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A defining pathological feature of most neurodegenerative diseases is the assembly
of proteins into amyloid that form disease-specific structures’. In Alzheimer’s disease,
thisis characterized by the deposition of B-amyloid and tau with disease-specific
conformations. The in situ structure of amyloid in the human brain is unknown. Here,
using cryo-fluorescence microscopy-targeted cryo-sectioning, cryo-focused ion
beam-scanning electron microscopy lift-out and cryo-electron tomography, we
determined in-tissue architectures of B-amyloid and tau pathology in a postmortem
Alzheimer’s disease donor brain. B-amyloid plaques contained a mixture of fibrils,
some of which were branched, and protofilaments, arranged in parallel arrays and
lattice-like structures. Extracellular vesicles and cuboidal particles defined the
non-amyloid constituents of B-amyloid plaques. By contrast, tau inclusions formed
parallel clusters of unbranched filaments. Subtomogram averaging a cluster of 136 tau
filamentsin a single tomogram revealed the polypeptide backbone conformation and
filament polarity orientation of paired helical filaments within tissue. Filaments within
most clusters were similar to each other, but were different between clusters, showing
amyloid heterogeneity that is spatially organized by subcellular location. The in situ
structural approaches outlined here for human donor tissues have applications to

abroad range of neurodegenerative diseases.

Alzheimer’s disease (AD) is defined neuropathologically by the abnor-
malaccumulation of aggregated AP peptides and tau that form extra-
cellular and intracellular amyloid deposits, respectively?® Inherited
forms of AD (familial Alzheimer’s disease, FAD) are caused by auto-
somal dominant mutations in the amyloid precursor protein (APP)
and presenilin (PSENI and PSEN2) genes>*. The APP gene encodes the
precursor of A3, whereas the PSENI/PSEN2 genes encode subunits
of the y-secretase complex that catalyse the final step of Ap peptide
production. AP peptides of varying lengths (including AB;_40, AB1_s2
and AP,_,;) are produced, of which AB,_,, is the major constituent of AD
B-amyloid®. Animmunotherapy raised against AR aggregates with the
Arctic FAD mutation®, removes [-amyloid and delays the progression
of AD’. Mutations in the gene encoding microtubule associated protein
tau cause neurodegenerationin the form of frontotemporal dementia
and parkinsonism linked to chromosome 17, which result in tau pathol-
ogy thatlacks -amyloid deposits. In AD, the spread of aggregated tau
correlates with neuronalloss and the sequence of cognitive decline®’.

AP and tau are highly aggregation prone, self-assembling into
low-molecular weight oligomers or protofibrils that precede the
formation of larger A fibrils and tau filaments'®". Over decades, AB
fibrils and tau filaments accumulate to form amyloid plaques and tau

tangles in the parenchyma of the AD brain'?. B-Amyloid plaques have
been morphologically categorized as diffuse, dense-cored, fibrillar or
neuritic", all of which contain Ap,_,, fibrillar deposits™. Inaddition,
amyloid fibrils composed primarily of AB,.,,accumulate inand around
blood vessels in various types of cerebral amyloid angiopathy™". By
contrast, tau filaments deposit within neuronal cell bodies and neurites
forming tau tangles and tau threads, respectively™>', At later stages,
tau filaments canreside extracellularly in the form of ghost tangles
and the remnants of atrophic neurites™3"%,

The structure of AB,_,, fibrils purified from postmortem AD brain
have recently been solved to high resolution using single-particle
cryo-electron microscopy (cryo-EM)?. These ex vivo fibrils contain
two structural conformers of AB,_,, amyloid (type I and II), both of
which are found in sporadic and FAD cases®. These structures differ
from AB,_,, fibrils prepared in vitro® and from AB,_,, purified from
the meninges of cerebral amyloid angiopathy cases?>*. Atomic struc-
tures of tau filaments purified from AD*? and other tauopathies?
suggest that tau forms disease-specific conformers. In AD, tau forms
distinct ultrastructural polymorphs of paired helical filaments (PHF)
and straight filaments (SF), both composed of three-repeat (3R) and
four-repeat (4R) tau*. However, the native molecular architecture and
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organization of A and tau pathology within unfixed, human brain
tissue remains unknown.

We recently reported the in-tissue molecular architecture of
AP,_4, fibrils in a mouse model of FAD by cryo-correlated light and
EM (cryo-CLEM) and cryo-electron tomography (cryoET) of tissue
cryo-sections, identifying that these -amyloid plaques are composed
of fibrils, protofilament-like rods and branched amyloid, interdigi-
tated by extracellular vesicles, extracellular droplets and multila-
mellar bodies®. The extent to which this pathological architecture is
representative of B-amyloid plaques in human AD brain is unknown.
Furthermore, FAD mouse models of -amyloidosis do not recapitu-
late the full spectrum of AD pathology, including tau inclusions and
neurodegeneration®.

Here, we determined the in-tissue three-dimensional (3D) archi-
tectures within -amyloid plaque and tau pathology from human
postmortem AD brain by cryoET. These data were collected using
cryo-fluorescence microscopy (cryo-FM) to target specific pathology
within cryo-sections and cryo-focused ion beam (FIB)-scanning EM
(SEM) lift-out lamellae. Reconstructed tomographic volumes revealed
extracellular B-amyloid plaques composed of AB fibrils, branched fibrils
and protofilament-like rods interlaced with non-amyloid constitu-
ents akin to our earlier studies of amurine FAD model*°. Tau deposits
consisted of unbranched filaments that formed clusters situated in
intracellular and extracellular regions of the tissue. We determined the
insitustructure of tau filaments within each cluster by subtomogram
averaging (8.7-31.8 A resolution), which identified PHFs with variable
twist and SFs. Filaments within a cluster were similar to each other,
but different between clusters, showing that fibril heterogeneity is
spatially organized.

