 Graham Fraser,3 Wei Hong,2 Alexandra J. Mably,2

Matthew Gardener,4 Jayne Hammersley,4 Michael S. Perkinton,3 Andrew Billinton,3 X Dominic M. Walsh,2

and Michael J. Rowan1

1Department of Pharmacology and Therapeutics and Institute of Neuroscience, Trinity College Dublin, Dublin 2, Ireland, 2Laboratory for
Neurodegenerative Research, Ann Romney Center for Neurologic Diseases, Brigham and Women’s Hospital, and Harvard Medical School, Boston,
Massachusetts 02115, 3Neuroscience, IMED Biotech Unit, AstraZeneca, Cambridge, CB21 6GH, United Kingdom, and 4Antibody Discovery and Protein
Engineering, MedImmune, Granta Park, Cambridge, CB21 6GH, United Kingdom

Intracellular neurofibrillary tangles (NFTs) composed of tau protein are a neuropathological hallmark of several neurodegenerative
diseases, the most common of which is Alzheimer’s disease (AD). For some time NFTs were considered the primary cause of synaptic
dysfunction and neuronal death, however, more recent evidence suggests that soluble aggregates of tau are key drivers of disease. Here we
investigated the effect of different tau species on synaptic plasticity in the male rat hippocampus in vivo. Intracerebroventricular injection
of soluble aggregates formed from either wild-type or P301S human recombinant tau potently inhibited hippocampal long-term poten-
tiation (LTP) at CA3-to-CA1 synapses. In contrast, tau monomers and fibrils appeared inactive. Neither baseline synaptic transmission,
paired-pulse facilitation nor burst response during high-frequency conditioning stimulation was affected by the soluble tau aggregates.
Similarly, certain AD brain soluble extracts inhibited LTP in a tau-dependent manner that was abrogated by either immunodepletion
with, or coinjection of, a mid-region anti-tau monoclonal antibody (mAb), Tau5. Importantly, this tau-mediated block of LTP was
prevented by administration of mAbs selective for the prion protein (PrP). Specifically, mAbs to both the mid-region (6D11) and
N-terminus (MI-0131) of PrP prevented inhibition of LTP by both recombinant and brain-derived tau. These findings indicate that PrP is
a mediator of tau-induced synaptic dysfunction.
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Introduction
The brains of Alzheimer’s disease (AD) patients are characterized
by tau-containing intracellular neurofibrillary tangles (NFTs)

and amyloid �-protein (A�)-laden extracellular neuritic plaques.
Tau is abnormally phosphorylated and aggregated in NFTs
(Querfurth and LaFerla, 2010; Medeiros et al., 2011; Morris et al.,
2011), and the presence of NFTs is associated with microtubule
destabilization and compromised axonal transport (Querfurth
and LaFerla, 2010; Scheltens et al., 2016). Indeed, tau pathology
and glutamatergic synaptic loss correlate with the severity of de-
mentia in AD (Terry et al., 1991; Terry, 2000; Nelson et al., 2009,
2012).
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Significance Statement

Here we report that certain soluble forms of tau selectively disrupt synaptic plasticity in the live rat hippocampus. Further, we
show that monoclonal antibodies to cellular prion protein abrogate the impairment of long-term potentiation caused both by
recombinant and Alzheimer’s disease brain-derived soluble tau. These findings support a critical role for cellular prion protein in
the deleterious synaptic actions of extracellular soluble tau in tauopathies, including Alzheimer’s disease. Thus, approaches
targeting cellular prion protein, or downstream pathways, might provide an effective strategy for developing therapeutics.
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Recent evidence implicates soluble, diffusible tau oligomers as
important drivers of synaptotoxicity (Medina and Avila, 2014; Fá
et al., 2016). Although tau is an intracellular protein, many forms
of tau are present in CSF and in medium of cultured neurons
(Pooler et al., 2013; Medina and Avila, 2014; Yamada et al., 2014;
Bright et al., 2015; Kanmert et al., 2015; Chen et al., 2018; Guix et
al., 2018; Hu et al., 2018; Sato et al., 2018). Significantly, exoge-
nous application of soluble tau aggregates (S�As) and tau oligom-
ers prepared from AD brain can impair hippocampal synaptic
plasticity in vitro (Lasagna-Reeves et al., 2011; Guerrero-Muñoz
et al., 2015; Fá et al., 2016; Piacentini et al., 2017; Puzzo et al.,
2017) and disrupt limbic system-dependent learning in mice
(Lasagna-Reeves et al., 2012; Fá et al., 2016).

Extracellular, misfolded, tau is also implicated in the insidious
propagation of tau pathology between brain regions, putatively
starting in the entorhinal cortex and spreading through the hip-
pocampus to other cortical areas (Braak and Del Tredici, 2011).
Indeed, tau has been reported to be transferred between cells, at
least partly via synapses (Liu et al., 2012; Soto, 2012; de Calignon
et al., 2012; Hyman, 2014; Iba et al., 2015; Fu et al., 2016).

Similar mechanisms have been proposed for the spread of
pathology in other neurodegenerative diseases (Jucker and
Walker, 2011; Guo and Lee, 2014; Walsh and Selkoe, 2016; Aulić
et al., 2017; Urrea et al., 2018). Preventing the binding of infec-
tious prions to cell membrane-anchored PrP is currently under
investigation as a means to treat transmissible spongiform en-
cephalopathies (Klyubin et al., 2014b). Intriguingly, the binding
of A� or �-synuclein oligomers to cellular prion protein (PrP C)
disrupts synaptic plasticity and impairs learning (Barry et al.,
2011; Freir et al., 2011; Hu et al., 2014; Klyubin et al., 2014b;
Ferreira et al., 2017; Zhang et al., 2017) and it has been suggested
that PrP C may act as a molecular sensor for a broad range of
oligomeric protein ligands (Resenberger et al., 2011; Béland and
Roucou, 2012). Intriguingly, like A� oligomers (Chen et al., 2010;
Freir et al., 2011; Fluharty et al., 2013), full-length recombinant
tau has been reported to bind to recombinant PrP in vitro (Wang
et al., 2008) raising the prospect that at least some of tau’s dele-
terious synaptic effects are mediated via cellular PrP C.

Here, we compared the synaptic plasticity disrupting ability of
AD brain-soluble tau and full-length recombinant tau441, which
provides the greatest coverage of the different tau isoforms found
in the brain (Sato et al., 2018). We report that the potent inhibi-
tion of long-term potentiation (LTP) in vivo by exogenously ap-
plied recombinant S�As can be prevented by immunotargeting
the primary A�-binding region on PrP C (residues �95–110).
Moreover, certain soluble extracts of AD brain inhibited LTP in
an A�-independent manner and this inhibition was prevented by
the mid-region tau monoclonal antibody (mAb) Tau5 and an
anti-PrP mAb directed to residues in the secondary A� binding
site (23–33).

Materials and Methods
Expression and aggregation of recombinant P301S tau. P301S_103his-
tag_avi-tag full-length tau441 was overexpressed in BL21(DE3) bacterial
cells that were lysed using BugBuster (Millipore). The clarified lysate was
applied to a 5 ml HisTrapHP column (GE Healthcare) in 2� PBS. Tau
was eluted using a 0 –500 mM imidazole gradient. Peak fractions were
pooled and further purified using a Superdex 200 16/60 gel filtration
column (GE Healthcare) eluted in PBS. Pooled fractions were then con-
centrated to �8 mg/ml using a spin concentrator with 30,000 Da MWCO
(Millipore).

