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In brief

Colom-Cadena and colleagues
demonstrate using sub-diffraction-limit
microscopy that synaptic oligomeric tau
is a likely culprit in the spread of tau
pathology through the brain in
Alzheimer’s disease. These data indicate
that reducing oligomeric tau at synapses
may be a promising therapeutic strategy
to stop disease progression.
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SUMMARY

In Alzheimer’s disease, fibrillar tau pathology accumulates and spreads through the brain and synapses
are lost. Evidence from mouse models indicates that tau spreads trans-synaptically from pre- to postsy-
napses and that oligomeric tau is synaptotoxic, but data on synaptic tau in human brain are scarce. Here
we used sub-diffraction-limit microscopy to study synaptic tau accumulation in postmortem temporal and
occipital cortices of human Alzheimer’s and control donors. Oligomeric tau is present in pre- and postsyn-
aptic terminals, even in areas without abundant fibrillar tau deposition. Furthermore, there is a higher pro-
portion of oligomeric tau compared with phosphorylated or misfolded tau found at synaptic terminals.
These data suggest that accumulation of oligomeric tau in synapses is an early event in pathogenesis
and that tau pathology may progress through the brain via trans-synaptic spread in human disease.
Thus, specifically reducing oligomeric tau at synapses may be a promising therapeutic strategy for Alz-
heimer’s disease.

INTRODUCTION

Of the neuropathological hallmarks of Alzheimer’s disease (AD),
synapse loss is the strongest correlate of cognitive decline, ™
and progression of tau pathology through the AD brain closely
correlates with synaptic loss and cognitive symptoms.*® Tau
protein binds synaptic vesicles and is thought to have physiolog-
ical roles in synapses.® In animal and neuronal culture model sys-
tems, accumulation of hyperphosphorylated and misfolded tau
within synapses causes synaptic dysfunction and synapse
loss.”"®

While neurofibrillary tangles (NFTs) were historically consid-
ered neurotoxic lesions, data over the past decades indicate
that the tau fibrils in tangles are relatively inert and that soluble

oligomeric forms of tau are more toxic to synapses and neurons
in mouse models of tauopathy.’*'® Much less is known about
synaptic tau and in particular synaptic oligomers in human brain,
which is an important knowledge gap to address in order to
develop tau-directed therapeutics to protect synapses from
degeneration. Phosphorylated and misfolded tau have previ-
ously been observed in human AD synapses using biochemical
and imaging methods."®'%'” There is a small amount of evi-
dence from human cases suggesting that diffuse forms of tau
precede NFT formation,'®'® that those diffuse forms are mainly
oligomeric species,”>?" and that oligomeric tau is important for
seeding activity.”” Both high seeding activity and high concen-
trations of oligomers have been linked to worse cognitive
outcomes.?*?*
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Table 1. Demographic, neuropathological, and genetic characteristics of human subjects

Clinical APOE Age Brain Braak  Thal
BBN SSD diagnosis  genotype  (years)  Sex PMI (h)  weight (g) Brain pH stage phase  Study
BBN_19686 SD063/13  control 3/3 77 F 75 1320 6.5 | | 1,9
001.26495 SD024/15  control 3/3 78 M 39 1290 6.17 | 0 1,2,5,7,8,9
001.28402 SD051/15  control 3/3 79 M 49 1503 6.33 | 2 1
001.28406 SD001/16  control 3/3 79 M 72 1437 6.13 Il 2 1,2,5,6,7,8,9
001.28793 SD017/16  control 3/3 79 F 72 1219 5.95 Il 1 1,2,5,6,7,8,9
001.28797 SD025/16  control 3/3 79 M 57 1301 6.11 0 0 1,2,5,6,7,8
001.32577 SD002/18  control 3/3 81 M 74 1313 6.07 Il 3 1
001.35215 SD008/19  control 3/3 82 M 40 1246 6.01 | NA 1
001.35549 SD030/19  control 3/3 82 M 56 1326 6.01 | 1 1
001.29082 SD031/16  control 3/4 79 F 80 1339 5.96 1l 5 1,2,5,6,7,8
001.34131 SD029/18  control 3/4 82 M 95 1472 5.97 \Y 3 1,2,5,6,7,8,9
001.35181 SD003/19  control 3/4 82 M 49 1,496 6.12 Il 2 1,2,5,6,7,8,9
001.28794 SD018/16  control 2/3 79 F 61 1,289 5.76 | 0 2,5,7,8,9
001.29086 SD034/16  control 3/3 79 F 68 1,468 6.2 0 1 2,5,6,7,8,9
001.35866 SD046/19  control NA 83 F 78 1,158 5.96 vV 4 2,5,6,7,8,9
001.36435 SD013/21 control 3/3 84 M 95 1,222 6.00 Il 1 3
001.35511 SD025/19  control 2/3 86 M 123 1,553 6.17 Il 1 3
001.36135 SD012/20  control 3/3 84 F 30 1,214 5.93 Il 1 3
001.36809 SD023/21 control 3/3 85 M 3 1,400 6.10 Il 1 3
BBN_24527 SD056/14  AD 3/3 81 M 74 1,160 6.1 \ 4 1,2,5,6,7,8,9
001.28410 SD005/16  AD 3/3 62 F 109 1,029 6.04 Vi 5 1
001.28771 SD010/16  AD 3/3 85 M 91 1,183 5.95 Vi 5 1,2,5,6,7,8,9
001.29081 SD030/16  AD 2/3 90 F 110 943 6.06 Vi 5 1
001.32929 SD012/18  AD 3/3 85 F 80 1,354 6.03 Vi 5 1,2,5,6,7,8,9
001.35182 SD004/19  AD 3/3 66 M 49 1,225 6.12 Vi 5 1,9
BBN_24322 SD049/14 AD 3/4 80 M 101 1,410 6.10 Vi 5 1,2,5,7,8
BBN_24526  SD055/14  AD 3/4 79 M 65 1,300 6.05 Vi NA 1
BBN_24668 SD058/14 AD 3/4 96 F 61 1,082 6.11 Vi NA 1
BBN_25739 SD014/15 AD 3/4 85 F 45 1,375 5.77 Vi 5 1,2,5,6,7,8,9
001.26718 SD040/15  AD 3/4 78 M 74 1,367 6.13 Vi 5 1,2,5,6,7,8,9
001.29135 SD027/16  AD 3/4 90 M 73 1,275 6.44 Vi 3 1
001.29521 SD035/16  AD 3/4 95 M 96 1,221 6.08 Vi 5 1
001.29695 SD004/17  AD 3/4 86 M 72 1,300 6.1 Vi 5 1,2,5,7,8,9
001.30142 SD020/17  AD 3/4 88 F 112 1,054 5.96 Vi 5 1,2,5,6,7,8,9
001.30883 SD034/17  AD 3/4 61 F 69 1,060 6.15 Vi 5 1
001.30973 SD039/17  AD 3/4 89 F 96 1,210 6.03 Vi 5 1,2,5,6,7,8,9
001.33636 SD017/18  AD 3/4 93 M 43 1,117 5.92 Vi 5 1
001.35096 SD037/18  AD 3/4 72 M 103 1,209 6.18 Vi 5 1,2,5,6,7,8
001.35535 SD028/19  AD 3/4 83 F 95 1,400 6.55 Vi 4 1
001.35564 SD031/19  AD 3/4 90 F 52 1,075 5.99 Vi 5 3
001.36297 SD022/20 AD 3/4 84 M 87 1,163 5.82 Vi 5 3
001.36346 SD027/20 AD NA 90 F 60 932 6.1 Vi 5 3

