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Tau-proximity ligation assay reveals gl

extensive previously undetected pathology
prior to neurofibrillary tangles in preclinical
Alzheimer’s disease
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Abstract

Background: Multimerization is a key process in prion-like disorders such as Alzheimer’s disease (AD), since it is a
requirement for self-templating tau and beta-amyloid amyloidogenesis. AT8-immunohistochemistry for hyperphos-
phorylated tau is currently used for the diagnosis and staging of tau pathology. Given that tau-tau interactions can
occur in the absence of hyperphosphorylation or other post-translational modifications (PTMs), the direct visualiza-
tion of tau multimerization could uncover early pathological tau multimers.

Methods: Here, we used bimolecular fluorescent complementation, rapamycin-dependent FKBP/FRB-tau interac-
tion and transmission electron microscopy to prove the in vitro specificity of tau-proximity ligation assay (tau-PLA).
We then analyzed MAPT KO and P301S transgenic mice, and human hippocampus and temporal isocortex of all Braak
stages with tau-PLA and compared it with immunohistochemistry for the diagnostic antibody AT8, the early phos-
phorylation-dependent AT180, and the conformational-dependent antibody MC1. Finally, we performed proteinase-K
treatment to infer the content of amyloidogenic beta-sheet fold.

Results: Our novel tau-proximity ligation assay (tau-PLA) directly visualized tau-tau interactions in situ, and exclu-
sively recognized tau multimers but not monomers. It elicited no signal in MAPT KO mouse brains, but extensively
labelled P301S transgenic mice and AD brain. Two groups of structures were detected, a previously unreported
widespread small-sized diffuse pathology and large, neurofibrillary-like lesions. Tau-PLA-labelled diffuse pathology
appeared from the earliest Braak stages, mostly unaccompanied by tangle-like tau-immunohistochemistry, being
significantly more sensitive than any small-sized dot-/thread-like pathology labelled by AT180-, AT8- and MC1-immu-
nohistochemistry in most regions quantified at stages O-Il. Tau-PLA-labelled diffuse pathology was extremely sensitive
to Proteinase-K, in contrast to large lesions.
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Conclusions: Tau-PLA is the first method to directly visualize tau multimers both in vitro and in situ with high
specificity. We find that tau multimerization appears extensively from the earliest presymptomatic Braak stages as a
previously unreported type of diffuse pathology. Importantly, in our study multimerization is the earliest detectable
molecular event of AD tau pathology. Our findings open a new window to the study of early tau pathology, with
potential implications in early diagnosis and the design of therapeutic strategies.
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Background

The early assessment of AD pathology is challenging:
the disease is largely undetected until the first signs of
cognitive impairment manifest, and validated biomark-
ers are too costly and complex to apply systematically
[4]. Understanding the early cellular alterations is cru-
cial if we are to design effective disease-modifying
therapies to prevent neuronal loss. Our current under-
standing of the pathology of the early stages of disease
derives from post-mortem studies of healthy individuals
thought to have developed AD if they had lived longer.
The two main neuropathologic features of AD, the accu-
mulation of beta-amyloid in senile plaques (SPs) and
microtubule associated protein tau (tau) in neurofi-
brillary tangles (NFTs) are variably labelled by silver
stains [63], which allowed Braak and Braak to describe
their progression through stereotyped neuroanatomi-
cal stages [7], with NFTs starting from the localized
transentorhinal stage I. In contrast to SPs, the load of
NFTs shows good correlation with clinical severity,
duration of disease and neuronal loss [2, 3, 25]. NFTs
contain fibrillar tau [13, 57, 67], which on transmission
electron microscopy (TEM) appears as paired helical fil-
aments (PHFs) and straight filaments (SFs) [38]. At least
a proportion of fibrillar tau is abnormally phosphoryl-
ated at multiple residues [26, 30] and antibodies against
phosphorylated tau epitopes such as AT8 have replaced
silver staining for diagnosis and staging [6]. However,
neuronal loss is superior to the number of NFTs, sug-
gesting undetected tau species or other insults mediate
toxicity [25]. Accumulating evidence indicates that early
tau aggregates/multimers are the true toxic species that
are responsible for the prion-like spread of tau pathol-
ogy [28, 36, 54]. This also suggests a proportion of tau
pathology is not being recognised by immunohisto-
chemistry against hyperphosphorylated tau (e.g. AT8),
particularly since fibrillization and seed propagation of
tau can happen independently of phosphorylation [20,
22, 23, 27, 34, 48, 52, 68]. Recently developed biochemi-
cal and cellular assays prove that tau multimerization
occurs early in the development of tau pathology and

correlates with specific tau PTMs events like phospho-
rylation in Thr321 or early conformational changes of
tau detected by AT180 and MC1 antibodies respectively
[18, 37].

Given that tau multimerization is a pivotal step in the
development of abnormal tau aggregates, we hypoth-
esized that the ability to directly visualize this molecu-
lar event in situ, or in other words, to visualize tau—tau
interactions, could provide a window into the early path-
ogenic stages of AD. In this study, we have developed a
new technique, tau-PLA, which only recognizes tau—tau
interactions without recognizing monomers in vitro.
In addition to staining neurofibrillary-like lesions in
human brain, tau-PLA detects an early and previously
unreported type of small-sized diffuse pathology. We
have found that this diffuse pathology builds up exten-
sively from the earliest AD pathological phases in previ-
ously unrecognized medial temporal/hippocampal areas
well before the appearance of NFT and neuropil thread
(NT) pathology detected by conventional tau immuno-
histochemistry. We believe our findings shed new light
and open potential new avenues into the investigation of
early pathological processes of AD.

Materials and methods

Cell culture

HEK293 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine and 100 U/
ml penicillin/streptomycin (Thermo Fisher Scientific).
Cells were maintained at 37 °C in a 5% CO, humidified
atmosphere.

Vector construction

The tau bimolecular fluorescence complementation
(BiFC) constructs (pmGFP10C-tau and pmGFP11C-tau)
were a kind gift from Henri Huttunen (Addgene plasmids
#71433 and # 71434 [9]). To generate FK506 binding pro-
tein (FKBP)-tau and FK506 rapamycin binding (FRB)-tau
constructs, tau (ON4R) was amplified from pmGFP10C-
tau using primers 5-GGCGGCTCGAGCGCCACC
ATGGATGTATTCATGGCTGAGCCCCGCCAGGAG
TTCGAAGTG-3' and 5- ATCCTCTTCTGAGATGAG
TTTTTGTTCGAATCTAGATCACAAACCCTGCTT
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GGCCAGGGAGGCAGA-3’ and NEBuilder HiFi DNA
Assembly Master Mix (New England BioLabs), accord-
ing to the manufacturer’s instructions. Alpha-synuclein
was excised from the previously described [53] FKBP-
alpha-synuclein and FRB-alpha-synuclein plasmids and
replaced by tau. Successful construction was confirmed
by colony-PCR and DNA sequencing.

Tau BiFC assay

HEK293 cells grew on poly-L-lysine-treated coverslips in
24-well plates overnight at a density of 2 x 10° cells, tran-
siently transfected with 100 ng of pmGFP10C-tau and
pmGFP11C-tau using Lipofectamine-2000 and Plus rea-
gents (Thermo Fisher Scientific), imaged to detect GFP
expression and fixed in 4% paraformaldehyde (PFA) for
tau-PLA experiments or harvested for western blot (WB)
24 h after transfection.