P301S tau (1 ml, 8 mg/ml) was aggregated by incubation with 4 mg/ml
heparin (Sigma-Aldrich) in PBS plus 30 mM 3-(N-morpholino)propa-
nesulfonic acid, pH 7.2, at 37°C for 72 h. Aggregated material was diluted in

9 ml PBS plus 1% (v/v) Sarkosyl (Sigma-Aldrich) and left rocking for 1 h at
room temperature. Insoluble tau was pelleted by ultracentrifugation for 1 h
at 4°C. The pellet was resuspended in 1 ml PBS by vigorous pipetting and
used as the fibril stock or sonicated at 100 W for 3 � 20 s using an ultrasoni-
cator (Hielscher UP200St) to produce S�As.

Expression and aggregation of wild-type tau (hTau40). Escherichia coli
BL21 (DE3) were transformed with the pNG2/hTau40 expression vector
encoding full-length human tau441, and tau expressed and purified as
described previously (Barghorn et al., 2005; O’Dowd et al., 2013). Protein
purity and identity were assessed by SDS-PAGE/Coomassie Blue staining
and mass spectrometry. Approximately 1.5 ml of 50 �M of tau monomer
was concentrated to 1 ml using 3000 Da MWCO Amicon centrifugal
filters (Millipore) and buffer exchanged into 50 mM 4-morpholin-
eethanesulfonic acid (MES) sodium salt, pH 6.5 using 5 ml 7000 MWCO
Zeba desalting columns (ThermoFisher Scientific). To reduce cysteine-
mediated tau dimerization DTT (1,4-dithiothreitol) was added to
achieve a final concentration of 100 mM and the mixture was heated at
55°C for 10 min. Heparin was then added to yield an aggregation mixture
containing 50 �M tau, 100 �M DTT and 50 �M heparin. This solution was
then agitated at 600 rpm for 6 d at 37°C and fibrils harvested by centrif-
ugation at 100,000 � g for 1 h at 4°C. Then 90% of the supernatant was
removed and the fibril pellet washed by: (1) resuspension in sterile PBS,
and (2) centrifugation at 100,000 � g for 1 h at 4°C. This wash step was
repeated twice and the final pellet resuspended in sterile PBS and either
used as a fibril stock or sonicated at 10 kHz for 10 5 s bursts. Thereafter,
the preparation was centrifuged at 16,000 � g and 4°C for 10 min, and
90% of the supernatant was collected, aliquoted, and stored frozen at
�80°C until used.

WT and P301S tau quantification. To quantify the monomeric tau
equivalent present in aggregated P301S and wild-type (WT) prepara-
tions, 10 �l of each stock was diluted with 10 �l of 5 M guanidinium
hydrochloride (final concentration of 2.5 M) and allowed to disperse
overnight at 4°C. The following day, absorbance at 280 nm was measured
and the concentration of tau monomer determined using the predicted
extinction coefficient �280 � 7450 M

�1 cm �1. Standards and samples
were measured in triplicate.

Negative contrast electron microscopy. All solutions were prepared fresh
and passed through a 0.2 �m syringe filter (Millipore) immediately be-
fore use. Ten microliters of each sample was loaded onto Formvar
carbon-coated copper grids (Electron Microscopy Sciences) and left to
adhere for 1 min. Proteins were then fixed by the addition of 10 �l 0.5%
glutaraldehyde for 1 min. Excess solution was wicked dry using qualita-
tive filter paper (VWR) and the grids washed with 10 �l of MilliQ water
�2. Samples were then stained with 2% uranyl acetate for 2 min. Excess
solution was wicked away with blotting paper and the grid was covered
and left to dry for 5 min. Proteins were visualized using a Joel 1200EX
microscope.

End-point Thioflavin-T binding assay. Preparations of monomer, S�As
and end-stage fibrils (10 �l of 20 �M solutions) were added to half-area,
nonbinding, black wall 96-well plates (3881, CorningLife Sciences) fol-
lowed by 10 �l of sterile filtered 200 �M Thioflavin-T (ThT). Plates were
sealed, protected from light and agitated at 300 rpm for 45 min before
fluorescence (Ex440 and Em480) was read in a CLARIOstar plate reader
(BMG Labtech) with gain set to 2000. In each case, samples were mea-
sured in triplicate.

Dynamic light scattering. Dynamic light scattering (DLS) was per-
formed using a Zetasizer NanoZS spectrometer (Malvern Instrument)
with a digital time correlator and a He–Ne laser (output power � 35 mW
at � � 632.8 nm). DLS on non-globular filaments does not provide
accurate absolute particle size measurement but can be used for quanti-
fying aggregation and the relative size of aggregates. A 10 �M solution
of each aggregated tau preparation was prepared using 50 mM PBS
buffer, pH 7.6. The solution (500 �l) was then transferred to a quartz
cell (3.3 mm internal diameter) maintained at 25°C and DLS intensity
was measured.

Preparation of aqueous AD brain extracts and immunodepletion. Hu-
man tissue was used in accordance with the Partner’s Institutional Re-
view Board (Protocol: Walsh BWH 2011). Frozen tissue was obtained
from three end-stage AD cases (referred to as AD1, AD2, and AD3).
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Tissue from AD1 was obtained from the Massachusetts ADRC Neuropa-
thology Core, Massachusetts General Hospital, and tissue from AD2 and
AD3 was acquired from Tissue Solutions. AD1 was a 75-year-old woman,
AD2 was a 79-year-old male, and AD3 was an 83-year-old woman. An
aqueous extract was prepared from AD1 as described previously (Wang
et al., 2017). Approximately 20 g of frontal cortex gray matter was dis-
sected from AD1 brain and this material was then sliced into �2 g lots
with a razor blade and homogenized in artificial CSF base buffer
(aCSF-B; 124 mM NaCl, 2.8 mM KCl, 1.25 mM NaH2PO4, 26 mM

NaHCO3, pH 7.4). The resulting 20% (w/v) homogenates were centri-
fuged at 200,000 � g for 110 min and 4°C in a SW41 Ti rotor (Beckman
Coulter). The upper 80% of the supernatant was removed and dialyzed
against fresh aCSF-B using a Slide-A-Lyzer G2 Dialysis Cassettes, 2K
MWCO (Fisher Scientific) at 4°C against a 100-fold excess of aCSF-B
with buffer changed three times over a 72 h period. Thereafter, the dia-
lysate was divided into two parts. One portion was immunodepleted (ID)
of A� by 3 rounds of 12 h incubations with the anti-A� polyclonal
antibody, AW7, plus Protein A Sepharose (PAS) beads at 4°C. The sec-
ond portion was treated in an identical manner, but incubated with
pre-immune rabbit serum (PIS) plus PAS beads to yield a “mock ID”
sample. Samples were cleared of beads and aliquots stored at �80°C until
used for biochemical or LTP experiments. Only �0.7 g of cortex was
available from each of AD2 and AD3 and the volume of extracts (pre-
pared using TBS in place of aCSF) was scaled appropriately. AD2 and
AD3 extracts were clarified by centrifugation, dialyzed and subjected to
ID or mock ID of A� as described above.

AD1 brain extract, in 0.5 ml aliquots, was depleted of tau by 2 rounds
of 16 h incubations with the anti-tau mAb, Tau5 (10 �g) and protein G
agarose beads (PAG) beads (10 �l; Roche). In parallel a portion of AD1
extract was mock ID using 10 �g of the control mAb, 46-4 (Reeves et al.,
1995), and PAG (10 �l). The Tau5 and 46-4-treated samples were cleared
of beads and then incubated with PAG alone to remove residual IgG.
Aliquots stored at �80°C until required.