AD NA 90 F 18 1,110 NA Vv 5 4

AD, Alzheimer’s disease; APOE, Apolipoprotein E; BBN, Medical Research Council Brain Bank number; SD, Sudden Death Brain Bank number; NA,
not available; PMI, postmortem interval. Study number as included in Table S1.
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In addition to synaptotoxic effects, synaptic localization of tau
is potentially important for propagation of tau pathology through
brain networks. Seminal observations of the patterns of tau pa-
thology postmortem by Braak and Braak®* and more recent ob-
servations using tau ligands for positron emission tomography
(PET)*>*® demonstrate that NFTs accumulate in a stereotypical
spatiotemporal sequence beginning in the brain stem and
trans-entorhinal cortex and progressing through synaptically
connected neural circuits. Because tau is secreted by presynap-
tic terminals in an activity-dependent manner®’ and misfolded
tau can act as a seed to initiate pathological changes in naive
tau in vitro and in vivo,?®° a likely method of pathological prop-
agation is via synaptic connections. It is also possible that
anatomically connected brain regions are sequentially vulnerable
totau. Arecent analysis of tau PET imaging and postmortem data
indicates that local replication, rather than spreading between
brain regions, may be more closely related to regional tau pathol-
ogy.*° These two ideas are not mutually exclusive, and indeed the
local accumulation of tau may at least partially reflect trans-syn-
aptic spread in local circuits, which one might predict would
occur faster because of the shorter axons of local connections.

We and others have previously demonstrated trans-synaptic tau
spread in model systems including transgenic mice expressing hu-
man tau in the entorhinal cortex and viral-mediated tau expres-
sion.®’° These studies prove that trans-synaptic tau spread is
biologically possible. However, one limitation is that it might have
been artificially induced by overexpression in models, and this
phenomenon has not been conclusively demonstrated in human
brain. Here, we use sub-diffraction-limit optical imaging of synap-
ses with multiple techniques and multiple tau antibodies (detecting
oligomeric, misfolded, and phosphorylated tau) to explore in hu-
man postmortem brain whether there is evidence of tau present
in both the pre- and postsynaptic sides of the same synapses,
which could be due to trans-synaptic spread. Furthermore, we
characterize tau pathology in detail to determine whether synaptic
tau accumulates in areas without substantial NFTs.

RESULTS

Excitatory synapses are lost in Alzheimer’s disease

Using human postmortem brain samples prepared for array to-
mography (Table 1), we first replicated the observations from
previous studies where synapse loss has been observed in
AD."~3:3637 sing array tomography, we imaged 1,315,583 indi-
vidual excitatory synaptic pairs in inferior temporal cortex (BA20/
21). Synaptic pairs were defined as a synaptophysin-positive
presynaptic puncta with a PSD95 puncta within 0.5 um (distance
between centroids). This distance was chosen based on electron

Neuron

microscopy data and analysis of synaptic pairs in this array to-
mography dataset with differing cut-off distances (Figures S1A
and S1B). We observed a 1.25-fold decrease in excitatory syn-
apse density in AD when compared to controls (Control median =
4.29 x 108 + 7.49 x 107 [n = 12]; AD median = 3.45 x 108 +
9.99 x 107 [n = 20]; B = —5,314.01; p = 0.023; Figures 1A and
1B). Next, we investigated the relationship between pathological
aggregates and synaptic loss in the immediate environment. To
do this, regions of interest were chosen at 63x magnification
with either a neurofibrillary tangle, neuritic plaque, or no aggre-
gate in the center of the field of view (140.6 x 106.6 um area; Fig-
ure S1C). A decrease in synapse density was observed around
clumps of dystrophic neurites (DNs) containing tau that surround
amyloid aggregates in neuritic plaques (Control B = 3,862;
p = 0.005; AD B = 3,862; p = 0.005°"°%). In contrast to DNs,
the presence of NFTs was not associated with a decreased
number of excitatory synapses in the immediate environment
(Figures 1A and 1C).

Oligomeric, misfolded, and phosphorylated tau species
accumulate in postsynaptic terminals of AD cases

We next investigated the presence of tau at postsynaptic termi-
nals. Three species of tau were studied: oligomeric (T22 anti-
body, characterized by Lasagna-Reeves®'), misfolded (Alz50
antibody), and Ser202, Thr205 phosphorylated (AT8 antibody)
(Figures 2A-2E and S2A-S2I). All three tau species were found
in postsynaptic terminals of AD cases, with a higher presence
of oligomeric tau stained with T22 than the other markers (Fig-
ure 2F). Control cases also had a small amount of postsynaptic
tau pathology. Interestingly, T22 and AT8 were often found in
the same postsynapses, while Alz50 was largely found in
different synapses of AD cases (Figure 2G). There was a stronger
correlation between postsynaptic tau species in AD than control
cases (Figure 2G).

PSD95 puncta size did not differ between controland AD cases
(Figure S2J). However, there were differences in PSD95 volume
when tau species were present (ANOVA after linear mixed effects
model F[3,102.3] = 6.85, p < 0.001). All tau species had a ten-
dency to colocalize with bigger postsynaptic terminals, with
T22 being the highest observed increase, especially in control
cases. We observed similar results when looking at PSD95 signal
intensity as a proxy for protein levels. When looking at all postsyn-
aptic terminals, signal intensity did not differ between control and
AD cases (Figure S2K). Again, there were differences when look-
ing at the presence of different tau species and signal intensity
(ANOVA after linear mixed effects model F[3,98.3] = 8.97,
p <0.001). There was an overall increase of postsynaptic intensity
when each tau species was present, with T22 being the highest

Figure 1. Excitatory synapse loss in BA20/21 of AD cases and its relationship to hallmark tau aggregates

(A) Representative single 70-nm-thick segmented images of a control case and AD cases with no hallmark tau aggregates (AD-no lesions), a neurofibrillary tangle
(AD-NFT), or dystrophic neurite clumps around neuritic plaques (AD-DN). In merged composite images, synaptophysin presynaptic terminals are shown in
magenta, PSD95 postsynaptic terminals in cyan, and misfolded tau (Alz50) in yellow.

(B) Excitatory synapse density was decreased in AD cases when compared to controls.

(C) The quantification of synaptic terminals split by the presence of tau aggregates. Boxplots show quartiles and medians calculated from each image stack. Data
points refer to case means (females, circles; males, triangles). Analysis was with linear mixed effects models, including diagnostic group, sex, and pathology in the
image (no effect of sex). Scale bar represents 10 um. Insets, 5 x 5 um. NFT, neurofibrillary tangle; DN, dystrophic neurite. *p < 0.05, **p < 0.01. See also Figure S1

and Table S1.
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observed increase in control cases. Taken together, both the
PSD95 size and signal intensity seem to be related to the pres-
ence of tau species, with oligomeric tau (T22) associated with
the highest increases.

The presence of tau at the synapses was confirmed with
other high-resolution techniques. Immunogold electron micro-
scopy was performed in 4 control and 3 AD cases. In all cases,
we observe T22-positive globular-appearing oligomers associ-
ated with fibrils in neurofibrillary tangles and on fibrils in neu-
rites. T22 immunogold staining is also observed on presynaptic
vesicles and in postsynaptic terminals near the postsynaptic
density (Figures 3A and S3A). Synaptic accumulation of tau
was also confirmed with direct stochastic optical reconstruc-
tion microscopy (dSTORM, 1 control case and 1 AD case)
(Figures 3B and S3D) and DNA points accumulation for imaging
in nanoscale topography (DNA-PAINT) in an AD case
(Figures 3B and S3C). Together these super-resolution imaging
techniques conclusively show pathological tau in pre- and
postsynaptic terminals. Finally, the presence of oligomeric tau
was biochemically confirmed with western blot of synaptoneur-
osome preparations from AD (n = 8) and control (n = 8) cases
(Figures 3C and S3B).