Tau FKBP-FRB-rapamycin assay

The tau FKBP-FRB-rapamycin assay was performed
as described previously [53]. HEK293 cells were trans-
fected with 25 ng of FKBP-tau and FRB-tau, incubated
at 37 °C for 4 h, washed with phosphate-buffered saline
(PBS), treated with or without 400 nM rapamycin (Cal-
biochem) for 1 h, washed with PBS and fixed in 4% PFA
for tau-PLA experiments. Images of fixed cells were
obtained using the DV Elite system based on an Olympus
IX71 fully motorized widefield deconvolution inverted
microscope with a 60x objective 1.40 numerical aper-
ture (NA) fitted with a CoolSNAP HQ2 cooled charge-
coupled device (CCD) camera (Photometrics) driven by
SoftWoRx 5.0 software (Applied Precision). Several cell
positions were chosen randomly and recorded using
the motorized stage. z-stacks were acquired at 0.250 pm
intervals to cover the entire volume of each cell. Quantifi-
cation of tau-PLA puncta was performed on deconvolved
images using Fiji [55]: tau-PLA signals were enhanced
using a median filter and then separated from the back-
ground using Otsu’s method of thresholding. Signals
were detected and counted.

Analysis of tau protein

For WB analysis of tau-BiFC protein, HEK293 cells
transiently transfected with pmGFP10C-tau and
pmGFP11C-tau were washed in PBS and lysed in RIPA
buffer (50 mM Tris pH 8, 150 mM NaCl, 2 mM EGTA,
0.5% sodium deoxycholate, 1% Igepal, 0.1% sodium
dodecyl sulphate (SDS)] with protease inhibitors (Com-
plete Mini, EDTA-free, Roche). Cells were disrupted by
repeated pipetting followed by sonication on ice. Cell
lysates were pelleted at 2000 rpm for 10 min at 4 °C. Pro-
tein concentration in the supernatant was determined by
BCA assay, according to the manufacturer’s instructions

Page 3 of 20

(Sigma). Ten micrograms of protein from cell lysates
were reduced in Laemmli buffer and heated to 95 °C
for 10 min for SDS—polyacrylamide gel electrophoresis
(PAGE) or resuspended in SDS-free Novex' Tris—Gly-
cine Native Sample Buffer (Thermo Fisher Scientific) for
non-denaturing PAGE. Proteins were separated on pre-
cast Bio-Rad Criterion™ TGX" 4-15% gradient gels.
After transfer of proteins to polyvinylidene difluoride
(PVDF) membranes (Bio-Rad) and blocking in 5% (w/v)
powdered skimmed milk in Tris-buffered saline/0.1%
Tween 20 (TBS-T), membranes were incubated over-
night at 4 °C in primary antibody (tau5, Abcam) diluted
in 1% skimmed milk/TBS-T. After washing three times
in TBS-T, the membrane was incubated with HRP-
conjugated IgG goat anti-mouse secondary antibody
(Bio-Rad) for 1 h at room temperature (RT). The mem-
brane was washed again in TBS-T and the signal visual-
ized with ECL reagent (Millipore) and exposure in the
ChemiDoc"" Touch Imaging System (Bio-Rad).

Recombinant tau and alpha-synuclein assembly

Two mg/ml of alpha-synuclein (rPeptide) was shaken
at 37 °C and 250 rpm for 120 h to induce fibrillar
aggregation. Forty pM tau-441 2N4R (rPeptide) was
shaken in sodium acetate (Sigma) 100 mM pH 7.0,
40 uM Heparin (Sigma), 2 mM DTT (Thermo) at 37 °C
and 250 rpm for either 16 or 360 h to induce aggrega-
tion, as per [50] (modified). Tau monomer was filtered
through an Amicon 100 kDa molecular weight cut-off
filter column (Sigma) prior to use to remove any aggre-
gated species. Samples were subsequently frozen until
further analysis.

TEM

Ten pl of 40 uM samples for tau and 1 mg/ml for alpha-
synuclein were applied to carbon coated TEM grids
(TAAB) after glow discharge, incubated for 2 min on the
grids at RT, stained by uranyl acetate 2% for 10 s, dried
immediately and stored at RT. Images were acquired with
a FEI Tecnai 12 TEM microscope (120 kV) with a Gatan
US1000 camera.

Animal tissue

MAPT KO mice missing exon 1 in the MAPT gene after
replacement with the neomycin resistant cassette [14,
64], transgenic P301S tau mice expressing the shortest
human four-repeat tau isoform (ON4R) with the P301S
mutation under the control of the murine thyl promoter
[1], and wild-type aged matched littermates C57BL/6,
were used in this study. Six month old MAPT KO (N=6),
P301S (N=6), and C57BL/6 (N =6) mice, together with 3
(N=2) and 9 (N=2) month old P301S mice were deeply
anesthetized and perfused transcardially with phosphate
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buffered saline (PBS). Brains were extracted and fixed in
4% paraformaldehyde in PBS for 24 h at 4 °C, followed by
paraffin embedding and microtome sectioning.

Human tissue

Formalin-Fixed Paraffin-Embedded (FFPE) 5 pum thick
slices of posterior hippocampus (lateral geniculate
nucleus level) from individuals without neurological dis-
ease or intra vitam diagnosis of AD were supplied by the
Oxford Brain Bank and Multiple Sclerosis and Parkin-
son’s Tissue Bank of Imperial College London (Additional
file 1: Tables S1 and S2).

In situ proximity ligation assay (PLA)

Tau-PLA experiments were performed as described pre-
viously with minor modifications [53], using the Duolink
kits (Sigma) according to the manufacturer’s instruc-
tions. The conjugates were prepared using the Duolink
Probemaker Plus and Minus kits and tau5 antibody
(ab80579, Abcam). For fluorescent tau-PLA, transfected
HEK293 cells were fixed in 4% PFA. For brightfield tau-
PLA, FFPE tissue was dewaxed in xylene, rehydrated via
graded alcohols, treated with 10% H,O, for 1 h at RT to
block endogenous peroxidases, as previously described
[53] and incubated with citrate buffer (pH 6) for heat-
induced antigen retrieval. All samples were incubated
with Duolink block solution at 37 °C for 1 h and then
with tau conjugates diluted in Duolink PLA diluent
(1:2000 for fluorescent tau-PLA and 1:250 for brightfield
tau-PLA experiments) for 1 h at 37 °C, then overnight at
4 °C. Samples were washed with TBS-0.05% Tween 20
and incubated with Duolink ligation reagents for 1 h at
37 °C and then with Duolink amplification reagents for
2.5 h at 37 °C. For fluorescent tau-PLA experiments, sam-
ples were washed and mounted in Vectashield with 1 pg/
ml DAPI counterstain. Tissue sections were washed and
incubated with a Duolink detection solution for 1 h at RT
followed by a Duolink substrate solution for 20 min at
RT. Tissue sections were then counterstained with hema-
toxylin, dehydrated in graded alcohols and xylene and
mounted with DPX mounting reagent.