Western blot analysis. To monitor immunodepletion of A� from aque-
ous brain extracts, immunoprecipitates (from 500 �l homogenate) were
analyzed as previously described (Hong et al., 2018). Briefly, proteins
were eluted by boiling in 15 �l of 2� sample buffer (50 mM Tris, 2% w/v
SDS, 12% v/v glycerol with 0.01% phenol red) and separated on hand-
poured, 15-well 16% polyacrylamide tris–tricine gels. Synthetic A�1-42

(10 ng) was run as a loading control and proteins were transferred to 0.2
�m nitrocellulose (Bio-Rad) at 400 mA and 4°C for 2 h. Blots were
microwaved in PBS, blocked and A� detected using the anti-A�40 and
anti-A�42 antibodies 2G3 and 21F12, respectively. After washing, blots
were incubated with infrared-labeled secondary antibodies (Li-Cor) and
developed with an Odyssey CLx imaging system (Li-Cor).

To monitor immunodepletion of tau from AD1 extracts, immunopre-
cipitates (from 500 �l homogenate) were eluted by boiling in 20 �l 2�
lithium dodecyl sulfate (LDS) sample buffer (53 mM Tris-HCl, 70 mM

Trizma, 1% LDS, 5% glycerol, 0.255 mM EDTA, 0.02% phenol red, 4%
�-ME) and 5 �l/well was resolved on 17 well, 4 –12% NuPAGE Bis-Tris
gels (ThermoFisher Scientific) electrophoresed in MES buffer (Thermo-
Fisher Scientific). Five microliters of extracts with or without Tau5 im-
munodepletion were run in parallel, and synthetic hTau40 (1– 441), K18
(244 –372), K19 (244 –372 minus repeat 2), eTau (2–230 minus inserts 1
and 2), and CT1 (231– 441; 10 ng) were included as a loading control.
Proteins were transferred to 0.2 �m nitrocellulose (Bio-Rad) at 400 mA
and 4°C for 2 h before blots were blocked and tau detected using the
polyclonal antibody K9JA. After washing, blots were incubated with
infrared-labeled secondary antibodies (Li-Cor) and developed with an
Odyssey CLx imaging system (Li-Cor).

Tau ELISA. Tau in AD1 extract sample was measured using a mid-
region assay that uses BT2 for capture and Tau5 for detection (Kanmert
et al., 2015; Hu et al., 2018). Briefly, BT2 was coated at 2.5 �g/ml in TBS
for 1 h at 37°C and 300 rpm. Wells were then washed three times in
TBS-Tween20 (TBST; 100 �l) and then blocked in 100 �l TBS containing
3% BSA for 2 h at RT and 300 rpm. Wells were again washed three times
with TBST (100 �l) and 25 �l samples, blanks or standards were applied
and agitated for 16 h at 4°C. The following day, alkaline phosphatase-
conjugated Tau5 was added and incubated for 1 h at RT and 300 rpm.

Wells were then washed three times with TBST (100 �l) and 50 �l Tropix
Sapphire II (Applied Biosystems) detection reagent was added and incu-
bated for 30 min at RT and 300 rpm. All samples and standards were
diluted in assay buffer and analyzed in triplicate. Standard curves were
fitted to a five-parameter logistic function with 1/Y2 weighting using
MasterPlex ReaderFit (MiraiBio). The lower limit of quantitation, which
we define as the average �9 SE and 100 � 20% recovery for each stan-
dard, was 31.25 pg/ml.

MSD A� immunoassay. Monomeric A� ending in Ala 42 was detected
in aqueous brain extracts using an in-house Meso Scale Discovery (MSD)
immunoassay using m266 (3 �g/ml) as capture and biotinylated 21F12
(0.4 �g/ml) for detection. Assays were performed using reagents from
MSD and samples, standards and blanks were loaded in triplicate and
analyzed as described previously (Mably et al., 2015; Hong et al., 2018).

Antibodies. MI-0131 antibody (human IgG1, binding epitope at resi-
dues 23-51 of PrP) was generated by AstraZeneca/MedImmune. Avastin
(Bevacizumab, anti-VEGF, Genentech) was used as a human IgG1 iso-
type control. Tau5 (mouse IgG1, anti-tau 210-241), 6E10 (mouse IgG1,
anti-A� N-terminus), 6D11 (mouse IgG2a, anti-PrP 95-105) antibodies,
and mouse IgG2a isotype control mAb were obtained from BioLegend.
The mAbs m266, 2G3 and 21F12, which recognize A�13-26, A�x-40 and
A�x-42, respectively, were provided by Dr. Frederique Bard, Janssen
(Johnson-Wood et al., 1997). K9JA (Dako) is a polyclonal antibody gen-
erated against tau 243– 441 and AW7 is a polyclonal antibody to A�
produced in the Walsh laboratory (McDonald et al., 2012).

Animals, cannula implantation, and sample injection procedure. Adult
(180 –350 g, 7–11 weeks old) male Lister hooded rats were used in all
experiments. The animals were housed under a 12 h light/dark cycle at
room temperature (19 –22°C). Animal care and experimental protocols
were performed in accordance with the approval of the Health Products
Regulatory Authority, Ireland; using methods similar to those described
previously (Klyubin et al., 2014a). To study the acute effect of recombi-
nant tau and AD brain-derived extracts, rats were anesthetized with ure-
thane (1.5–1.6 g/kg, i.p.), and a stainless-steel cannula (22 gauge, 0.7 mm
outer diameter, length 13 mm) was implanted above the right lateral
ventricle (1 mm lateral to the midline and 4 mm below the surface of the
dura). Intracerebroventricular injections were made via an internal can-
nula (28 gauge, 0.36 mm outer diameter). The solutions were injected via
a Hamilton syringe at a maximum rate of 1 �l/min. Verification of the
placement of cannula was performed postmortem by checking the
spread of ink dye after intracerebroventricular injection.

In vivo electrophysiology. Monopolar recording electrodes and twisted
bipolar stimulating electrodes were constructed from Teflon-coated
tungsten wires. Electrode implantation sites were identified using stereo-
taxic coordinates relative to bregma, with the recording site located 3.4
mm posterior to bregma and 2.5 mm lateral to midline, and stimulating
site 4.2 mm posterior to bregma and 3.8 mm lateral to midline. The final
placement of electrodes was optimized by using electrophysiological cri-
teria and confirmed via postmortem analysis.

Field EPSPs were recorded from the stratum radiatum in the CA1 area
of the right hippocampus in response to stimulation of the ipsilateral
Schaffer collateral-commissural pathway. Test EPSPs were evoked at a
frequency of 0.033 Hz and an intensity that triggered a 50% maximum
EPSP response. Paired-pulse facilitation (PPF) was tested using two stim-
uli at the test pulse intensity at a 40 ms interval. The magnitude of PPF
was calculated as the ratio of amplitude of the second EPSP to the first.

LTP was induced using 200 Hz high-frequency stimulation (HFS)
consisting of one set of 10 trains of 20 pulses (intertrain interval of 2 s) at
either the test pulse intensity or an intensity that evoked an EPSP ampli-
tude that was 75% of the maximum. In one group of experiments we used
a strong protocol consisting of three sets of 10 trains of 20 pulses, interset
interval 5 min, at an intensity evoking 75% maximum EPSP.