Synaptic oligomeric tau precedes the presence of
neurofibrillary tangles

To determine whether oligomeric tau accumulation in synapses
is an early pathological event, we next investigated the regional
relationship between the presence of NFTs and the synaptic
accumulation of oligomeric tau.

Temporal cortex (BA20/21) and primary visual cortex (BA17)
samples from 10 AD cases and 10 controls were investigated
for the presence of oligomeric tau at synaptic terminals by array
tomography microscopy and for the presence of NFTs in larger
fields of view by immunohistochemistry (IHC) on paraffin sec-
tions from the same cases and brain regions (Figure 4A). We
found that in areas with no or low NFT counts, there was already
oligomeric tau accumulating at presynaptic terminals both in
control and in AD cases (Figures 4A and 4B). There was a posi-
tive correlation between NFTs and the total amount of oligomeric
tau, especially in brain areas highly affected by tau pathology (AD
cases at BA20/21; R = 0.81, p = 0.022; Figure 4C). However, the
proportion of oligomeric tau at synaptic terminals was lower
when more total oligomeric tau was present, especially in
BA17, where there is less overt tau pathology (AD cases at
BA17; R = —0.87, p = 0.0027; Figure 4D).

To confirm whether synaptic oligomeric tau is an early pheno-
type, we compared staining of AT180, which labels tau phos-
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phorylated at residue 231 (reported to be an early marker of
tau pathology®?), with oligomeric tau in synapses. While both
types of tau are more prevalent in AD than control synapses,
we observe 3.3-fold more T22- than AT180-labeled presynaptic
terminals in BA20/21 of AD cases (Presynaptic terminals with
T22: control median = 0.297 + 2.038% [n = 9]; AD median =
5.061 + 3.389% [n = 9]; B = 4.15; p = 0.004; Figure S4B. Presyn-
aptic terminals with AT180: control median = 0.0219 + 0.697%
[n = 9]; AD median = 1.534 + 1.441% [n = 9]; B = 1.537;
p = 0.01; Figure S4C).

Indirect evidence of transsynaptic transmission of tau
aggregates

The finding of tau accumulating at synapses of AD cases even in
areas with little tau pathology is in line with the hypothesis that
tau may spread trans-synaptically. To further explore this possi-
bility, the subset of tau-containing excitatory synaptic pairs was
explored for pre- and postsynaptic locations of tau (Figure 5A).
Oligomeric tau was differentially located in the synaptic com-
partments (ANOVA after linear mixed effects model F[2,88] =
73.61, p < 0.0001); it was more commonly found in presynaptic
terminals only, with a gradient toward postsynaptic localization
(Figure 5B). In inferior temporal cortex, BA20/21, we confirmed
that misfolded tau antibody (Alz50) was also found in both sides
of the synapse (Figures S5A-S5E). Finally, to overcome the
descriptive nature of postmortem studies, we investigated trans-
synaptic spreading of oligomeric tau in an animal model. We pre-
viously demonstrated that human tau can spread from pre- to
postsynaptic terminals in a mouse model with overexpression
of human P301L mutant tau and synaptophysin tagged with
GFP in entorhinal cortex.®* Here, tissue from this same mouse
model was stained with T22 to show that oligomeric tau can
spread from pre- to postsynaptic terminals in mammalian brain
(Figure S5F).

DISCUSSION

In the present work, we show that oligomeric, phosphorylated,
and misfolded tau can be detected within synapses of human
AD cases. As far as we know, this study represents the
first comprehensive visualization of oligomeric tau at synaptic
terminals in human tissue. The presence of oligomeric tau at syn-
aptic terminals was observed even in cases with low NFT pathol-
ogy and represented a higher proportion of the tau burden in
regions with little NFT pathology, suggesting an early synaptic
localization of oligomeric tau. The distribution of oligomeric tau
at synapses was asymmetric, with the highest proportion in

Figure 2. Different tau species accumulate in postsynaptic terminals

(A) An aligned and segmented three-dimensional image stack from an AD case stained for oligomeric tau (T22, cyan), misfolded tau (Alz50, yellow), Ser202,
Thr205 phosphorylated tau (AT8, green), and postsynaptic densities (PSD95, magenta).

(B-E) All three types of tau can be observed in postsynapses, as shown in serial sections and three-dimensional reconstructions of individual synapses (B-E).
(F) Quantification (F) reveals increases in synaptic terminals containing tau in AD compared to control. Boxplots show quartiles and medians calculated from each
image stack. Data points refer to case means (females, circles; males, triangles). ***p < 0.001, **p < 0.01.

(G) A Venn diagram of the percentage of synapses that contain tau staining in AD cases (G, left) reveals that T22 is found in more synapses than the other species
and that it colocalizes often with AT8. Alz50 colocalizes less with the other species. Correlation plots (G, right) show differences (p < 0.01) between markers in
control and AD cases. For example, synaptic T22 correlates with synaptic AT8 in AD but not in control cases. Scale bars represent 20 um in (A), 2 pm in left panels

of (B)—(E), and 0.5 um in 3D reconstructions in (B)—(E). See also Figure S2.
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Figure 3. Confirmation of AD synaptic tau
aggregates

(A) Immunoelectron microscopy with gold-conju-
gated secondary antibodies (black dots) shows T22
labels globular-appearing oligomers associated
with fibrils (arrows) in neurofibrillary tangles and on
fibrils in neurites (shaded yellow). T22 immunogold
staining is also observed on presynaptic vesicles
(pentagons, presynapses shaded magenta) and in
postsynaptic terminals near the postsynaptic den-
sity (chevrons, postsynapses shaded cyan).

(B) dSTORM and DNA-PAINT were used on
array tomography sections to confirm tau (yellow)
and synaptophysin (magenta) or PSD95 (cyan)
colocalization.

(C) Full western blot from synaptoneurosomes iso-
lated from control or AD cases is shown at left and
the quantification of oligomeric and/or monomeric
bands at right. Boxplots show quartiles and me-
dians (females, triangles; males, circles). *p < 0.05.
C, control; SAD, Alzheimer’s disease. Scale bars
EM: 500 nm (insets 250 x 250 nm), dSTORM:
100 nm, DNA-PAINT: 200 nm. See also Figure S3.
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presynapses and a gradient toward the postsynapse. This is indi-
rect evidence for transsynaptic anterograde transmission of tau.

Synaptic loss and synaptic tau
Synaptic loss and alterations in synaptic markers represent two
of the earliest findings in AD-affected brain regions and are the
best pathological correlates of cognitive decline.”*®*" Here,
we used array tomography microscopy,*>*® immunogold-elec-
tron microscopy, dSTORM, and DNA-PAINT, which allowed us
to resolve different tau species in single synaptic terminals.
With this approach, we first replicated the synaptic loss associ-
ated with AD, as we and others have shown with several
techniques.*®*"*" Previous studies using array tomography in hu-
man postmortem brain identified synapse loss in areas surround-
ing amyloid-B (AB) plagues, with synapse loss correlating with dis-
tance from the plaque.®®” In this study, paired presynaptic and
postsynaptic terminals were reduced in AD and further reduced
near neuritic plaques identified by surrounding dystrophic neu-
rites. In contrast, we did not observe synapse loss in the direct vi-
cinity of neurofibrillary tangles. While amyloid plaques are extracel-
lular lesions surrounded by oligomeric A that is known to be toxic
to synapses, neurofibrillary tangles are intracellular lesions that are
thought to be harmful to the neuron containing them or to reflect a
sequestering of toxic tau. This toxicity could induce loss of synap-
ses formed by the tangle-bearing neuron, which are typically
distant from the cell body, even in the opposite hemisphere.
Some of the postsynaptic dendritic spines of tangle-bearing neu-
rons are likely within the same image stack as the soma, but many
of these will also be out of frame. We thus postulate that while pla-
ques cause local synaptic toxicity, tau-induced synaptotoxicity is
more diffuse throughout the brain. Second, we found that oligo-
meric, phosphorylated, and misfolded tau allaccumulate in synap-
tic terminals. We observed an increase in signal intensity and vol-
ume in tau-containing postsynaptic terminals, which may reflect
compensation for the injured environment, something that has
been suggested previously by others.*®** However, we need to
be cautious interpreting these data, as light microscopy tech-
niques are sensitive, and subtle changes may affect both size
and intensity. We have previously observed synaptic tau with anti-
bodies raised to total tau, misfolded tau (Alz50), and tau phosphor-
ylated at serine 202 and threonine 205 (AT8).''~'° Here, we com-
bined them and found that oligomeric tau is the most common
tau speciesin postsynapses. Thisis animportant finding, as animal
studies indicate oligomeric tau is particularly synaptotoxic.'® In
previous postmortem studies, analysis of synaptosomes®®*°
and synaptic fractions of homogenized tissue®® have identified
tau to be localized to both synaptic compartments in control and