For tau-PLA co-immunofluorescence, immunofluores-
cence was performed after antigen retrieval and before
PLA block. This process consisted of 1 h RT incubation in
primary antibody (GFAP Z0334, Sigma; Ibal 019-19741,
Wako; Tau5, Abcam; amyloid-beta ab11132, Abcam),
after which slides were washed with TBS-0.05% Tween
20. Slides were then incubated for 1 h RT with secondary
antibodies (Alexa488 or Alexa680, Life Technologies) and
then washed with TBS-0.05% Tween 20.

For recombinant protein analysis, 10 pl of 40 uM sam-
ples (1 mg/ml for alpha-synuclein fibrils) were spotted
on poly-L-lysine coated coverslips, left at RT for 30 min,
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then PFA-fixed for 10 min and treated as above for fluo-
rescent tau-PLA.

Immunohistochemistry and proteinase K (PK) treatment
FFPE tissue was dewaxed in xylene, rehydrated in graded
alcohols and then blocked with 10% H,O, for 1 h at RT
in the dark. Antigen retrieval was performed via micro-
wave heating with citrate buffer pH-6 (tau5, AT180, anti-
6X His tag), immersion in 80% formic acid for 1 h (4G8)
or no treatment (AT8, MC1). Then sections were blocked
with 10% normal goat serum in TBS-0.1% Triton X-100
for 1 h at RT, incubated with tau5 (1:200), anti-beta amy-
loid clone 4G8 (Biolegend, 1:2000), AT8 (Innogenetics,
1:500), AT180 (ThermoFisher Scientific, 1:1000), MC1
(kindly provided by Peter Davies, The Feinstein Institute
for Medical Research, Manhasset, NY, 1:100), or anti-6X
His tag (Abcam, 1:200) at 4 °C overnight, incubated with
biotinylated goat anti-mouse/anti-rabbit IgG secondary
antibody (Jackson Immunoresearch) for 1 h at RT, washed
in TBS-0.1% Triton X-100, incubated with VectaStain
ABC reagent (Vector Labs) for 1 h at RT, treated with
3,3’-Diaminobenzidine (DAB, Sigma) for 3 min, counter-
stained with hematoxylin, dehydrated in graded alcohols
and xylene and mounted with DPX mounting reagent.

PK treatment was performed as an additional step after
antigen retrieval by incubating slides in 50 pg/ml PK (Sigma)
10 mM Tris HCI pH 7.8, 100 mM NaCl, 0.1% NP-40 at 37 °C
for the stated times (0's, 10 s, 1 min and 2 min).

Imaging and neuropathological analysis

Slides were imaged blinded to the researchers with an
Aperio-Scanscope (40x objective). Three representa-
tive images were blindly and manually taken per ana-
lysed region from the scan and run through Image]
blindly until obtaining the final scoring for each slide.
Images were color-thresholded and analysed for par-
ticle detection (Additional file 1: Fig. S1A and B).
Particle size was adjusted for the object of analysis:
large perikaryal lesions of coalescent signal, mostly
representing NFTs, were adjusted to 12.5-100, SPs
were adjusted to 12.5-10,000 and diffuse tau-PLA
signal labelling of small structures was adjusted to
1.5-3.5 um?% The mean per sample and region was
calculated and subsequently analysed. Semi-quanti-
tative analysis was performed by blindly taking and
rating 3 different 40 x images for every region accord-
ing to a semi-quantitative scale (Additional file 1: Fig.
S1C) between 1 and 6. Unpaired two-tailed Student’s
¢ test and one-way ANOVA with Dunnett’s post hoc
test were performed using GraphPad Software for
the statistical analysis and comparison of the groups.
Statistical significance was defined as p <0.05 for all
analyses.
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(See figure on next page.)

Fig. 1 Tau-PLA detects tau-BiFC complexes. a Tau-BiFC constructs contain non-fluorescent halves of GFP fused to tau. GFP activity is detected only
when tau molecules interact between them and the split GFPs fold together. b, ¢ Expression of tau-BiFC constructs in HEK293 cells was analysed
by fluorescent microscopy and western blot. Tau-BiFC constructs form oligomeric species, as shown by non-denaturing PAGE. Scale bar: 100 um.

d Green fluorescence in HEK293 cells expressing tau-BiFC constructs indicated tau-tau interactions. Tau-PLA signal (red) was co-localized with the
BiFC signal (green) in transfected cells, indicating that tau-PLA detects tau-tau interactions. Nuclei were identified by DAPI staining (blue). Images
are maximum projections of z-stacks. Scale bar: 10 um. All experiments were performed in triplicate

Results

Tau-PLA detects tau multimerization in vitro

Protein multimerization is a fundamental molecular req-
uisite for proteins such as tau, amyloid-beta or alpha-
synuclein to seed pathology. In order to detect tau—tau
interactions in situ, we took advantage of the knowledge
we generated developing the alpha-synuclein proxim-
ity ligation assay for Parkinson’s disease [53], namely,
the ability of PLA to detect protein interactions of two
or more molecules, but not monomers, when conjugat-
ing the same epitope blocking monoclonal antibody to
PLUS and MINUS PLA probes. The assay can therefore
only result in productive ligation when at least two tau
molecules are in close proximity. Ligation allows rolling
circle amplification to produce a globular DNA thread
which is then visualized with labelled oligonucleotides as
a discrete dot. Therefore, PLA signal is dotted, and each
dot represents a recognized interaction event. Since we
aimed to detect tau multimerization regardless of its
PTMs, to allow visualization of potential tau—tau inter-
actions ahead of phosphorylation and conformational
changes, we chose tau5, a pan-tau monoclonal antibody
against the human tau sequence 218-225 [51], not phos-
phorylated in vivo, to build the tau-PLA assay. To vali-
date our new PLA technique, we used several in vitro
methods. First, we used a previously validated [9] bimo-
lecular BiFC assay which requires the co-transfection of
two plasmids encoding tau fused to a split GFP reporter
(Fig. 1a). In the absence of one of the plasmids, only
one half of GFP is expressed and therefore fluorescence
is impaired, however when the two copies are overex-
pressed by co-transfection, tau multimerization brings
the GFP halves into proximity, allowing them to fold and
producing fluorescence in HEK293 cells, as is shown in
Fig. 1b. The formation of tau high molecular species was
confirmed by non-reducing gel electrophoresis (Fig. 1c).
Tau-PLA signal was prevalent in cells exhibiting BiFC
fluorescence (Fig. 1d).

Next, we fused tau to either FKBP or FRB (Fig. 2a), an
inducible system where tau—tau interactions are depend-
ent on the addition of rapamycin [44]. In contrast with
the BiFC assay, in which overexpression was used to
ensure tau multimerization, we now optimized the
experimental conditions to achieve low levels of expres-
sion (Additional file 1: Fig. S2). In these conditions,

tau-PLA showed a negligible signal, despite the presence
of tau monomers. Induction of tau—tau interactions by
addition of rapamycin caused an increase in the numbers
of tau-PLA puncta per cell (Fig. 2b). This suggests that
tau-PLA detects intracellular tau—tau interactions, but
not monomers.