The doses and volumes injected were chosen based on pilot experi-
ments. Thus, for recombinant tau we performed dose-ranging experi-
ments with the P301S preparations and used similar doses of WT tau. For
the AD brain extracts, preliminary experiments with AD1 extract indi-
cated that 5 �l inhibited LTP partially (n � 3) whereas 10 �l exerted a
strong inhibitory effect (n � 3). Similar experiments were performed for
AD2 and AD3 extracts. In pilot studies the doses of antibodies injected
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did not affect control LTP (Tau5, n � 5; Avastin, n � 2). Similarly, 6D11
(Hu et al., 2018) and 6E10 (Klyubin et al., 2005) had no effect on control
LTP.

Data analysis. Values presented are the mean � SEM percentage pre-
injection baseline EPSP amplitude over a 45 min period. For graphing
purposes the EPSP data are grouped into 5 min epochs (average of 10
sweeps). For statistical analysis data are expressed as the average EPSP
amplitude during the last 10 min epoch before and 170 –180 min (3 h)
after HFS. The ability to induce LTP within each experimental group was
assessed a priori using paired t tests. Differences in the magnitude
of potentiation between experimental groups were analyzed using
repeated-measures two-way ANOVA with Dunnett’s/Bonferroni/Tukey
post hoc tests, as appropriate. A p value of �0.05 was considered statisti-
cally significant. Statistical analyses were performed in Prism 6.0.

Results
Soluble aggregates of recombinant tau protein impair LTP
in vivo
Because of its well known ability to aggregate into fibrils and its
pathogenic role in familial dementia, initial studies used recom-
binant tau441 (2N4R) bearing the P301S mutation (Spillantini
and Goedert, 2013; Sánchez et al., 2018). Subsequent studies used
WT tau441 in view of its importance in AD and other tauopa-
thies. Monomers, end-stage fibrils and S�As were characterized
by electron microscopy (EM) and tested for ThT binding. Mono-
meric WT and P301S tau contained no structures detectable by
EM and did not bind ThT (Figs. 1B, 2B), whereas end-stage ag-
gregates contained a mixture of straight and twisted filaments
(Fig. 1A,2A) and produced robust ThT fluorescence (Figs. 1B,
2B). S�As also produced strong ThT binding and EM revealed a
mixture of species, including imperfect spheres and abundant
short fibrils of �4 –10 nm diameter and 16 – 80 nm in length.
Dynamic light scattering indicated that the predominant aggre-
gates in P301S and WT S�As had peak sizes of �50 and 35 nm,
respectively (Figs. 1C, 2C).

Subsequently, we investigated the effect of these three tau
preparations on LTP in vivo by injecting them into the lateral
cerebral ventricle of anesthetized rats. Field EPSPs were recorded
(Fig. 1D,E, representative traces shown as insets) in the CA1 area
before and after 200 Hz HFS of the Schaffer collateral/commis-
sural pathway to assess the ability to induce LTP. In control ani-
mals, treated with vehicle (Veh), the application of HFS triggered
robust and stable LTP, measuring 133.1 � 4.3% (mean � SEM)
at 170 –180 min post-HFS (p � 0.004 compared with pre-HFS
baseline, paired t test; n � 5). Comparing all six different groups
using repeated measures two-way ANOVA (RM-2W-ANOVA;
treatment: F(5,24) � 15.62, p � 0.0001, interaction of treatment �
time: F(5,24) � 7.59, p � 0.0002) revealed that LTP was signifi-
cantly inhibited in a dose-dependent manner by P301S S�As
(0.28 pmol: 127.2 � 4.6%, n � 7; 1.4 pmol: 102.4 � 5.3%, n � 5;
2.8 pmol: 90.66 � 3.8%, n � 5; p � 0.6729 for 0.28 pmol and p �
0.0001 for both 1.4 and 2.8 pmol compared with Veh group,
Dunnett’s post hoc test; Fig. 1E,F). Furthermore, the inhibitory
effect of tau was dependent on protein aggregation status. In
contrast to S�As, injection of either P301S tau monomers (Mono:
16 pmol) or fibrils (Fibr: 23 pmol) 15 min before the HFS did not
significantly affect LTP (Mono: 128.1 � 3.1%, n � 4; Fibr:
133.7 � 8.7%, n � 4; post hoc test, p � 0.8632 and 0.9999 for
Mono or Fibr, respectively, compared with Veh; Fig. 1D,F).

Importantly, doses of P301S S�As that inhibited LTP did not
affect baseline synaptic transmission, PPF or synaptic responses
during HFS. Thus, injection of S�As (1.4 –2.8 pmol, i.c.v.) did not
significantly affect mean EPSP amplitude over a 3 h postinjection
period [S�As: 95.5 � 2.1% 180 –190 min postinjection, p 	

0.6638 compared with 101 � 0.9% pre-injection, n � 6 (3 at 1.4
and 2.8 pmol each), paired t test; p 	 0.05 compared with 99.8 �
2% in the Veh group, n � 5, RM-2W-ANOVA, treatment:
F(1,9) � 0.62, p � 0.45; interaction of treatment � time: F(1,9) �
2.9, p � 0.12; Fig. 1 I, J]. Similarly, PPF (interstimulus interval 40
ms), a measure of short-term synaptic plasticity, was not signifi-
cantly changed over the 3 h postinjection period in these rats by
the S�A injection (102 � 2.3% and 103 � 2% at 180 –190 min
postinjection in vehicle and S�A-injected group, respectively, n �
5– 6 per group; RM-2W-ANOVA, treatment: F(1,9) � 0.85, p �
0.38; interaction of treatment � time: F(1,9) � 0.42, p � 0.53;
Fig. 1K).

We also assessed whether the synaptic responses during the
HFS (10 trains of 20 pulses at 200 Hz with an intertrain interval of
2 s) were affected in the LTP experiments. As an index of synaptic
responses we measured the integrated field potential area in
bursts 2–10 as a percentage of the area under curve of the first
burst response. As can be seen in Figure 1G, the S�As had no
significant effect (RM-2W-ANOVA, treatment: F(1,10) � 0.74,
p � 0.41, interaction of treatment � time: F(9,90) � 0.46, p � 0.89,
n � 5 per group).

These findings indicate that S�As do not interfere with elec-
trically evoked AMPA receptor-mediated transmission, short-
term plasticity or the synaptic burst responses.

Next, we tested the effect of S�As on LTP induced by stronger
HFS to determine whether we could overcome the block. The
application of 3 sets of 10 trains of 20 pulses at 200 Hz in vehicle
treated rats induced robust LTP (Veh: 130.9 � 3.7%, n � 4, p �
0.0027 compared with baseline, paired t), whereas the same
strong HFS failed to induce persistent LTP in rats injected with
P301S S�As (1.4 pmol; S�As: 102.9 � 8%, n � 4; RM-2W-
ANOVA, treatment: F(1,6) � 6.356, p � 0.0452, interaction of
treatment � time: F(1,6) � 13.52, p � 0.0104, post hoc p � 0.0033;
Fig. 1H).

We then determined whether human WT tau mimicked the
disruption of synaptic plasticity by P301S tau by comparing the
effects of monomers, S�As and fibrils of WT tau. Whereas LTP
was induced in animals injected with relatively high doses of WT
tau monomers (25 pmol, 126.2 � 2.8%, n � 4) and fibrils (20
pmol, 140.1 � 4.8%, n � 4), it was significantly inhibited in
animals receiving 1 pmol of WT S�As (103.7 � 2%, n � 5; RM-
2W-ANOVA, treatment: F(3,14) � 8.96, p � 0.0001, interaction of
treatment � time: F(3,14) � 5.43, p � 0.0109; p � 0.1627, and
0.9954 for monomers and fibrils, respectively, p � 0.0001 for WT
S�As, compared with 138 � 9.7% in Veh-treated rats, n � 5,
Dunnett test; Fig. 2D,E).