¢ CellP’ress

AD tissue. However, methods involving biochemical isolation of
synapses fail to consider the overall architecture of the intact tissue
and may unwittingly select for certain populations of synapses.
Tissue homogenization can also be damaging to synapses, allow-
ing soluble proteins to leak in or out of the preparations. Further,
this method does not generally allow for study of multiple proteins
within the same synapse. Array tomography overcomes some of
these limitations, offering a means for high-resolution character-
ization of a large number of synapses in situ in human postmortem
tissue, and enables the assessment of synaptic density and pro-
tein composition.*?

The oligomeric tau we detected with immunoelectron micro-
scopy is remarkably similar in morphology to oligomers bio-
chemically isolated from human AD extracellular vesicles
observed by atomic force microscopy.”' Here we demonstrate
that globular structures containing oligomeric tau are associated
with fibrils and within some synapses. We also observe tau label-
ing of synaptic vesicles consistent with observations in
Drosophila that tau binds synaptic vesicle proteins and with
our previous work showing with array tomography that tau is
present in presynaptic terminals.'>'® This finding was further
confirmed with dSTORM and DNA-PAINT, which both demon-
strated colocalization between pathological tau and presynaptic
vesicle proteins with nanoscale resolution.

The finding of tau, especially oligomeric tau, accumulating at
synapses may have implications for the understanding of AD
pathogenesis. While many studies have focused on A as the
trigger for AD-related synaptic damage, tau can mediate syn-
apse loss, both alone and in concert with AB.%? Most tauopathy
models show synapse dysfunction and loss.”**° And
mounting evidence suggests that oligomeric, misfolded forms
of tau mediate synaptotoxicity. Tau oligomers may induce
morphological changes, impair plasticity, and dysregulate syn-
aptic transmission.”®° Oligomers also induce synapse loss
and impairment in memory function, which is rescued upon
reduction of oligomer levels.®®°? Thus, at the synapse, tau olig-
omers may reduce synaptic proteins, alter neuronal signaling,
promote synapse loss and impair memory function.

Inthis study, we also found oligomeric tau in cases with no or low
NFT presence. These findings are in line with evidence from human
cases suggesting that diffuse and neuropil forms of tau precede
NFT formation ' and may involve oligomeric species.??" This
early (according to NFT burden and the well-established Braak
staging) oligomeric tau was found to accumulate at synapses.
The seeding activity of tau in synaptoneurosome preparations
has also been found to precede the amount of hallmark pathology,
asreflected by Braak stages,® and seeding closely correlated with

Figure 4. Synaptic oligomeric tau precedes the presence of neurofibrillary tangles

(A) Representative image of a case with spare (left panel) and high (right panel) NFT density. Top left images show tau AT8 immunoreactivity by immunohis-
tochemistry and the inset highlights the presence of NFTs. At top right is a maximume-intensity projection of 12 consecutive 70-nm-thick sections by array to-
mography microscopy. Presynaptic synaptophysin-positive terminals (magenta) and oligomeric tau (T22, yellow) are shown. The inset highlights the presence of
presynaptic terminals with oligomeric tau that are pointed by arrowheads in the horizontal panel of four consecutive 70-nm-thick sections.

(B) Table displaying the density of synaptic terminals that contained oligomeric tau and the NFT density per case, area, and Braak NFT stage. Highlighted in purple

are the cases shown in (A).

(C and D) (C) Correlation plots between the density of NFTs and the percent volume of the image occupied by T22 and (D) correlation plots between the percent of
T22 that colocalizes with presynaptic terminals and the total amount of T22. Spearman correlation results are shown in each condition. Data points refer to case
means (females, circles; males, triangles). Scale bars: left, 100 um; right, 10pum. Inset sizes: left, 160 x 160 um; right, 10 x 10 um. See also Figure S4.
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oligomeric tau.”? Of note, both high tau seeding and high levels of
tau oligomers have been linked to worse cognitive outcomes.?>>*
We also found that the proportion of oligomeric tau in presynaptic
terminals was inversely correlated with the total burden of oligo-
meric tau. Paralleling Braak staging, these findings may imply
that, i.e., while primary visual cortex does not have enough pathol-
ogy to be classified as Braak stage VI, we already find oligomeric
tau at synapses that may be affecting neuronal circuits.

Synaptic localization of tau may be also important for propa-
gation of tau through the AD brain. Oligomeric tau was distrib-
uted asymmetrically across synaptic pairs. This possibly sug-
gests a model where tau accumulates presynaptically, before
release and uptake at the postsynapse, leading to tau localiza-
tionin both compartments. It is unlikely that transference of path-
ological tau to the postsynapse from the presynaptic terminal is
the only propagation mechanism. Synaptic pairs in which tau is
localized to the postsynapse only could arise from retrograde
transport to the postsynapse (i.e., along dendrites and spines).®
Further, tau could undergo retrograde transport across the syn-
apse to the presynaptic site.®>°® However, considering the step-
wise decrease in oligomeric tau localization observed at synaptic
pairs (presynapse only > both terminals > postsynapse only), it is
likely that tau predominantly traverses synapses in the antero-
grade direction. Oligomeric tau followed this pattern of distribu-
tion across synaptic pairs in both control and AD brain. However,
the proportion of synapses with tau was significantly increased in
AD brain, indicating that although the mode of spread may be the
same, propagation likely occurs at greater frequency in AD.
While these findings gave us insights into the pathogenesis of
AD and can have implications in therapeutical approaches, we
need to be cautious because of the inherent descriptive cross-
sectional nature of postmortem studies.

Conclusions

In the present work we found that oligomeric, misfolded, and
phosphorylated tau species are found at synaptic terminals of
AD brains even when NFT burden is low. Given the potential early
nature of these events in AD pathogenesis, we believe that these
findings support the notion of multiple target- and synaptic-
based approaches for therapeutic interventions.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-PSD95 (D27E11)

Mouse anti-PSD95 (K28/43)

Mouse anti-PSD95 (K28/43)

Guinea pig anti-PSD95

Mouse anti-synaptophysin (SY38)

Recombinant Alexa Fluor® 488 Anti-Synaptophysin
antibody [YE269]

Goat anti-synaptophysin
Mouse anti-conformational tau (Alz50)

Mouse anti-phosphorylated tau (AT8)
Mouse anti-phosphorylated tau (AT8)
Rabbit anti-oligomeric tau (T22, serum)
Rabbit anti-oligomeric tau (T22, purified)
Mouse anti-Tau (Taub)

Rabbit anti-GADPH

Mouse anti-B-actin

Rabbit anti-VAMP2 (D601A)