Both the BiFC and FKBP/FRB systems are based on
tagged tau constructs. To prove that recognition of tau—
tau interactions and not tau monomers by tau-PLA did
not depend on the tags, we used untagged full-length
unphosphorylated recombinant 2N4R tau monomers
and aggregates. Tau-tau interactions were obtained by
the addition of heparin and shaking [23, 52] and the pro-
gress of tau complex formation was monitored with TEM
(Fig. 2c). The tau monomeric preparation lacked any
structure on TEM. After 16 h of shaking, spherical/glob-
ular tau accumulations started to form, and after 360 h
of shaking tau assembled predominantly into filaments.
A proportion of the globular structures were disposed in
bundles or short chains. We also generated alpha-synu-
clein fibrils by shaking recombinant protein to demon-
strate that tau-PLA is specific to tau and not to general
aggregation. Imaging equal amounts of the preparations
revealed that tau-PLA signal was highly specific for tau—
tau interactions, while it did not recognize monomeric
tau and alpha-synuclein fibrils (Fig. 2c). Together with
our previous findings these results indicate that tau-PLA
detects tau-multimers in vitro.

In situ specificity of tau-PLA in transgenic and MAPT KO
mice

To demonstrate the in situ specificity of the assay and
to exclude the possibility of non-specific binding (back-
ground), analysis of animal brain tissue was performed.
FFPE brain sections from 2 months-old MAPT KO mice
[14, 64] were analysed with tau-PLA, alongside sections
from 6 months-old P301S transgenic mice [1] and C57BL/6
age-matched controls. Tau-PLA analysis revealed strong
staining in the P301S mice, with a significant level of PLA
load on axonal tracts, while no signal was detected in
MAPT KO or C57BL/6 control mice (Additional file 1: Fig.
S3). A comparison with AT8 staining indicated that tau-
PLA reveals prominent tau multimerization in anatomical
brain areas devoid of AT8 staining such as CA1 region of
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were transfected with both constructs and incubated with or without rapamycin for 1 h after transfection (left). Quantification of tau-PLA puncta
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hippocampus and striatum (Additional file 1: Fig. S3). Tau-
PLA analysis also revealed that tau-PLA signal accumulates
with age in P301S animals (Additional file 1: Fig. S3).

We also performed no-ligase controls to establish that
the observed signal was a result of productive tau-PLA.
Ligase removal from the tau-PLA assay resulted in abso-
lute depletion of tau-PLA signal, indicating that the sig-
nal was indeed representative of tau—tau interacting
molecules (Additional file 1: Fig. S4).

To further prove that tau-PLA is antibody-depend-
ent, and it does not give false positive results due to
PLA itself, we generated PLA probes conjugated with
a 6xHisTag antibody. As we expected no signal was
detected after performing immunohistochemistry with
6xHisTag antibody and 6xHisTag-PLA (Additional file 1:
Fig. S4C). Altogether, these data support that tau-PLA
can detect tau—tau interactions with high specificity and
negligible background in situ.

Tau-PLA labels a range of structures in AD brain, from large
lesions to diffuse pathology

We next evaluated post-mortem human tissue using
tau-PLA, in order to examine if tau-PLA recognizes
endogenous disease-related tau—tau interactions. FFPE
hippocampal post-mortem sections from 67 individuals
of neurofibrillary Braak stages 0, I, II, III, IV, V and VI
were analysed with tau-PLA and immunohistochemistry
(Additional file 1: Table S1, S2). In AD brain (Braak stage
V), tau-PLA revealed several staining patterns, indicat-
ing labelling of a breath of structures across hippocam-
pal regions and temporal isocortex (Fig. 3). Together with
neurofibrillary-like structures (NFTs, N'Ts and dystrophic
neurites within neuritic plaques) that presented the same
regional distribution as AT8/tau5-immunohistochemis-
try (Figs. 3aiiii, 4, 5), tau-PLA also detected a previously
unreported small-sized diffuse pathology comprised of
tau multimers (Fig. 3aiv). This type of tau-PLA labelling
consisted of individual non-coalescent puncta spreading
out in the neuropil of the cortex, white matter and the
soma of a proportion of morphologically intact neurons
without NFTs (Fig. 3aiv—vi), either in the cytoplasm and
sometimes around or inside the nucleus. Pretangle stain-
ing was also detected in the cytoplasm of intact neurons
(Fig. 3aiv), which in borderline cases was difficult to dif-
ferentiate from NFT labelling. When in neurons, the
labelling of the diffuse pathology was different than pre-
tangles; it was lighter, non-coalescent, and in areas where
no pretangles were seen with AT8-immunohistochemis-
try. The neuronal labelling of tau-PLA revealed that tau
multimerization starts early before neurofibrillary tangle
maturity, with tau-PLA labelling being abolished at the
level of lesions likely representing ghost tangles (Fig. 3b).
In the subcortical white matter and occasionally in the
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cortex, the PLA dots were frequently aligned, sometimes
into rail track-type structures, suggesting intra-axonal
localization (Fig. 3aii arrow). The diffuse PLA tau pathol-
ogy, which appeared largely unaccompanied by AT8
immunohistochemistry, is reminiscent of the diffuse neu-
ropil pattern of alpha-synuclein oligomers in Parkinson’s
disease [53]. Finally, tau-PLA labelled tau-tau interac-
tions on the perikarya of scattered oligodendrocytes in
the white matter (Fig. 3avi), a feature which we did not
observe on AT8-immunohistochemistry.

Although a proportion of this diffuse pathology was
clearly intraneuronal, by performing co-immunofluo-
rescence of tau-PLA with GFAP and Ibal (astrocytes
and microglia, respectively Additional file 1: Fig. S5, we
identified that a minority of the dots co-localized with
these markers, suggesting that, in addition to neurons, a
small proportion of these diffuse small complexes were in
astrocytes and microglia.

Extensive tau multimerization revealed by tau-PLA occurs
widely and early in the development of AD tau pathology
We next focused on determining the spatiotemporal
evolution across Braak staging comparing the different
tau-PLA labelled structures with bona fide early tau-
immunohistochemistry, namely that assessed through
staining with AT8- and AT180 (for phosphorylated tau
epitopes), and MC1 (misfolded tau).

Firstly, we compared brain sections from hippocampal
regions and temporal isocortex stained with tau-PLA
and AT8-immunohistochemistry (the “Gold Stand-
ard” for tau-immunohistochemistry in neuropathol-
ogy) across all six Braak stages. As presented above, the
main staining patterns of tau-PLA can be divided into
two; large lesions of perikaryal NFT-like structures filled
with coalescent dots, and small-sized diffuse pathol-
ogy, which was labelled by discrete non-clustered dots.
We used computer-aided quantification of both types of
pathology.