Together these experiments demonstrate that exogenous ap-
plication of recombinant tau aggregates can impair synaptic
plasticity, and in particular, highlight the importance of tau ag-
gregation in mediating LTP impairment. Importantly, the LTP
impairment was caused by brief exposure to very low doses of
S�As indicating that extracellular soluble aggregates of tau have a
rapid, potent disruptive effect on the mechanisms generating
synaptic LTP in the rat hippocampus.

LTP inhibition by certain soluble extracts of AD brain
is tau-dependent
To evaluate whether the deleterious effects of recombinant S�As
on LTP are mimicked by more pathophysiologically relevant AD
tau species, we studied the role of tau in mediating the inhibition
of LTP by human AD brain soluble extracts. Previously, we and
others reported that soluble extracts of AD brain, that contain A�
monomers and SDS-stable dimers, rapidly and potently inhibit
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Figure 1. Soluble P301S tau aggregates, but not monomers or fibrils, potently inhibit LTP in vivo. A, Negative contrast electron micrographs of P301S tau monomers, fibrils and S�As. Scale bar,
100 nm. B, ThT binding of P301S tau monomers (Mon), fibrils (Fib), and S�As (3 technical replicates in each group). C, Particle size distribution, peaking at �50 nm, for S�As using DLS (average of
3 technical replicates). D, E, Synaptic field EPSPs recorded in the CA1 area of anesthetized rats injected with (D) Veh (black diamonds; n � 5), P301S tau monomers (16 pmol; open squares; n � 4),
P301S tau fibrils (23 pmol; gray circles; n � 4) or (E) different doses of P301S S�As: 0.28 pmol (gray circles; n � 7), 1.4 pmol (open squares; n � 5), or 2.8 pmol (black triangles; n � 5). To induce
LTP, HFS (arrow at time 0) was applied 15 min after intracerebroventricular injection (open triangle). Sample traces were recorded 10 min before (dotted line) and 3 h after HFS (solid line). F,
Summary bar charts showing the magnitude of LTP during the last 10 min for data in D and E. Numbers in brackets represent dose (in pmol) of injected preparations. G, Burst responses during the
HFS (10 trains of 20 pulses at 200 Hz with a 2 s intertrain interval). Change in the burst response (compound EPSP integral) evoked by each train of stimuli, expressed as a percentage of the first burst
response in animals pretreated with either Veh (black circles) or P301S S�A (open squares; n�5 per group). H, Summary bar charts showing the magnitude of LTP induced by a stronger HFS protocol
(sHFS; consisting of 3 sets of HFS at high intensity) in Veh and P301S S�As-treated groups (n � 4 for both groups). I–K, Baseline excitatory transmission was recorded for 	3 h after injection of Veh
(black circles; n � 5) or P301S S�As (open squares; n � 6). Summary bar charts of EPSP amplitude (J ) and PPF (40 ms interstimulus interval) ratios (EPSP2/EPSP1; K ) at 3 h postinjection. Values are
mean � SEM. Scale bars: vertical, 2 mV; horizontal, 10 ms. #p � 0.05, ##p � 0.01 compared with pre-HFS, paired t test; **p � 0.01, ****p � 0.0001, two-way ANOVA with repeated-measures
followed by Dunnett’s multiple-comparison tests versus Veh group.
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LTP both in vitro (Shankar et al., 2008) and in vivo (Klyubin et al.,
2014a), an effect that was prevented by selective ID of A� from
these extracts (Shankar et al., 2008; Barry et al., 2011; Freir et al.,
2011; Jin et al., 2011; Borlikova et al., 2013; Hu et al., 2014; Klyu-
bin et al., 2014b; Wang et al., 2017; Hong et al., 2018). However,
recently we have found that �1 in 15 AD brain extracts retained
their deleterious effects on LTP after depletion of A�.

Figure 3 shows that the water-soluble extract of an AD brain (7
�l, i.c.v.), here referred to as AD1, that had been ID of A� using
the polyclonal antibody AW7 still strongly inhibited LTP (AD1/
AW7: 93.4 � 7.2%, n � 5; compared with Veh: 142.4 � 7.4%,
n � 7; RM-2W-ANOVA, treatment: F(3,21) � 8.82, p � 0.0006,
interaction of treatment � time: F(3,21) � 9.55, p � 0.0004; p �
0.0001 Tukey test; Fig. 3B,G). AW7 effectively depleted AD1
brain of A�, as evidenced by WB and ELISA (Fig. 3A). Compared
with the mock ID extract treated with PIS, ID of AD1 extract
with AW7 reduced the ELISA detected levels of A�x-42 by
�80% (Fig. 3E).

Because tau can also inhibit LTP (Fá et al., 2016; Puzzo et al.,
2017), we immunodepleted the AD1 brain extract using Tau5, a
mid-region-directed anti-tau antibody, which recognizes a large
number of tau species in AD brain (Nakano et al., 2004; Porzig et
al., 2007). We confirmed the presence of tau in AD1 extract and
subsequent immunoprecipitation of tau from that extract by WB
(Fig. 3C). Notably, Tau5 ID decreased both WB and ELISA de-
tected tau in the AD1 extract by 	80%, compared with mock ID
with the isotype control mAb 46-4 (Fig. 3E,F). Importantly,
Tau5 ID abrogated the inhibitory effect of AD1 extract on LTP
(AD1/Tau5: 134.1 � 8.7%, n � 7; compared with AD1/46-4:
107.5 � 3.5%, n � 6; p � 0.0042 Tukey test; Fig. 3D,G).

We also investigated two other extracts (AD2 and AD3) that
inhibited LTP in an A�-independent manner. Because of insuf-

ficient amount of these extracts, rather than ID with Tau5 we
tested the LTP disruptive effect of these brain extracts when pre-
incubated and coinjected with Tau5. In the case of AD2 extract
statistical evaluation with RM-2W-ANOVA revealed a signifi-
cant effect of treatment (F(4,20) � 8.9, p � 0.0003) and interaction
of treatment � time (F(4,20) � 8.88, p � 0.0003; Fig. 3H). Acute
injection with vehicle, 15 min before HFS, induced robust and
stable LTP (Veh: 146 � 9.9%, n � 6; p � 0.0067 compared with
pre-HFS baseline, paired t test). The injection of A�-containing
AD2 brain soluble extract (10 �l, i.c.v.) strongly inhibited LTP
(AD2: 107.3 � 5.4%, n � 5; p � 0.0001 compared with Veh,
Tukey test; Fig. 3H). Again, in contrast to our previous experi-
ence with other soluble AD brain extracts (Barry et al., 2011; Hu
et al., 2014; Klyubin et al., 2014b), ID of A� from the AD2 brain
sample with AW7 did not abrogate its ability to inhibit LTP
(AD1/AW7: 103.3 � 2.2%, n � 4; p � 0.0001 compared with
Veh, Tukey test). This finding indicates that soluble A� was not
responsible for the disruption of synaptic plasticity by soluble
brain extract AD2. However, when A�-ID AD2 brain extract (10
�l) was co-administered with Tau5 (2.5 �g in 5 �l) the subse-
quent application of HFS induced robust LTP (AD2/AW7�
Tau5: 144 � 9.6%, n � 5). In contrast, coinjection of the same
extract with 6E10 (2.5 �g, i.c.v.), a monoclonal anti-A� mAb,
which acted as an IgG1 isotype control for Tau5, caused a marked
reduction of potentiation compared with the AD2/AW7�Tau5
group (AD2/AW7 � 6E10: 91.6 � 9.3%, n � 5, p � 0.0001,
Tukey test; Fig. 3H). Together, these experiments suggest that
soluble tau also mediates the impairment of synaptic plasticity by
the AD2 brain extract.