Chicken anti-GFP

Donkey anti-rabbit Alexa Fluor 488®
Donkey anti-rabbit Alexa Fluor 488®
Donkey anti-mouse Alexa Fluor 488®
Donkey anti-guinea pig Alexa Fluor 488®
Goat anti-Chicken Alexa Fluor 488®
Goat anti-mouse Alexa Fluor 594®

Goat anti-Guinea Pig Alexa Fluor 594®
Donkey anti-Mouse Cy3-AffiniPure

Goat anti-mouse Alexa Fluor 647®
Donkey anti-rabbit Alexa Fluor 647®
Goat anti-rabbit Alexa Fluor 647®
Donkey anti-Rabbit Cy5-AffiniPure

Goat anti-mouse DyLight™ 405

Goat anti-Rabbit IR Dye 800

Goat anti-Mouse IR Dye 700

Goat anti-Rabbit IgG - H&L - F(ab)2 Fragment Polyclonal
Antibody, 10nm Gold Conjugated
Donkey anti-Rabbit IgG (H + L) Cross-Adsorbed
Secondary Antibody

Cell Signaling Technology
DSHB

Neuromab

Synaptic Systems

Abcam

Abcam

R&D Systems

Courtesy of P. Davies Albert Einstein
College of Medicine; New York; USA

Thermo Fisher
Innogenetics

Courtesy of Rakez Kayed
Millipore

BioLegend

Cell Signaling

Cell Signaling

Cell Signaling

Ayes Labs

Invitrogen

Thermo Fisher

Thermo Fisher

Jackson ImmunoResearch
Thermo Fisher

Invitrogen

Thermo Fisher

Jackson ImmunoResearch Labs
Invitrogen

Thermo Fisher

Thermo Fisher

Jackson ImmunoResearch Labs
BioLegend

Li-COR BioSciences
Li-COR BioSciences
Abcam

Thermo Fisher

Cat#3450; RRID:AB_2292883
Cat#K28/43; RRID:AB_2877189
Cat#MABNG8

Cat#124 014; RRID:AB_2619800
Cat#ab8049; RRID:AB_2198854
Cat#ab196379; RRID:AB_2922671

Cat#AF5555; RRID:AB_2198864
Cat#Alz50; RRID:AB_2313937

Cat#MN1020; RRID:AB_223647
Cat#90206

NA

Cat#ABN454-1; RRID:AB_2888681
Cat#806401; RRID:AB_2564705
Cat#2118; RRID:AB_561053
Cat#3700; RRID:AB_2242334
Cat#13508; RRID:AB_2798240
Cat#GFP-1020; RRID:AB_10000240
Cat#A-21206; RRID:AB_2535792
Cat#A-21206; RRID:AB_2535792
Cat#A-21202; RRID:AB_141607
Cat#706-545-148; RRID:AB_2340472
Cat#A-11039; RRID:AB_142924
Cat#A-21044; RRID:AB_141424
Cat#A-11076; RRID:AB_141930
Cat#715-165-150; RRID:AB_2340813
Cat#A-21240; RRID:AB_141658
Cat#A-21447; RRID:AB_141844
Cat#A-21244; RRID:AB_2535812
Cat#711-175-152; RRID:AB_2340607
Cat#409109; RRID:AB_10642830
Cat#926-32211; RRID:AB_621843
Cat#926-32220; RRID:AB_621840
Cat#ab39601; RRID:AB_954434

Cat#31238; RRID:AB_429690

Biological samples

Post-mortem human brain samples Edinburgh Brain Bank NA
Chemicals, peptides, and recombinant proteins

LR white resin medium Electron Microscopy Sciences Cat#14381
DAPI Sigma Aldrich Cat#D9542
Osmium tetroxide TAAB Laboratories Cat#0014
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REAGENT or RESOURCE SOURCE IDENTIFIER
Propylene oxide Agar Scientific Cat#AGR1080
Formvar-coated nickel grids Agar Scientific Cat#S162N1
ATTO655-tagged imager strand ATDBio Ltd GGTGGT-ATTO655
Cy3B-tagged imager strand ATDBio Ltd AGAGAGAX-Cy3B
100 kDa Amicon column Merk Cat#UFC510024

Critical commercial assays

Novolink Polymer Detection Systems
Siteclick Antibody Azido modification Kit

Leica Biosystems
Thermo Fisher Scientific

Cat#RE7200-CE
Cat#S20026

Experimental models: Organisms/strains

FVB-Fgf1 4To(tetO-MAPT"P301L)4510Khay j|\v/s |

Tg(tetO-tdTomato,-Syp/EGFP*)1.1Luo/J

The Jackson Laboratory
The Jackson Laboratory

Cat#015815; RRID:IMSR_JAX:015815
Cat#012345; RRID:IMSR_JAX:01234

Oligonucleotides

5xR2 (Docking?2): 5'-2ACCACCACCACCACCACCA-3'
7xR3 (Docking3): 5-2CTCTCTCTCTCTCTCTCTC-3'
R2_6nt (Imaging2): 5'-GGTGGT-ATTO655-3'

R3_6nt (Imaging3): 5-AGAGAGAX-Cy3B-3’

ATDBio
ATDBio
ATDBio
ATDBio

NA
NA
NA
NA

Software and algorithms

MATLAB
ImagedJ

R

Inkscape
Imaris

Python

Zeiss ZEN

Leica Application Suite X

NimOS Software

Nikon NIS element

QuPath
Custom MATLAB, R, Imaged scripts

MathWorks (https://www.mathworks.com)
National Institutes of Health
(https://imagej.nih.gov/ij/)

R Project for Statistical Computing
(http://www.r-project.org/)

Inkscape (https://inkscape.org/)

Imaris (http://www.bitplane.com/
imaris/imaris)

Python Programming Language
(https://www.python.org/)

ZEN Digital Imaging for Light Microscopy
(https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html)

Leica Application Suite X (https://www.
leica-microsystems.com/products/
microscope-software/details/product/
leica-las-x-Is/)

Oxford Nanoimager software (ONI,
https://oni.bio/nanoimager/software/
nimos-software/)

NIS-Elements (https://www.
nikoninstruments.com/Products/Software)
QuPath (https://qupath.github.io/)

This paper

RRID:SCR_001622
RRID:SCR_003070

RRID:SCR_001905

RRID:SCR_014479
RRID:SCR_007370

RRID:SCR_008394

RRID:SCR_013672

RRID:SCR_013673

NA

RRID:SCR_014329

RRID:SCR_018257

https://github.com/Spires-Jones-Lab

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. Tara

Spires-Jones (tara.spires-jones@ed.ac.uk).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
® Spreadsheets of analyzed data and statistical analysis codes are available in the University of Edinburgh DataShare repository
at https://doi.org/10.7488/ds/3837.
@ Raw images are available from the University of Edinburgh DataVault with the link provided upon reasonable request. Original
western blot images are included in the supplementary data.
® Image analysis scripts are freely available on GitHub (https://github.com/Spires-Jones-Lab).
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human brain tissue

Brain samples were obtained with ethical approval via the University of Edinburgh Sudden Death Brain Bank and the Alzheimer Scot-
land Brain and Tissue Bank. This study was reviewed and approved by the Edinburgh Brain Bank ethics committee and the Academic
and Clinical Central Office for Research and Development, a joint office of the University of Edinburgh and NHS Lothian (approval
number 15-HV-016). The Edinburgh Brain Bank is a Medical Research Council funded facility with research ethics committee
(REC) approval (16/ES/0084).

Inclusion criteria for Alzheimer’s disease cases were a clinical dementia diagnosis, Braak stage V-VI, and neuropathological diag-
nosis of AD. Control subjects were donors without neurological or psychiatric diagnoses and were included based on age, sex, and
APOE genotype matching the AD cases as closely as possible. All cases were genotyped in-house to determine APOE genotype, as
described previously.®” Exclusion criteria for both groups were neuropathological findings indicative of substantial secondary pathol-
ogy (e.g., hemorrhage or Lewy bodies within brain region of interest). A total of 23 AD and 19 control cases were examined in this
study as outlined in Table 1 showing demographic data and the experiments they were used in. Sex was included as a fixed effect
in statistical models to examine sex effects in all measures.