In Braak stage O cases, a negligible number of tau-PLA
labelled perikaryal lesions and minimal average dif-
fuse pathology were identified (Figs. 3c, 4, 5). Tau5, the
antibody used for tau-PLA, recognizes a phosphoryla-
tion independent epitope which enables the labelling of
widespread physiological monomeric tau within the
axon-neuropil domain of neurons when used with immu-
nohistochemistry methods [62]. Our in vitro results
indicated that tau5 is epitope blocking therefore prevent-
ing tau-PLA to recognize monomers and allowing the
detection of tau multimers only. The minimal labelling
by tau-PLA in Braak O cases, provides further evidence
that tau-PLA does not detect endogenous tau monomers
in human brain. However, it is important here to high-
light that although the majority of Braak 0 cases appeared
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o

TAU-PLA

Fig. 3 Tau-PLA highlights different staining patterns. Images taken from a stage V patient. a Tau-PLA labels (i) neurofibrillary tangles (CA1). Note
also unlabelled neurons. (ii) Tau-PLA labels neuropil threads (entorhinal region). Arrow in inset shows alignment of tau-PLA dots onto elements with
axonal morphology. (i) Tau-PLA labels neurites within neuritic plaque (CA1). (iv) Tau-PLA labels morphologically intact neurons with accumulation
of tau complexes (CA1). Note these appear in areas lacking any AT8 immunohistochemistry labelling and are different to pre-tangle neurons. (v)
Tau-PLA labels diffuse accumulation of tau-tau complexes in the neuropil (CA4). (vi) Tau-PLA labels the perikarya of occasional oligodendrocytes
(arrows, white matter). Scale bar 50 um. b Neurofibrillary tangle maturity characterized by tau-PLA, from left to right examples of tau-PLA staining

for normal, diffuse, pretangle, mature and ghost pathology. Scale bar 50 pm. ¢ Tau-PLA distribution through the different Braak stages. Scale bar
2mm

to have a negligible level of tau-PLA signal, a number of
individuals presented a moderate to high load of tau-PLA
in the hippocampal regions (Additional file 1: Fig. S6).

From Braak stage I onwards, tau-PLA recognized lesions
paralleling the same distribution pattern as AT8-immu-
nohistochemistry (Figs. 3c, 4, 5b, c), although lower in
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(See figure on next page.)

Fig. 4 Early tau multimerization detection, prior to detection of tau hyperphosphorylation and misfolding across hippocampal regions and
temporal isocortex. Representative images of selected hippocampal regions are shown here. FFPE sections of posterior hippocampus at the level of
lateral geniculate nucleus from Braak 0 to VI were stained with tau-PLA and AT8-immunohistochemistry. Minimal PLA and immunohistochemistry
signal is seen in Braak 0. Tau-PLA reveals abundant pathology in Braak stages | to Il and onwards, while AT8-immunohistochemistry is absent or
relatively low at initial stages, with the signal mostly appearing after Braak lll. Scale bar 50 um

number, from small numbers limited to the transentorhinal
cortex in Braak stage I to a progressively more widespread
distribution up to Braak stage VI. It is worth noting that
tau-PLA detected an almost identical number of lesions
as tau5-immunohistochemistry (Fig. 5b, Additional file 1:
S7) indicating the differences between AT8-immunohisto-
chemistry and tau-PLA were due to the superiority of AT8
to tau5 antibody for lesions, in agreement with previous
reports supporting that the binding of tau5 can be affected
by the nearby phosphorylation sites [45].

Interestingly, tau-PLA detected extensive diffuse tau
pathology as soon as Braak stage I, mostly unaccompanied
by AT8-immunohistochemistry, in all studied regions
(Fig. 3¢, 4, 5a), in contrast to the scarce and anatomically
restricted labelling of NFT-like pathology at early stages.
This abrupt increase in all areas quantified from Braak I
was reduced but still significant at later stages (Braak IV,
V and VI) (Figs. 3c, 4, 5a) and was especially pronounced
in the alveus/stratum oriens. In agreement with our data,
AT8-immunoreactivity was previously reported to appear
in the alveus in National Institute on Aging/Alzheimer
Association (NIA/AA) stages B2 and B3 of neurofibril-
lary degeneration [49] (corresponding to Braak stages
III-VI [43]), therefore after the detection by tau-PLA. Our
data therefore suggest that tau multimerization is an early
pathological event in AD.

Although AT8 is the most common tau antibody used
for the pathological diagnosis and staging of AD pathol-
ogy, it shows a preference for late-type hyperphospho-
rylated tau aggregates [40]. The AT180 marker has been
described to detect phosphorylation of tau at Thr321
epitope, one among the earliest PTMs occurring dur-
ing tau aggregation process [18, 40], which precedes the
hyperphosphorylation in the double epitope Ser202/
Thr205 recognized by AT8. In addition to this, the MC1
antibody detects early conformational changes of tau.
In order to investigate the sequence of events linked to
the development of disease regarding multimerization,
hyperphosphorylation and misfolding of tau, we per-
formed careful semi-quantitative evaluation of tau-PLA,
ATS8, AT180 and MC-1 in early Braak stages (0-III).
Small-sized stained structures (the diffuse pathology rec-
ognized by tau-PLA and dot-/thread-like labelling by tau
immunohistochemistry) and larger perikaryal NFT-like
structures were quantified separately in temporal isocor-
tex, CA4 sector, entorhinal cortex and CA1 sector.

All three tau antibodies—AT180, AT8 and MCl—were
able to detect small-sized structures, in general prior
to the detection of larger lesions. However, there was a
clear pattern for tau-PLA signal being considerably more
abundant than tau-immunohistochemistry in the regions
quantified (Fig. 6, Additional file 1: Figs. S8, S9, S10) and
to appear earlier. This was particularly evident in tempo-
ral isocortex and CA4 sector in Braak stages O to IL. In
these two regions, tau-PLA was the only signal detected
in Braak stage I, statistically different from that in Braak
0 (Fig. 6, Additional file 1: Fig. S8). AT180-immunobhis-
tochemistry followed tau-PLA in sensitivity, with small-
sized structures firstly appearing in Braak stage II in
these two regions (Fig. 6, Additional file 1: Fig. S8), their
levels approaching those of tau-PLA at stage III in all
hippocampal areas except CA4 (Fig. 6, Additional file 1:
Figs. S8, §9, S10). These results suggest that AT180 stain-
ing can be detected early in the development of fibril-
lar tangles even before the formation of pretangles, and
before AT8 staining, but after tau multimerization starts
appearing and being captured by tau-PLA (Fig. 7).

MCI1-immunohistochemistry showed a negligible
number of MC1 positive small-sized structures or larger
lesions until Braak stages II or III, depending of the
region (Additional file 1: Fig. S11), at a point when tau-
PLA signal is already well-established. This suggests that
while the conformational changes of tau recognized by
MC1 may occur early in the maturity of tangles, these
changes, like phosphorylation, could occur after tau mul-
timerization (Fig. 7). Interestingly, ghost tangles appeared
to be positive for AT180 and ATS8, but not for MC1 and
tau-PLA (Figs. 3, 7).

In the brains used in this study, quantification of lesions
labelled with 4G8 antibody showed an overall increase of
beta-amyloid load with neurofibrillary stage (Additional
file 1: Fig. S12).

Altogether these data support that tau—tau interactions
are one of the earliest detectable molecular events occur-
ring during the development of tau pathology, which is
especially pronounced in the alveus/stratum oriens.