Similar findings were obtained using a third AD brain soluble
extract, AD3, that also inhibited LTP in an A�-independent man-
ner. Overall RM-2W-ANOVA comparing four groups confirmed

Figure 2. Soluble WT tau aggregates, but not monomers or fibrils, potently inhibit LTP. A, Negative contrast electron micrographs of WT tau monomers, fibrils and S�As. Scale bar, 100 nm. B, ThT
binding (3 technical replicates in each group). C, Particle size distribution, peaking at �35 nm, for S�As using DLS (average of 3 technical replicates). D, Time course graphs for the effects of vehicle
(black diamonds; n � 5), WT monomers (25 pmol; open squares; n � 4), WT fibrils (20 pmol; gray circles; n � 4), or WT S�As (1 pmol; gray triangles; n � 5) on the ability of HFS to induce LTP. E,
Summary of the magnitude of potentiation at 3 h in groups shown in D. #p � 0.05, ##p � 0.01 (paired t test); ****p � 0.0001 (RM-2W-ANOVA, Dunnett test).
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Figure 3. An anti-tau antibody, Tau5, abrogates the inhibition of LTP by soluble extracts of AD brain. A, Brain AD1 underwent three rounds (denoted 1–3) of immunoprecipitation (IP) of either
AW7 or PIS. After the third AW7 IP the supernatant was incubated with protein A (PrA) alone. WB was performed using the anti-A�40 and anti-A�42 antibodies, 2G3 and 21F12. Ten nanograms of
synthetic A�1–42 were loaded as a control and the migration of molecular weight markers is shown on the right. B, Time course of LTP after intracerebroventricular injection of Veh (black diamonds;
n � 7), or AD1 brain extract immunodepleted of A� by AW7 (AD1/AW7; open circles; n � 5). C, AD1 extract was subjected to two rounds (denoted 1 and 2) of incubation with either Tau5 or 46-4.
After the second tau5 incubation, the supernatant was incubated with protein G (PrG) alone. WB was performed using the polyclonal, C-terminally directed, anti-tau (Figure legend continues.)
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significant effect of treatment (F(3,21) � 6.2, p � 0.0035) and
interaction of treatment � time (F(3,21) � 7.15, p � 0.0017; Fig.
3I). Similar to extract AD2, injection of AD3 or AD3/AW7 (10 �l,
i.c.v.) before conditioning stimulation significantly impaired

LTP (AD3: 103.2 � 5%, AD3/AW7: 106.9 � 1.83%, n � 5 for
both groups, p � 0.0001 and 0.0002 for comparisons with Veh:
136.6 � 8%, n � 7, Tukey test; zfr;3Fig. 3I). Importantly, the LTP
impairment was tau-dependent because coinjection of Tau5
(2.5 �g) completely prevented the deficit (AD3/AW7�Tau5:
130.2 � 5.7%, n � 7, p � 0.5541 compared with Veh and p �
0.0036 compared with AD3/AW7 group, Tukey test; Fig. 3I).

Cellular prion protein is required for tau-mediated inhibition
of LTP
Next we investigated whether or not the inhibition of LTP by
soluble tau aggregates or AD brain-derived tau was mediated by
PrP C, a putative receptor for A� (Laurén et al., 2009) and certain
tau species (Hu et al., 2018). A� binding is believed to be medi-
ated by two sites within the PrP, one located N-terminal residues
�23–33 (Chen et al., 2010; Younan et al., 2013) and the other
around the central residues 87–112 (Laurén et al., 2009; Freir et
al., 2011).

The murine mAb 6D11, which targets residues within the
second A� binding site, was previously shown to block A�-
induced inhibition of LTP (Freir et al., 2011; Hu et al., 2018).
Here we examined whether PrP C has a role in mediating the
tau-induced inhibition of LTP in vivo. Pre-injecting 6D11 (20 �g,

4

(Figure legend continued.) antibody K9JA. Five microliters of homogenates post-ID with Tau5
and 46-4 were loaded on the left. Ten nanograms of synthetic K19, K18, eTau, CT1, and hTau40
(hT40) were loaded as control and molecular weight markers are shown on the right. D, Tau ID
with Tau5 abrogated the inhibition of LTP by AD1 extract (AD1/Tau5; open circles; n�7), unlike
mock ID with 46-4 (AD1/46-4; black diamonds; n � 6). E, ID of AD1 with AW7 reduced A�x-42

levels by �82% compared with mock ID with PIS. F, ID of AD1 with Tau5 reduced mid-region
(MR) tau by �82% compared with mock ID with 46-4. G, Summary of LTP measured at 3 h in
groups shown in B and D. H, An aqueous extract from a different AD brain (AD2) inhibited LTP in
an A�-independent, but tau-dependent manner. Summary of LTP measured at 3 h in animals
that received an intracerebroventricular injection of Veh (n � 6), A�-containing human brain
extract (AD2; n � 5) or AD2 brain extract ID of A� by AW7, (AD2/AW7; n � 4), AD2/AW7 brain
extract together with 2.5 �g of Tau5 mAb (AD2/AW7 � Tau5; n � 5), and AD2/AW7 with isotype
control mAb (AD2/AW7�6E10; n �5). I, The role of tau in the A�-independent synaptic plasticity
disrupting effect of another AD brain extract (AD3) was also tested. Summary of LTP measured at 3 h
after injection of Veh (n�7); A�-containing brain extract, (AD3; n�5); A�-ID extract, (AD3/AW7;
n � 5), or AD3/AW7 extract with 2.5 �g Tau5 mAb (AD3/AW7 � Tau5; n � 8). #p � 0.05, ##p �
0.01 (paired t test); **p�0.01, ***p�0.001, ****p�0.0001 (RM-2W-ANOVA, Tukey test). Scale
bars: (in B, D); vertical, 2 mV; horizontal, 10 ms.