A statistical power analysis was performed for sample size estimation, based on data from study 1 (Tables 1 and S1), comparing
presynaptic terminals with tau to diagnosis (control or AD) by linear mixed effect model (effect size 8 = 0.521, see statistical analysis
section). With an alpha = 0.05 and power = 0.80, the projected sample size needed with this effect size in approximately N = 10. The
analysis was performed as described in.®®

Brain samples from inferior temporal cortex (Broadmann Areas 20 and 21, BA20/21) and primary visual cortex (BA17) were
collected at autopsy and preserved by fixation and paraffin embedding, and fixation for array tomography as detailed previously.*?
These regions were selected to compare areas with high pathological burden (BA20/21) to those with low pathology (BA17).

Mouse brain tissue

Mice expressing human P301L mutant tau, cytoplasmic tdTomato, and green fluorescent protein tagged synaptophysin in entorhinal
cortex neurons were used to determine whether oligomeric tau can spread anterogradely from pre to post synapses. Tissue was
used from mice generated in a previous study.>*®° Briefly, FVB-Tg(tetO-Taupzo1)4510 mice’®”" were crossed with the Tg(tetO-
tdTomato-Syp/mut4dEGFP)1.1Luo/J line from Jackson laboratories. Offspring expressing both Tg(tetO-Taupzp1)4510 and
Tg(tetO-tdTomato-Syp/mut4EGFP) transgenes were crossed with a line expressing the tetracycline sensitive transcriptional activator
controlled by the KIk8 neuropsin promotor (EC-tTA), which expresses the tTA heavily in the EC and not at all in the dentate gyrus.’?
These crosses generated mice expressing both rTgTauEC + EC-tdTomato/Syp-GFP. Blocks containing entorhinal cortex and hip-
pocampus were sectioned for array tomography from both male and female animals at 3 months (n = 3), 9 months (n = 4) and
18 months (n = 4). A mouse without P301L Tau expression which did express tdTomato and GFP was included as a negative control
for T22 staining and there was a no primary negative control condition. Animals were maintained on a 12h light/dark cycle with ad
libitum access to food and water. All animal experiments were approved by the Harvard Medical School Institutional Animal Care
and Use Committee and the UK Home Office.

METHOD DETAILS

Array tomography

Tissue samples were fixed in 4% paraformaldehyde for 3 h, dehydrated, and embedded in LR White resin. 70nm serial sections were
cut with a diamond knife (Diatome) using an ultracut microtome (Leica). Ribbons of 15-30 serial sections were collected onto gelatin
coated coverslips and immunostained with antibody combinations shown in Table S1. Images were obtained with a 63x 1.4 NA
objective on an Axiolmager (Zeiss) or Leica TCS confocal (Leica). In study 1, images were taken in regions containing NFTs, dystro-
phic neurites surrounding plaques, or no pathological lesions. Pathological lesions were identified by 2 experienced investigators (CD
and MCC) based on international guidelines as we have used previously (Figure S1).”*~"° Only one microscope was used for imaging
each experimental condition. Image from the same location in each serial section along a ribbon were aligned, thresholded, and pa-
rameters quantified using in house scripts in Imaged, MATLAB (Mathworks), and Python. All software is freely available on GitHub
(https://github.com/Spires-Jones-Lab). Saturation was minimized during image acquisition and only applied for figure visualization.
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3D reconstructions were performed with Imaris software (Bitplane). For more details, please see our methods video demonstrating
this technique at https://doi.org/10.7488/ds/297.

Immunogold-electron microscopy

Tissue samples were collected at autopsy and fixed in 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1M phosphate buffer (PB)
for 48 h at 4°C. After fixation, the tissue was washed with 0.1M PB twice and stored at 4°C prior to processing and embedding. Tissue
processing was carried out using an Electron Microscope Tissue Processor (Leica). In the processor, the tissue was first placed in
0.1% osmium tetroxide (O014, TAAB Laboratories) in boiled distilled water for 1 h. Thereafter, samples were dehydrated in a series of
solutions in preparation for embedding: 3 cycles of 5 min each in boiled distilled water, 50% ethanol, 70% ethanol and 90% ethanol.
This is followed by 2 cycles of 15 min in 100% ethanol, and 2 cycles of 2 min in propylene oxide. The samples were then placed in a
mixture of half propylene oxide (AGR1080, Agar Scientific) and half LR white resin (AGR1281, Agar Scientific) for 30 min, before being
transferred to a full solution of LR white resin for 2 cycles of 30 min. These tissues were then taken out of the processor, placed in a
gelatin capsule (C087/1, TAAB Laboratories), and filled up with LR white resin to the brim. Polymerization of the LR white resin was
allowed to occur by thermal curing at 52°C for 24 h. These resin-embedded tissue blocks were then stored at room temperature until
ready for immuno-EM staining.

The resin-embedded tissue blocks were cut into 50nm ultrathin sections using an ultramicrotome (UC6, Leica) fitted with a Histo
Jumbo Diamond Knife (Diatome Knives) and placed onto formvar-coated nickel grids (S162N1, Agar Scientific). Prior to immuno-EM
staining, residual osmium tetroxide in the tissue were removed by incubating the tissue-covered nickel grids in saturated sodium
metaperiodate in boiled distilled water for 1 min. The nickel grids were then incubated in 1% sodium borohydride in 0.1M PB for
5 min to reduce free aldehydes, and thereafter incubated in 50mM glycine in 0.1M PB for 10 min to inactivate residual aldehyde
groups. The nickel grids were then blocked in blocking buffer (0.1% BSA, 0.1% fish skin gelatin, 0.05% Tween in 0.2M PB,
pH7.4) for 1 h at room temperature. Rabbit T22 primary antibody (1:50, courtesy Dr Rakez Kayed) was diluted in antibody dilution
buffer (0.1% BSA, 150mM sodium chloride in 0.2M PB, pH7.4) and incubated with the nickel grids overnight at 4°C. The next
day, the nickel grids were washed in 6 rinses of 0.2M PB. Goat anti-rabbit 10nm gold-conjugated secondary antibody (1:50,
ab39601, Abcam) was diluted in antibody dilution buffer and incubated with the nickel grids for 90 min at room temperature. The
nickel grids were then washed in 6 rinses of 0.2M PB, fixed in 2.5% glutaraldehyde in 0.2M PB for 15 min, and washed in 6 rinses
of 0.2M PB again. Negative staining of the nickel grids was carried out to improve imaging contrast. This was done in a carbon dioxide
free environment: incubated the nickel grids with 3% uranyl acetate in 50% ethanol for 15 min and 3% lead citrate in boiled distilled
water for 150 s, rinsed thrice in boiled distilled water in between the steps. Once the nickel grids were dry, images were captured
using a Transmission Electron Microscope (JEM-1400 Plus, JOEL) and viewed using Imaged (Version 1.44).