The early diffuse pathology detected by tau-PLA is highly
sensitive to PK degradation

The conformational changes associated with the polym-
erization of amyloid-prone proteins can prevent the
access of proteases to their putative cleavage sites [47]
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Fig. 5 Quantification of tau-PLA labelled diffuse pathology and tau-PLA and AT8 IHC labelled large perikaryal neurofibrillary-type lesions in
hippocampal regions. a-c Automated quantification of a tau-PLA diffuse signal, b tau-PLA lesions and ¢ AT8-IHC lesions in different brain regions.
All groups were compared to control (Braak 0) through a ONE-WAY ANOVA (Dunnet). N=11/12/12/9/7/8/8. *p <0.05, **p < 0.01, ***p < 0.001,
**¥¥0 <0.0001. TC temporal isocortex, £C entorhinal cortex, SO stratum oriens, AV average

and therefore digestion with proteases has been used as
a surrogate to infer these conformational changes. In
particular, the beta-sheet-rich secondary structure has
been closely associated with the typical insolubility and
protease resistance of the mature protein aggregates of
neurodegenerative diseases [17, 31, 47]. To explore the
accessibility of tau5 epitopes within the different tau
aggregates labelled by tau-PLA, we performed PK treat-
ment of varying durations (Fig. 8). The labelling of peri-
karyal lesions by tau-PLA was abolished within 1 min
of PK treatment, while the labelling of diffuse pathology
by tau-PLA was considerably more sensitive to protease

degradation, with signal completely depleted after 10 s of
PK digestion. While we cannot rule out that the apparent
differences in PK sensitivity could also be due to differ-
ent overall amounts of multimer or extents of multimer
aggregation, as well as interactions of tau with PK-resist-
ant cofactors such as nucleic acids, our results suggest
that diffuse pathology is composed most probably of a
relaxed structure, very accessible to digestion, whereas
tau-PLA signal located in lesions seemed to be of a more
compact and PK-resistant nature, which is in agreement
with the early nature of diffuse pathology versus that of
lesions.
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Fig. 6 Early tau multimerization detection, prior to detection of tau hyperphosphorylation and misfolding across hippocampal regions and
temporal isocortex-temporal isocortex. a Representative images of selected hippocampal regions are shown here. FFPE sections of posterior
hippocampus at the level of lateral geniculate nucleus from Braak 0 to Il were stained with tau-PLA and AT180-, AT8-, MC1-immunohistochemistry.
Minimal PLA and immunohistochemistry signal is seen in Braak 0 stage. Tau-PLA reveals abundant pathology in Braak stages I to lll, while
AT180-immunohistochemistry shows a modest increase in signal in Braak stages | to lll. AT8- and MC1-immunohistochemistry is absent or relatively
low at initial stages, with signal starting to appear in Braak Ill. Scale bar 50 pm. b Quantification tau-PLA, AT8-, MC1-, and AT8- IHC labelled diffuse
pathology. All groups in each Braak stage were compared to tau-PLA through a ONE-WAY ANOVA (Dunnet). N=11/12/12/9/7/8/8.*p < 0.05,
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Fig. 7 Tau self-interaction as one of the earliest events occurring during neurofibrillary tangle maturity. Schematic representation and images of
the dynamic lifespan of NFT. Representative images of the hippocampal region are shown here. FFPE sections of posterior hippocampus at the
level of lateral geniculate nucleus, stained with tau-PLA and AT180-, AT8-, MC1-immunohistochemistry. Tau-PLA reveals that multimerization is one
of the earliest detectable events occurring during the development of tangles. AT180 positive staining can be detected even before the formation
of pretangles, occurring straight after tau self-interaction appears. Hyperphosphorylation recognized by AT8 and conformational changes by MC1
occur early in the maturity of tangles as they are present in both pretangles and mature NFT. Ghost tangles appeared to be positive for AT180 and
AT8, but not for MC1 (and possibly tau-PLA)
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Fig. 8 Tau-PLA labelling is very sensitive to PK digestion which has a differential effect on small diffuse complexes and larger neurofibrillary-type
lesions. Samples were treated for 0/10/60/120 s with PK at 37 °C and then stained for tau-PLA. Tau-PLA signal was very sensitive to PK treatment.
Signal form diffuse small complexes was depleted by 10 s of PK treatment, while larger neurofibrillary-type lesions (neuritic and perikaryal lesions)

labelled with tau-PLA required 1 min of PK digestion for complete depletion. NFT: neurofibrillary tangles
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Discussion

The molecular basis of prion and prion-like disorders is
the ability of certain proteins to acquire a self-templating
amyloidogenic state, in which protein multimerization
is a required step for molecular seeding [12]. Here, we
describe tau-PLA, a technique that enables the specific
histological visualization in situ of the tau—tau interac-
tions, regardless of tau phosphorylation state and confor-
mational changes, with preservation of the cellular and
subcellular morphology. PLA has been used previously to
detect both heterotypic [58] as well as homotypic protein
interactions [33, 42, 53, 56], which shows the reliability of
the PLA approach. We analyzed the presence of tau—tau
interactions in FFPE hippocampal and temporal isocor-
tex sections from 67 post-mortem human brains from all
Braak stages using tau-PLA and compared with the pres-
ence of phosphorylated and misfolded tau using immu-
nohistochemistry. As expected, a range of pathological
lesions contain tau multimers. In addition, we identified a
previously undetected widespread diffuse pathology that
develops ahead and beyond the anatomical confinement
of the hyperphosphorylated and misfolded tau material
from the earliest Braak stages.

In AD, full-length tau assembles into filaments with
cross-beta-amyloid structure [21]. A proportion of tau
filaments are typically found abnormally hyperphospho-
rylated [24, 26]. In vitro, phosphorylation at the Ser202/
Thr205/Ser208 sites, together with absence of phospho-
rylation at the Ser262 site, enables fibrillization [16], and
this event is recognized by AT8 marker [41]. AT8-positive
pathology has been recognized in dystrophic neurites and
granular perikaryal tau deposits in pre-tangle neurons [5,
59], constituting an early phosphoepitope during cellu-
lar tau pathology development. Similarly, AT180 detects
tau phosphorylated at Th231, a phosphoepitope affected
early in the development of tau pathology and connected
with tau multimerization in AD brain [18]. Tau protein
also exhibits conformational changes [10, 32]. Misfolding
recognized by MC1 antibody, where the N-terminal and
the third microtubule binding domain of tau are in close
proximity, has been described as one of the earliest PTMs
of tau in AD [65]. However, phosphorylation and mis-
folding are not a requirement for the in vitro assembly of
full-length tau [22, 23, 27, 34, 48, 52, 68, 69] while seed
propagation of tau can happen independently of phos-
phorylation [20]. Therefore, the visualization of the key
molecular event of tau multimerization could undercover
a breath of pathological tau forms occurring ahead or
independently of tau hyperphosphorylation and misfold-
ing, which our tau-PLA data support. The data obtained
through tau-PLA analysis would be consistent with the
maximal distance between the two epitopes in the PLA
assay being ~ 16 nm, only slightly larger than the distance
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required for resonance energy transfer between fluoro-
phores (~ 10 nm) [61], only achieved upon true molecule
interaction.