Figure 4. PrP C is required for tau-mediated inhibition of LTP. A, Effect of pre-injection of the anti-PrP mAb 6D11 intracerebroventricularly on the ability of S�As to inhibit LTP. Animals received
intracerebroventricular injections of vehicle twice (Veh � Veh; black diamonds; n � 5), 6D11 mAb (20 �g) before P301S S�As (6D11 � S�As; gray circles; n � 5) or IgG2a isotype control antibody
(20 �g) followed by P301S S�As (IgG2a � S�As; open squares; n � 5). B, Values at 3 h post-HFS from A. C, D, Intracerebroventricular injection of the anti-PrP mAb MI-0131 before administration
of AD1 extract prevented the inhibition of LTP. Animals were pretreated with 20 �g MI-0131 (MI-0131 � AD1/46-4; open squares; n � 5) or the isotype control mAb Avastin (Avastin � AD1/46-4;
gray circles; n � 5). D, Values at 3 h from C. E, Effect of pre-injection of the anti-PrP mAb MI-0131 on the ability of the A�-ID soluble AD3 brain extract to inhibit LTP. Animals were pretreated with
20 �g MI-0131 (MI-0131 � AD3/AW7; n � 5) or the isotype control mAb 6E10 (6E10 � AD3/AW7; n � 5). #p � 0.05, ##p � 0.01 (paired t test); ***p � 0.001 ****p � 0.0001 (RM-2W-ANOVA,
Tukey or Bonferroni post hoc test as appropriate).
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i.c.v.), abrogated the LTP deficit caused by S�As (Fig. 4A). Over-
all, we found a significant difference between groups (RM-2W-
ANOVA, treatment: F(2,12) � 4.83, p � 0.0289, interaction of
treatment � time: F(2,12) � 12, p � 0.0014; Fig. 4B). In control
rats treated with two injections of vehicle, conditioning stimula-
tion induced robust LTP (Veh, 137.1 � 6.4%, n � 5, p � 0.0041,
paired t test). In contrast, in animals pretreated with an IgG2a
isotype control antibody (20 �g, i.c.v.), S�As (P301S; 1.4 pmol,
i.c.v.) significantly inhibited LTP (IgG2a�S�As; 102.7 � 2.4% of
baseline, n � 5; p � 0.0005 compared with Vehicle, Tukey test;
Fig. 4B). Importantly, injection of the same dose of 6D11 15 min
beforeapplicationofS�AspreventedtheimpairmentofLTP(6D11�
S�As, 135.5 � 10.2%, n � 5; p � 0.9768 compared with Veh�Veh
and p � 0.0008 compared with IgG2a�S�As, Tukey test).

Finally, we examined the ability of the N-terminally directed
anti-PrP C mAb, MI-0131 (20 �g, i.c.v.) to prevent the tau-
dependent inhibition of LTP by two AD brain extracts (AD1 and
AD3) that disrupted plasticity in an A�-independent manner
(Fig. 3G,I). In the case of AD1 extract, prior injection of MI-0131
prevented the inhibition of LTP (MI-0131�AD1/46-4: 143.3 �
8.5%, n � 5) compared with the same dose of control IgG
(Avastin�AD1/46-4: 101.7 � 4.7%, n � 5, RM-2W-ANOVA,
treatment: F(1,8) � 16.47, p � 0.0036, interaction of treatment �
time: F(1,8) � 19.28, p � 0.0023; p � 0.0001, Bonferroni test; Fig.
4C,D).

Similarly, pretreatment with MI-0131, but not the IgG1 iso-
type control antibody (6E10, 20 �g) abrogated the inhibition of
LTP by AD3 extract (MI-0131�AD3/AW7, 121.1 � 3.8%;
6E10�AD3/AW7, 98.2 � 2.3%, n � 5 for both groups; RM-2W-
ANOVA, treatment: F(1,8) � 28.12, p � 0.0007, interaction of
treatment � time: F(1,8) � 8.95, p � 0.0173; P � 0.0001, Bonfer-
roni test; Fig. 4E).

In summary, two antibodies to two different epitopes of PrP C

abrogated the inhibition of LTP by two different sources of tau,
recombinant soluble aggregated tau and AD brain-soluble ex-
tract. On the basis of the present findings, PrP C appears to be a
crucial site of action for tau-mediated disruption of synaptic plas-
ticity in vivo.

Discussion
We report here that certain soluble forms of tau selectively dis-
rupt synaptic plasticity in the rat hippocampus in vivo. Both wild-
type and P301S soluble aggregates of recombinant tau, but not
monomers or fibrils, potently and selectively inhibited LTP. Sim-
ilarly, certain AD brain soluble extracts inhibited LTP in a tau-
dependent manner, being blocked by ID with, or coinjection of,
an antibody to the mid-region of tau. Remarkably, antibodies to
PrP C abrogated the LTP impairment caused both by the S�As and
the soluble tau-containing AD brain extracts. These findings sup-
port a critical role for PrP C in the deleterious synaptic actions of
extracellular soluble tau in tauopathies, including AD.

As outlined in the Introduction, recent research has shifted
emphasis from insoluble fibrillar forms of tau found in NFTs to
more soluble tau aggregates in causing synaptic impairments in
tauopathies (Lasagna-Reeves et al., 2011; Spires-Jones et al.,
2011). The present data strongly support this view both for wild-
type and mutant tau. Filaments formed by WT and the more
aggregation-prone P301S tau appeared relatively inert when in-
jected into the cerebral ventricle adjacent to the hippocampal site
where LTP was assessed. Their lack of effectiveness is likely due to
their large size, strongly limiting their ability to diffuse beyond
the site of injection. In contrast to fibrillar tau, a similar injection
of either WT or P301 S�As very rapidly inhibited LTP of synaptic

transmission with comparable high potency. That the aggregates
were disruptive so quickly after application indicates that they are
highly mobile, similar to synaptotoxic soluble aggregates of A�
(Kasza et al., 2017) and is consistent with in vitro studies showing
that bath application of soluble WT tau oligomers rapidly inhibit
LTP in mouse hippocampal slices (Fá et al., 2016). In the present
study the tau aggregates prepared by sonication appeared to be
relatively large assemblies whereas tau oligomers prepared from
cross-seeding (Lasagna-Reeves et al., 2010) or by peptide bond
formation (Fá et al., 2016) were reported to be smaller. It is not
known whether the shared ability to disrupt synaptic plasticity by
the different preparations is mediated by the same soluble tau
species. Interestingly, S�As can propagate pathology more effec-
tively than mature fibrils, presumably at least partly because of
their more diffusible nature (Guo and Lee, 2014). Similar to Fá et
al. (2016) who reported that monomers of 1N4R tau did not
disrupt LTP in vitro, monomers of either WT or P301S full-length
(2N4R) tau did not affect synaptic plasticity in vivo using doses
�15–25 times higher than the effective doses of S�As, despite the
likelihood that tau monomers are the most diffusible species of
the three forms that we injected. Thus, the present data support
the view that the synaptotoxicity of tau is highly aggregation de-
pendent, with soluble aggregates being very disruptive and
monomer relatively inert.

The deleterious effects of S�As were selective for LTP. Doses of
S�As that powerfully inhibited LTP did not significantly affect
baseline transmission or PPF, a short-term plasticity of that
transmission. Moreover, there was no obvious change in the
burst responses during the HFS. These findings support and ex-
tend a previous report that tau oligomers did not affect baseline
transmission at concentrations that inhibited LTP in hippocam-
pal slices (Fá et al., 2016). However, impaired astrocytic release of
gliotransmitters, including ATP, has been found to mediate tau
oligomer-induced rapid reduction in glutamate release by cul-
tured hippocampal neurons, as evidenced by a decrease in the
frequency of miniature EPSCs and depolarization-evoked synap-
tic vesicle release (Piacentini et al., 2017). The lack of significant
change in baseline synaptic transmission and PPF in the present
studies is likely because the concentration of tau achieved in vivo
was �100 nM, which was required to reduce transmitter release in
vitro. Indeed, given that the injectate will be substantially diluted
in the CSF and brain interstitial fluid, only sub-nanomolar con-
centrations are likely to be achieved after intracerebroventricular
injection of the threshold dose of �1 pmol S�As.