Direct STORM acquisition and image reconstruction

For the reconstruction of the images using direct STORM, sections 70 nm thick were stained as previously described,”® using the
primary antibodies T22 (Millipore) or AT8 (Innogenetics) and Synaptophysin (R&D Systems), and the secondary antibodies Alexa
488 (ThermoFisher) and Alexa 647 (ThermoFisher), finally stained with Hoechst 33258 (Life Technologies) to visualize the nuclei,
then the coverslips were mounted with OXEA buffer.”” STORM images were acquired using a Nikon N-STORM system configured
for total internal reflection fluorescence (TIRF) imaging. Laser inclination was tuned to adjust focus and to maximize the signal-to-
noise ratio. Alexa Fluor 647 was excited illuminating the sample with the 647 nm (20% of 160 mW) and Alexa Fluor 488 with the
488 (40% of 80 mW) lasers line built into the microscope. Fluorescence was collected by means of a Nikon 100x, 1.49 NA oil immer-
sion objective and passed through a quad-band pass dichroic filter (97335 Nikon). 10,000 frames at 20 ms integration time were ac-
quired for each channel. Images were recorded onto a 256 x 256 pixel region of a Hamamatsu ORCA Flash 4.0 CMOS camera
(0.16 pm pixel size). STORM images were analyzed with the STORM module of the NIS element Nikon software.”®

DNA-PAINT

DNA Conjugation to the AT8 and T22 antibodies and donkey anti-rabbit IgG (H + L) cross-absorbed secondary antibody (Invitrogen,
31238) was performed using the Siteclick Antibody Azido modification Kit (Thermo Fisher Scientific, S20026) according to the man-
ufacturer’s instructions. Briefly, after buffer exchange, 200 pg of the AT8, T22 antibodies and secondary antibody were incubated for
6 h at 37°C with B-galactosidase. To conjugate an azido group to the antibodies, they were incubated overnight at 30°C in a mixture of
UDP-GalNAz and GalT enzyme. After purification, the modified antibodies were incubated with DBCO-DNA (2-ACCACCACCAC
CACCACCA, 2 = 5 DBCO TEG, ATDBIo Ltd.) in a 1:5 ratio overnight at 25°C. The remaining unconjugated DNA was removed
with 100 kDa Amicon columns (Merck, UFC510024).

Frame seal slide chambers (9 x 9 mm, Biorad, Hercules, USA) were affixed to the AT sections onto the coverslip, which were
stained as previously described (Kay et al.*?) 1) using AF488-labeled synaptophysin (1/100 dilution) and either DNA-conjugated
AT8 (100 nM) or DNA-conjugated T22 (100 nM) antibodies or 2) using PSD95 (Cell Signaling Technology, D27E11 XP rabbit mAb)
(1/50 dilution) and DNA-conjugated donkey anti-rabbit IgG (H + L) cross-absorbed secondary antibody with either DNA-conjugated
AT8 (100M) or DNA-conjugated T22 (100nM) antibodies. ATTO655-tagged imager strand (GGTGGT-ATTO655, ATDBIo Ltd.) was
diluted in GLOX buffer (40 ng/mL Catalase, 0.5 mg/mL glucose oxidase, 10% w/v glucose and 200 mM B-mercaptoethanol) and
used at a final imaging concentration of 2nM or 4 nM. Cy3B-tagged imager strand (AGAGAGAX-Cy3B, ATDBio Ltd.) was diluted
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in imaging buffer (5 mM Tris-HCI pH 8.0, 1mM EDTA, 75 mM MgCI2, 0.05% Tween 20) and at a final imaging concentration of 2 nM.

DNA-PAINT for synaptophysin and AT8 or T22 combined with dSTORM was performed on an Oxford Nanolmager (ONI) super-
resolution microscope equipped with four laser lines (405, 488, 561, and 638 nm) and a 100x oil-immersion objective (Olympus
1.49 NA). Fluorescence images were acquired by exciting multiple 50 pm x 80 um areas with 488 nm laser for AF488-labeled syn-
aptophysin (ASTORM, laser power 44-47 mW, interval excitation with 405 nm laser per 200 frames, 5,000 frames with an exposure
time of 50 ms) or 638 nm laser for ATTO655-tagged imaging strands targeting the conjugated AT8 or T22 antibodies (DNA-PAINT,
laser power 60-66mW, 5,000 frames with an exposure time of 50 ms). The laser was set at 53° incidence angle. Images were re-
corded by NimOS software associated with the ONI instrument.

DNA-PAINT for PSD95 and AT8 or T22 was performed using a custom-built TIRF microscope, restricting excitation of fluorophores
within the sample to 200 nm from the sample-coverslip interface. The fluorophores were excited at either 561 nm (Cy3B) or 638 nm
(ATTOB55). Collimated laser light at wavelengths of 561 nm (Cobolt DPL561-100 DPSS Laser System, Cobalt, Sweden) and 638 nm
(Cobolt DPL638-100 DPSS Laser System, Cobalt, Sweden) were aligned and directed parallel to the optical axis at the edge of a 1.49
NA TIRF Objective (CFI Apochromat TIRF 60XC QOil, Nikon, Japan), mounted on an inverted Nikon TI2 microscope (Nikon, Japan). A
perfect-focus system corrected the imaging process for any stage-drift. Fluorescence was collected by the same objective and
separated from the TIR beam by a dichroic mirror Di01-R405/488/561/635 (Semrock, Rochester, NY, USA). Collected light was
then passed through appropriate filters (561 nm: LP02-568-RS, FF01-587/35 (Semrock, NY, USA, 638 nm: FF01-432/515/595/
730-25, LP02-647RU-25 (Semrock, NY, USA)). The emission beam was passed through a 2.5x beam expander and focused onto
an EMCCD camera for image collection (Delta Evolve 512, Photometrics, Tucson, AZ, USA) operating in frame transfer mode
(EMGain = 11.5 e /ADU and 250 ADU/photon). Pixel size was 103 nm. Images were recorded with an exposure time of 50 ms
with 638 nm illumination, followed by 561 nm excitation. The microscope was automated using the open-source microscopy platform
Micromanager (NIH, Bethesda).

DNA-PAINT analysis

The positions of the transiently immobilized DNA imager strands within each frame were determined using the PeakFit plugin (an
ImagedJ/Fiji plugin of the GDSC Single Molecule Light Microscopy package (http://www.sussex.ac.uk/gdsc/intranet/microscopy/
imagej/gdsc_plugins) for Imaged using a ‘signal strength’ threshold of 50 and a precision threshold of 20 nm.

Immunohistochemistry

Paraffin sections were stained with AT8 using the Novolink polymer detection system and visualized using 3,3'-diaminobenzideine
chromogen then counterstained with hematoxylin to stain nuclei. ROIs containing cortical gray matter were delineated using Qu-
Path”® and color deconvolved in ImageJ. Using a custom MATLAB script, neurofibrillary tangles were identified minimizing the
bias from manual counting.

Synaptoneurosome isolation and western blot analysis

Brain homogenates (H) and synaptoneurosomes (S) were prepared as described in.*® In brief, ~200 mg of tissue from BA20/21 was
homogenized on ice in 1mL homogenization buffer (25 mM HEPES pH 7.5, 120 mM NaCl, 5 mM KCI, 1 mM MgCI2, 2 mM CaCl2,
protease inhibitors (Roche complete mini), phosphatase inhibitors (Millipore, 524,629). The homogenate was filtered through an
80 um nylon filter (Millipore, NY8002500) and 300 uL was saved as crude homogenate with buffer (100 mM/L Tris-HC1 pH 7.6,
4% SDS, protease inhibitor cocktail EDTA-free 100x Thermo Fisher Scientific, Loughborough, UK). The remaining crude homogenate
was further filtered through a 5 um filter (Millipore, SLSV025NB) and centrifuged at 1000 g for 5 min. The supernatant was discarded
and the pellet was washed with buffer and centrifuged again, yielding the synaptoneurosome pellet. For storage it was mixed with
buffer (100 mM/L Tris-HC1 pH 7.6, 4% SDS, protease inhibitor cocktail EDTA-free 100x Thermo Fisher Scientific, Loughborough,
UK). Protein concentrations were determined using a protein assay (Micro BCA TM Protein Assay Kit, Thermo Fisher
Scientific, 23235).