In physiological conditions in human brain, the major-
ity of tau appears to be unaltered and in monomeric state,
as bona fide Braak 0 hippocampi showed absent or mini-
mal AT8, AT180, MC1, and tau-PLA signal, on average.
Tau-PLA revealed that cases in Braak 0 group presented
heterogenicity, indicating that in a subgroup of asymp-
tomatic individuals with no tau pathology defined by
immunohistochemistry, tau multimerization has already
started. Further study is nevertheless required to deter-
mine if the small amount of signal in some Braak 0 cases
corresponds to early pathology or a physiological role for
tau multimers—a role for tau oligomerization has been
suggested in cultured cells [66].

From Braak I stage there is a rise in tau pathology,
in most areas studied heralded by small-sized diffuse
tau-PLA structures negative for other markers, with
AT180-immunohistochemistry being the only marker
able to significantly detect, although with lower sensi-
tivity, small-sized tau pathology at the earliest stages.
Hyperphosphorylated or misfolded tau recognized by
immunohistochemistry was scarce and neuroanatomi-
cally confined in early stages; as expected, these lesions
were also labelled by tau-PLA, not surprising as they are
formed of tau—tau interactions [38]. The absence of AT8-,
AT180-, and MC1-immunohistochemistry signal in most
of the areas labelled with tau-PLA in the earliest stages
suggests that the small-sized diffuse pathology could be
composed of non-phosphorylated or non-misfolded tau.
Therefore, our data suggest both at the anatomical and
cellular level, that tau multimerization is one of the earli-
est events occurring during the development of AD tau
pathology in the brain. Our work parallels recent stud-
ies that found that tau multimerization with seeding
potential anticipated phospho-tau pathology and sug-
gests the possibility of exploring tau-PLA as a morpho-
logically preserved surrogate of seeding activity [28, 35,
37]. Additional recent work also supports our claim that
there is extensive tau multimerization at early stages [18].
However, Ercan-Herbst et al. suggested that a signature
of phosphorylated sites which included Thr231 (at least
in the entorhinal cortex) was concomitant with multim-
erization. Unlike ours, this study pooled Braak 0-Braak
I cases as control, rather than separated groups, limiting
the resolution in the determination of sequence of events
at this important transition. In addition, their multim-
erization assay also lacks the morphological preservation
and spatial resolution provided by tau-PLA [18, 28, 37].

Staining of the alveus/stratum oriens and the white
matter by tau-PLA and alignment onto axonal morpholo-
gies were prominent at early AD stages, as well as at the
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striatal pencil fibers in P301S mice, suggesting—unsur-
prisingly given tau functions to stabilize axonal micro-
tubules—this early trigger may occur in axons [15, 29].
Although the majority of small-sized diffuse multimers
were observed in neurons, a proportion of them was also
localized to microglia, astrocytes and oligodendrocytes
from early on, suggesting a potential role to lesion pro-
gression, spread and toxicity. It is also interesting that at
later stages, the amount of diffuse tau-PLA decreased.
This may be due to higher number, at later stages, of
ghost tangles, which do not appear labelled by tau-PLA,
but also to the possibility that NFTs could be a sink for
earlier pathological species [11, 39], which disappear in
the maturation process of the tangle. The epitope rec-
ognized by the antibody we used to build the tau-PLA
assay, tau5, maps to aminoacids 218-225 [51] which are
part of the fuzzy coat of tau PHFs and SFs. The fuzzy coat
is largely lost in extracellular ghost tangles [21], which
would also explain the lack of labelling of ghost tangles
by tau-PLA. The neuronal loss in AD is far superior to
the amount of NFTs [25], which points to an unknown
intermediate as a neurotoxic agent and point of thera-
peutic intervention. While more investigation is required
to interrogate whether the early tau multimerization
detected by tau-PLA could be playing a role as these toxic
intermediates, our data using PK digestion suggests the
small diffuse multimers have a distinct conformation, dif-
ferent from the bulk of neurofibrillary tau.

As mentioned, a region of tau corresponding to part of
the repeats forms a protease resistant core when assem-
bled into filaments [21]. Exposure of this core normally
requires prolonged protease treatment [46, 60, 70]. In
agreement with this idea, complete depletion of large
lesions labelled with tau-PLA required at least 1 min of
PK treatment, while in contrast, labelling of the small
diffuse pathology by tau-PLA was completely abolished
after only 10 s of digestion. This does not preclude that
these species may contain a component of beta-sheet
secondary structure centered in the region of the repeats
but indicates that the overall assembly of the structure
seems to allow full and easy access to the tau5 epitope
and is tempting to speculate that they represent early oli-
gomeric species like those thought to be toxic [19]. We
cannot rule out that the apparent differences in PK sensi-
tivity could also be due to different amounts of multimer
or extents of multimer aggregation, e.g. bundling or clus-
tering of aggregates, rather than differences in secondary,
tertiary or quaternary structures of tau molecules within
individual aggregates. Another possible explanation is
that an increased association of PK-resistant cofactors
(such as nucleic acids) in lesions would also confer resist-
ance to PK treatment.
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We must also recognize that inferring a temporal
sequence of events from post-mortem samples has
its limitations and does not establish causality. At
this point, we cannot categorically affirm if this dif-
fuse pathology actually is or converts into hyperphos-
phorylated and misfolded neurofibrillary material, as
alternative explanations are theoretically possible. For
example, diffuse tau-PLA could be a marker of early
cellular alterations responsible for the posterior tau
neurofibrillary aggregation. Neither can we exclude
that small multimers may diffuse from localized
large lesions. If that was the case, however, we would
expect a gradient of tau-PLA, with highest levels in
areas close or connected to those harboring immu-
nohistochemistry-positive lesions, but the opposite is
indeed the case. Lastly, it could be hypothesized that
tau diffuse pathology is a normal part of aging. The
detailed neuroanatomical analysis of pre-tangle Braak
stages, i.e. the early subcortical stages described by
Braak [8], and further experimental work with cel-
lular and animal models could help to definitively
establish the sequence of events: what is the toxic-
ity and seeding potential of these small diffuse mul-
timers, their contribution to neuronal dysfunction,
spread of pathology and cell death as well as the role
of glial cells.

Regardless of these unanswered questions, our tool can
play an important role in dissecting the pathophysiol-
ogy of early aggregates, in the design of early diagnostic
methods and the monitoring of efficacy of treatments.
Our data also challenges therapeutic approaches focused
solely on modulating tau phosphorylation and misfold-
ing. However, given the breath of studies indicating AD
is a prion-like disorder, our findings here of an early and
widespread tau multimerization could mark a crucial
early transition point, at which an intervention may pro-
vide a disease-modifying therapy.