Similar to full-length tau oligomers, AD brain-derived tau
oligomers potently inhibit LTP (Lasagna-Reeves et al., 2012; Fá et
al., 2016; Hu et al., 2018). Here, we tested the ability of soluble
extracts of AD brain prepared by homogenization but, unlike
prior investigators, we did not modify the extracts chemically to
enrich oligomers. Although most soluble AD brain extracts in-
hibit LTP in an A�-dependent manner, a small number of ex-
tracts block LTP in an A�-independent manner and we found
that ID with, or coinjection of, the anti-tau mAb, Tau5, pre-
vented this effect. Aqueous brain extracts are expected to contain
a rich array of tau forms and species derived from both intracel-
lular and extracellular sources (Min et al., 2010; Sato et al., 2018).
Although tau antibodies can act via numerous mechanisms and it
is possible that Tau5 might also bind endogenous rat tau, given
the findings with Tau5 ID and the rapidity of the protection
against the inhibition of LTP by the AD brain soluble extract, a
direct neutralization of species of tau that include the mid-region
of tau in the extract is the most likely explanation for the efficacy
of coinjected Tau5. The efficacy of Tau5 makes it unlikely that
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truncated forms of tau lacking the Tau5 binding epitope (amino
acids 210 –241 of full-length tau), are the active soluble form of
tau in the AD extract. Indeed, it is likely that a form of Tau5-
recognized tau also mediates the inhibition of LTP by soluble tau
in the secretomes of induced pluripotent stem cell-derived neu-
rons (Hu et al., 2018).

The finding that only a small minority of soluble extracts of
AD brain appear to contain significant amounts of synaptotoxic
tau, whereas the vast majority contain synaptotoxic A�, raises the
more general issue of the relative contribution of A� and tau
oligomers to AD pathogenesis, a subject of a large and diverse
literature (Roberson et al., 2007; Zempel et al., 2013; Manassero
et al., 2016; Vargas-Caballero et al., 2017; Ittner and Ittner, 2018).
It is difficult to explain why the relative levels of these two synap-
totoxic proteins appear to dichotomize between brain extracts. In
particular, why significant levels of synaptotoxic tau appear not
to be present in all AD soluble brain extracts is unclear. Because
removal of A� by ID did not prevent the inhibition of LTP it
seems unlikely that synaptotoxic tau needs to be complexed with
A�. However, the formation of complexes between different
forms of soluble tau and A� may influence the relative concen-
tration of synaptotoxic species present in a given AD soluble
brain extract (Guo et al., 2006; Wallin et al., 2018). Such an in-
teraction could explain the divergence of responsible synapto-
toxic proteins in different soluble AD brain extracts. Such a
mechanism is consistent with our previous finding that soluble
synaptotoxic tau and A� species in certain samples of secretomes
of different genetic forms of AD appeared to be mutually exclu-
sive (Hu et al., 2018).

On the basis of the present findings that LTP inhibition caused
by soluble recombinant tau and soluble tau-containing AD brain
extract was prevented by anti-PrP antibodies, PrP C appears to be
essential for tau-mediated disruption of synaptic plasticity in
vivo. In previous studies we reported that A�-containing soluble
extract of AD brain inhibited LTP in an A�- and PrP-dependent
manner both in vivo (Barry et al., 2011) and in vitro (Freir et al.,
2011) using antibodies to the central A�-binding region (resi-
dues �95–110) and helix 1 of PrP C, and PrP C-null mice. In the
present study an antibody directed to the N-terminal A�-binding
region on PrP C (residues �23–31) prevented tau-dependent AD
brain inhibition of LTP, raising the prospect that cellular PrP C

might act as a cell-surface receptor/acceptor for both soluble A�
(Purro et al., 2018) and tau (Wang et al., 2008; Hu et al., 2018) in
AD brain. In addition, the recent report of a selective PrP/�-
synuclein oligomer interaction (Ferreira et al., 2017) points to a
common requirement for PrP C in the mediation of the synaptic
plasticity disrupting and neurotoxic actions of a variety of aggre-
gating proteins (Resenberger et al., 2011). Thus, an emerging
body of evidence supports the hypothesis that PrP C may be a
major site responsible for synaptic dysfunction and pathology
induced by soluble protein aggregates derived from disease-
relevant human AD brains.

PrP C is an extracellular protein tethered to the membrane by
glycosylphophatidylinositol. Nevertheless, the present findings
do not rule out an intracellular site mediating the synaptic plas-
ticity disrupting action of soluble tau. PrP C can act as a corecep-
tor to aberrantly promote signaling by transmembrane proteins,
including metabotropic glutamate receptor 5 (Um et al., 2013).
Furthermore, extracellular tau oligomers can be rapidly taken up
into cells via mechanisms that require APP (Piacentini et al.,
2017; Puzzo et al., 2017), which, like PrP C, also is required for A�
synaptotoxicity (Puzzo et al., 2017; Wang et al., 2017). Future
studies examining these and other pathways will be necessary to

determine how exogenous application of certain forms of tau
robustly inhibited LTP, even when induced by strong HFS.

Although tau is predominantly an intracellular protein, there
is growing evidence that it is released into the extracellular fluid
under physiological as well as pathological conditions (Yamada et
al., 2011; Chai et al., 2012; Karch et al., 2012; Bright et al., 2015;
Kanmert et al., 2015; Guix et al., 2018). Newly synthesized tau is
truncated and actively released by human neurons over several
days and is cleared in an isoform-dependent manner from CSF,
with tau isoforms that are more fibrillogenic potentially having
faster kinetics (Kanmert et al., 2015; Sato et al., 2018). Great
interest has been generated in the role of extracellular misfolded
tau in the propagation of pathology trans-synaptically whereas
much less is known regarding the role of extracellular tau in
mediating synaptic dysfunction. It will be important to charac-
terize the forms responsible for synaptotoxicity to inform ongo-
ing clinical trials targeting extracellular tau with immunotherapy.
The present findings clearly implicate tau isoforms that include
the mid-region sequence recognized by Tau5 in causing synaptic
plasticity disruption.

Together with previous research showing that exogenously
applied tau oligomers rapidly impair learning in mice (Fá et al.,
2016; Puzzo et al., 2017) the present in vivo findings support the
proposal that certain soluble tau forms may contribute to early
tauopathy symptoms independent of NFT formation or signifi-
cant neurodegeneration. Moreover, the discovery of the critical
role of PrP C in mediating synaptotoxic actions of tau as well as
A� supports a strategy targeting such a common target.
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ÉM, Marques-Morgado I, Vaz SH, Rhee JS, Schmitz M, Zerr I, Lopes LV,
Outeiro TF (2017) �-Synuclein interacts with PrP(C) to induce cogni-
tive impairment through mGluR5 and NMDAR2B. Nat Neurosci 20:
1569 –1579. CrossRef Medline

Fluharty BR, Biasini E, Stravalaci M, Sclip A, Diomede L, Balducci C, La Vitola
P, Messa M, Colombo L, Forloni G, Borsello T, Gobbi M, Harris DA
(2013) An N-terminal fragment of the prion protein binds to amyloid-
beta oligomers and inhibits their neurotoxicity in vivo. J Biol Chem 288:
7857–7866. CrossRef Medline

Freir DB, Nicoll AJ, Klyubin I, Panico S, Mc Donald JM, Risse E, Asante EA,
Farrow MA, Sessions RB, Saibil HR, Clarke AR, Rowan MJ, Walsh DM,
Collinge J (2011) Interaction between prion protein and toxic amyloid
beta assemblies can be therapeutically targeted at multiple sites. Nat Com-
mun 2:336. CrossRef Medline

Fu H, Hussaini SA, Wegmann S, Profaci C, Daniels JD, Herman M, Emrani S,
Figueroa HY, Hyman BT, Davies P, Duff KE (2016) 3D visualization of
the temporal and spatial spread of tau pathology reveals extensive sites of
tau accumulation associated with neuronal loss and recognition memory
deficit in aged tau transgenic mice. PLoS One 11:e0159463. CrossRef
Medline
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