Synaptoneurosomes preparations (2.5-10 pg/ul) were denatured at 95°C for 5 min. To detect oligomeric tau, 75 pg of protein were
resolved using 4%-12% Bis-Tris gels (MOPS running) and transferred onto nitrocellulose membranes (Biorad, 1620112) in Trans-
Blot turbo buffer (Biorad, 1704270) supplemented with 20% ethanol at 25 mV for 13 min in the Trans-Blot Turbo Transfer System
(Biorad, 1704150). After blocking 1h with Intercept Blocking Buffer (Li-COR; 927-60001), the membrane was incubated with the indi-
cated primary antibodies (a-tau5 antibody (Biolegend, 806401, 1:250) and a-GAPDH antibody (Cell Signaling, 2118,1:1000) overnight
at 4°C. The protein bands were visualized using corresponding fluorescent secondary antibodies (Odyssey, 1:5,000). Infrared fluo-
rescence was measured with the Odyssey CLx imager (LI-COR) and quantified using Image Studio software (Li-COR Biosciences).

Study design

The immunostaining, image acquisition, image processing and analyses were performed blinded to the clinicopathological diag-
nosis. Bias was also minimized by setting the same parameters for image acquisition and image analysis for all cases.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Differences in age and PMI were assessed using Kruskal-Wallis and one-way ANOVA, respectively. Distributions of data were exam-
ined using histograms and Shapiro-Wilks tests. The majority of statistical analyses used mixed effect models (/merTest package in R)
to investigate the effect of disease status, APOE and sex on the variable of interest, while controlling for potentially confounding vari-
ables and specifying the random effect to account for repeated measures. Models were generated and residuals assessed. If data
failed to meet model assumptions data was transformed using Tukey or Box-Cox transformations.

After running the mixed effects model, an ANOVA (stats package — Type lll Analysis of Variance Table with Satterthwaite’s
method) was performed on the model output to determine the main and interaction effects. If the interaction was significant or if
the main effect was significant and had more than 2 levels, the emmeans package was used to compute multiple comparisons, where
the Kenward-Rogers method for degrees of freedom and the Tukey method for p value adjustment were employed.

Correlations used Pearson’s of Spearman’s methods, dependent on whether data met assumptions for parametric testing or not.

Statistical significance was set at 5% (o = 0.05). Statistical details can be found in the figure legends and results text, including the
statistical tests used, exact value of n, what n represents, and dispersion and precision measures.

All the analyses were performed with R®° and the scripts and full statistical results can be found at https://doi.org/10.7488/ds/3837.
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Figure S1. Synaptic pairs and identifying pathological lesions. Related to Figure 1. Synaptic pairs in array
tomography were defined as pre and post-synaptic puncta with centroids within 500 nm (0.5 um). This
is based on electron microscopy data (example in panel A) showing that the centre of presynaptic
terminal staining is within 500nm of the PSD of the majority of synapses (red arrows 500nm in length).
Further this cut-off in our array tomography data results in 60% of presynaptic terminals having a
postsynaptic partner (B). This is lower than the expected 80-90% excitatory synapses but reduces the
chances of counting false positives which is important for inferring trans-synaptic tau spread in this
study. In the array tomography study, synapse density was assessed in proximity to Alz50 positive
neurofibrillary tangle pathology or neuritic plaques defined by Alz50 positive dystrophic neurite
patterns. To confirm these patterns of dystrophic neurites are indeed neuritic plaques, we used
confocal imaging of paraffin sections stained with thioflavin S to label plaque and tangle fibrils and Alz50
immunohistochemistry and confirmed that Alz50 labels tangles (C, arrows) and that Alz50 positive
dystrophic neurite surround ThioS positive plaques (C, circles). Scale bars represent 500nm in A, 20 um
inC.
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Figure S2. Different tau species accumulate in postsynaptic terminals. Related to Figure 2. Top panel

shows three more examples of postsynaptic terminals containing tau A., D and G shows a single 70nm-
thick section from two AD and a control case stained with oligomeric tau (T22, cyan), misfolded tau
(Alz50, yellow) and Ser202, Thr205 phosphorylated tau (AT8, green) and postsynaptic (PSD95,
magenta). All three types of tau can be observed in postsynapses as shown in S5umx5um insets below
(B, C, E, F, H, I). Bottom panel shows quantification of postsynaptic terminals volume and intensity in
relation to tau species present. In A are plotted the size of PSD95 puncta in AD and control cases
depending on the presence of tau species. In B are plotted the mean signal intensity of postsynaptic
terminals in AD and control cases in relation to the presence of tau species. Boxplots show quartiles
and medians calculated from each image stack. Data points refer to case means (females, triangles;
males, circles). Analysis was with linear mixed effects models including diagnostic group, sex and tau
specie presence. *p<0.05 in post-hoc emmeans test after linear mixed effects model. Abbreviations:
a.u., arbitrary units. Scale bars represent 20 um.
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A. Immunogold Electron Microscopy C. DNA-PAINT
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Figure S3 Conf|rmat|on of AD synaptic tau aggregates. Related to Figure 3. A Immuno-electron
microscopy with gold-conjugated secondary antibodies (black dots) shows T22 at pre- and postsynaptic
terminals. Scale bar top = 1000nm bottom = 500nm. B Full western blots from synaptoneurosomes
isolated from 8 control and 8 AD cases. C Examples of DNA-PAINT array tomography 70nm-thick
sections confirm tau (yellow) and synaptophysin (magenta) or PSD95 (cyan) colocalization. D Examples

of dSTORM array tomography 70nm-thick consecutive sections confirm tau (yellow) and synaptophysin
(magenta) or PSD95 (cyan) colocalization after reconstruction of HiLo images.
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Supplementary Figure 4. Oligomeric tau is more prevalent than an early phosphoepitope in presynaptic
terminals in AD cases. Related to Figure 4. A At top, maximum intensity projection of a representative
segmented image from array tomography showing presynaptic terminals (magenta), ptau231 (AT180,
cyan) and/or oligomeric tau (T22, yellow). The inset below shows four consecutive 70nm thick sections
where a presynaptic terminal containing both tau species is pointed by an arrowhead. B Percent of
presynaptic terminals containing oligomeric tau (T22). C Percent of presynaptic terminals containing
ptau231 (AT180 clone). D Percent of presynaptic terminals containing both oligomeric and ptau231 .
Boxplots show quartiles and medians calculated from each image stack. Data points refer to case means
(females, circles; males, triangles). Analysis was with linear mixed effects models including diagnostic
group and sex. Scale bars represent 20 um and 2 um.
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Supplementary Figure 5. Tau distribution at synaptic terminals. Related to Figure 5. Panel A Shows a
3D reconstruction made in Imaris of array tomography images of misfolded tau (Alz50, red),
presynaptic terminals (grey), post synaptic terminals (green) and DAPI (blue). We observe tau
accumulation in presynaptic terminals (B), postsynaptic terminals (C) and both sides of synaptic pairs
(D). Quantification of synaptic pairs containing tau (E) reveals most tau accumulation differs between
presynaptic only, both sides of the pair, and postsynaptic only (ANOVA after linear model F=62.93,
p<0.0001), asterisks represent post-hoc Tukey corrected tests p<0.05. Array tomography imaging of
mice expressing P301L mutant human tau and GFP tagged synaptophysin (F) in entorhinal cortex
stained for GFP, PSD95, and T22 (G) show that oligomeric tau can spread from pre to post synapses at
3 ages studied. Scale bars represent 20 um In A, 1 umin B-D, 5 um in F.
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Table S1 — Antibody combinations by experiment. Related to Table 1 and STAR methods. AT: Array
tomography microscopy. EM: Immunogold electron microscopy. dSTORM: Direct Stochastic Optical

Reconstruction Microscopy. WB: Western blot. IHC: Immunohistochemistry.
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