Conclusion

Here, we have developed for the first time a novel assay,
tau-PLA, that allows the specific detection of tau—tau
interactions, without monomeric recognition, both
in vitro and in situ. In addition to staining neurofibril-
lary-like lesions in human brain and in contrast to stand-
ard histopathological markers, tau-PLA can recognize an
early and previously unreported type of diffuse pathol-
ogy. In this study, we show that tau multimerization is
an early molecular event in the development of AD tau
pathology in the brain.
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Additional file 1. Fig. S1. Automated analysis and semi-quantitative
scales used for analysis. A and B) Original images and images after
analysis with quantification. Analysis performed as specified in Materials
and methods. A) 3 sample images with low, middle and high density of
diffuse small tau-PLA labelled structures were processed with ImageJ for
the automated measurement of diffuse signal, insets show final counts.
B) Samples from the 4 different immunolabellings were processed with
ImageJ for the automated measurement of large labelled lesions, insets
show final counts. C) Semi-quantitative scale used for semi-quantitative
analysis of all brain regions. Fig. S2. Detection of tau-tau interactions in
HEK 293 cells. Representative fields of view of the tau-PLA puncta quantifi-
cation of Fig. 2B. Tau-PLA puncta are in red. Nuclei were identified by DAPI
staining (blue). Scale bar: 10 um. Fig. S3. In situ specificity of tau-PLA in
mouse brain tissue. Top: Representative images from 6 months-old P301S
transgenic, C57BL/6 wild-type and MAPT KO mice (N =6 per genotype),
stained with Tau-PLA and AT8. Brain histological analysis revealed an
absence of tau-PLA signal in MAPT KO mouse brain tissue. C57BL/6
control mice showed almost negligible load of tau-PLA, whereas this
signal appeared to be quite strong in the P301S mice. Tau-PLA revealed
prominent tau multimerization in the CA1 region of hippocampus and
striatum, anatomical areas negative for AT8. Bottom: Representative
images from P301S transgenic animals at the age of 3 (N=2),6 (N=6),
and 9 (N=2) months old. This analysis shows an age-dependent accu-
mulation of tau-PLA signal. Scale bar 100 um. Fig. S4. Tau-PLA detects
endogenous human tau-tau interaction in situ. A) Tau-PLA recognized
tau pathology in the CA4/dentate gyrus of Alzheimer’s disease (Braak V)
as compared to Braak 0 controls. B) Tau-PLA was performed in samples of
different Braak stages in the presence or absence of ligase. The absence
of ligase in the PLA reaction resulted in the ablation of all PLA signal,
indicating the staining is dependent on the ligation of two conjugates.
C) 6xHisTag IHC and 6xHisTag-PLA performed in samples of Braak stage
0and V. No signal was detected after performing immunohistochemistry
with 6xHisTag antibody and 6xHisTag-PLA. Scale bar 50 um. Fig. S5. A
proportion of diffuse tau complexes locates to astrocytes and microglia.
Representative co-immunofluorescence images (Braak IV) of indicated
markers and tau-PLA. Arrowheads indicate astrocyte/microglial cells in
top and bottom panels, respectively. Fig S6. Tau-PLA revealed that cases
in Braak O group presented heterogenicity. A) Quantification of tau-PLA
labelled small diffuse complexes in the different hippocampal regions,
revealing the distribution of the population in Braak 0 group. ONE-WAY
ANOVA (Tukey). AV; average. B) Representative images of EC stained with
tau-PLA that illustrate the heterogenicity that characterize the Braak

0 group. Scale bar 50 um. Fig. S7. Quantification of lesions in samples
labelled with tau5 IHC. Samples immunolabelled with tau5 IHC were
used for automated analysis. All groups were compared to control (Braak
0) through a ONE-WAY ANOVA (Dunnet). N=7/7/7/4/6/6/6. AV; average.
IHC: immunohistochemistry. Fig. $8. Early tau multimerization detection,
prior to detection of tau hyperphosphorylation and misfolding across
hippocampal regions and temporal isocortex — CA4. A) Representative
images of selected hippocampal regions are shown here. FFPE sections
of posterior hippocampus at the level of lateral geniculate nucleus from
Braak 0 to Ill were stained with tau-PLA and AT180-, AT8-, MC1-immuno-
histochemistry. Minimal PLA and immunohistochemistry signal is seen in
Braak 0. Tau-PLA reveals abundant pathology in Braak stages | to lll, while
AT180-immunohistochemistry shows a modest increase in signal in Braak
stages | to lll. AT8- and MCT1-immunohistochemistry is absent or relatively
low at initial stages. Scale bar 50 um. B) Quantification of tau-PLA, AT8-,
MC1-, and AT8- IHC labelled diffuse/thread pathology. All groups in each
Braak stage were compared to tau-PLA through a ONE-WAY ANOVA
(Dunnet). N=11/12/12/9/7/8/8. AV, average. IHC: immunohistochem-
istry. Fig. S9. Early tau multimerization detection, prior to detection of
tau hyperphosphorylation and misfolding across hippocampal regions
and temporal isocortex — Entorhinal Cortex. A) Representative images of
selected hippocampal regions are shown here. FFPE sections of posterior
hippocampus at the level of lateral geniculate nucleus from Braak O to Il
were stained with tau-PLA and AT180-, AT8-, MC1-immunohistochemistry.
Minimal PLA and immunohistochemistry signal is seen in Braak 0. Tau-PLA
reveals abundant pathology in Braak stages | to lll, while AT180-immuno-
histochemistry shows a modest increase in signal in Braak stages | to lll.
AT8- and MCT1-immunohistochemistry is absent or relatively low at initial

stages, with signal appearing in Braak Ill. Scale bar 50 um. B) Quantification
tau-PLA, AT8-, MC1-, and AT8- IHC labelled diffuse pathology. All groups in
each Braak stage were compared to tau-PLA through a ONE-WAY ANOVA
(Dunnet). N=11/12/12/9/7/8/8. AV; average. IHC: immunohistochem-
istry. Fig. S10. Early tau multimerization detection, prior to detection of
tau hyperphosphorylation and misfolding across hippocampal regions
and temporal isocortex — CA1. A) Representative images of selected
hippocampal regions are shown here. FFPE sections of posterior hip-
pocampus at the level of lateral geniculate nucleus from Braak O to [l
were stained with tau-PLA and AT180-, AT8-, MCT-immunohistochemistry.
Minimal PLA and immunohistochemistry signal is seen in Braak 0. Tau-PLA
reveals abundant pathology in Braak stages | to lll, while AT180-immuno-
histochemistry shows a modest increase in signal in Braak stages | to lll.
AT8- and MC1-immunohistochemistry is absent or relatively low at initial
stages, with signal appearing in Braak Ill. Scale bar 50 um. B) Quantification
tau-PLA, AT8-, MC1-, and AT8- IHC labelled diffuse pathology. All groups in
each Braak stage were compared to tau-PLA through a ONE-WAY ANOVA
(Dunnet). N=11/12/12/9/7/8/8. AV; average. IHC: immunohistochemistry.
Fig. S11. Quantification of diffuse pathology/threads and lesions labelled
by AT180- and MC1- IHC in hippocampal regions and temporal isocortex.
Quantification of diffuse pathology/threads and lesions labelled by AT180-
and MC1- IHC in hippocampal regions and temporal isocortex. All groups
were compared to control (Braak 0) through a ONE-WAY ANOVA (Dunnet).
N=11/12/12/9. AV; average. IHC: immunohistochemistry. Fig. $12. Quan-
tification of lesions in samples labelled with 4G8 IHC. Clinically processed
samples immunolabelled with 4G8 were used for automated analysis. All
groups were compared to control (Braak 0) through a ONE-WAY ANOVA
(Dunnet). N=7/6/6/4/5/5/4. AV; average. IHC: immunohistochemistry.
Table S1. Summary of patient information. AV; average. Table S2. Addi-
tional information of brain samples. PMI: post-mortem interval, CERAD:
consortium to establish a registry for Alzheimer’s disease, MCI: mild cogni-
tive impairment.
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