Clinical history and neuropathology

CryoET was performed on rapid autopsy, freeze-thawed postmortem
brain samples of the mid-temporal gyrus from an AD donor and a
non-demented donor (postmortem delay 6 h 10 min and 5 h 45 min,
respectively, Methods). The AD case was a 70-year-old woman with
neuropathologically confirmed diagnosis following a12 year history
of progressive dementia. The donor started to have memory problems
at the age of 54, and by the age of 58 was diagnosed with dementia,
showing considerable memory deficits and disturbed executive
functions. There was no family history of dementia and the genotype
for APOE was e3/e3. Neuropathological analysis showed abundant
amyloid plaques, tau tangles, tau threads and very few cerebral amy-
loid angiopathy vessels across the mid-temporal gyrus (Fig. 1a and
Extended DataFig.1a). Ageing-associated somatic and neurite inclu-
sions of TMEM106B were observed (Extended Data Fig.1a), asreported
previously*’. No a-synuclein or TDP43 inclusions were detected, indi-
cating the absence of pathologies that are associated with other com-
mon neurodegenerative diseases (Extended Data Fig. 1a). To assess
the AD donor tissue biochemically, sarkosyl-insoluble tau aggregates
were purified and immunoblotted (Fig. 1b). Tau aggregates were
hyperphosphorylated and contained both 3R and 4R tau (Extended
DataFig.1b). Cryo-EM of sarkosyl-insoluble aggregates resolved PHF
and SF in the AD donor brain®** (Extended Data Fig. 1c-i). Overall,
thisimmunohistochemical and biochemical profile is typical for AD
cases™?,

To detect amyloid deposits in AD tissue, acute brain slices were
incubated in methoxy-X04 (MX04), a fluorescent label that generi-
cally binds amyloid*®. Confocal microscopy showed wide-spread
distribution of MX04-labelled amyloid, including 30-50-um-diameter
deposits characteristic of p-amyloid plaques, as well as tau tangles and
tau-filled neuropil threads (Fig. 1c). Immunofluorescence detection
of AB/APP and phospho-tau confirmed the identity of these mor-
phologically distinct MX04-labelled deposits (Fig. 1c and Extended
Data Fig. 2a).
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Insitu cryo-CLEM of postmortem brain

To locate B-amyloid and tau pathology within frozen postmortem
tissue, we adapted a workflow from our earlier cryoET studies of brain
tissue from a FAD mouse model®. A frozen tissue block was thawed,
acute slices prepared, labelelled with MX04 and high-pressure
frozen (HPF) (Fig. 1d). Cryo-FM of these vitrified postmortem AD
tissues revealed the location of MX04-labelled amyloid pathology,
including neuritic plaques (Fig. 1e), tau tangles (Fig. 1f) and threads
(Fig.1e,f), whichresembled those in fixed tissue (Fig. 1cand Extended
Data Fig. 2b). Amyloid pathology was absent in MX04-labelled
non-demented control tissue (Extended Data Fig. 2b).

To prepare postmortem brain for cryoET, roughly 70-nm-thick
tissue cryo-sections were collected (Extended Data Fig. 2c) from a
MXO04-labelled B-amyloid plaque (Fig. 1e) and from a second location
enriched in tau tangles and threads (Fig. 1f). Cryo-FM confirmed the
presence of MX04-labelled amyloid within these tissue cryo-sections
(Extended Data Fig. 1d). MX04-labelled amyloid was mapped by
cryo-CLEM onto medium magnification electron micrographs (Fig. 1g).
In regions with strong MX04 signal, putative amyloid was directly
observed by cryo-EM (Extended Data Fig. 3a,b).

Cryo-CLEM maps were used to target the collection of tomographic
tilt series, each encompassing a roughly 1 pm? area of the tissue
cryo-section (2.38 A pixel size). We collected 42 and 25 tomograms in
and around regions of cryo-sections that contained a MX04-labelled
B-amyloid plaque (Supplementary Table 1) and tau tangles (Supple-
mentary Table 2), respectively. Anextra 64 tomograms collected from
non-demented donor tissue cryo-sections were used as a control (Sup-
plementary Table 3). Reconstructed tomographic volumes revealed
the native, in-tissue, 3D molecular architecture of AD pathology in
postmortem brain (Figs. 1h,iand 2, also Supplementary Videos1-3 from
an amyloid plaque, Supplementary Videos 4-6 from tau tangles and
threads and Supplementary Videos 7-9 from non-demented control).

In-tissue architecture of -amyloid and tau

Fibrils were apparent in all tomographic volumes collected from the
MXO04-labelled B-amyloid plaque (Supplementary Table 1). No fibrils
were present in any of the control donor tomograms (n = 64, Supple-
mentary Data Table 3). The fibrils within the -amyloid plaque formed
parallel arrays or a lattice (Fig. 1h,i and Extended Data Fig. 3c-e). This
architecture is similar to that we reported in the amyloid plaques of
an FAD mouse model*°. In a subset of tomograms, the extracellular
location of the amyloid fibrils could be determined unambiguously
by its juxtaposition to subcellular compartments enclosing intracel-
lular organelles or a myelinated axon (Extended Data Fig. 3d and Sup-
plementary Table1).

B-Amyloid plaques were interdigitated by various membrane-bound
subcellular compartments and associated macromolecular constit-
uents (Fig. 1h,i, Extended Data Fig. 3c-e and Supplementary Data
Table1). These included a prevalence of extracellular vesicles, extra-
cellular droplets, 70-200 nm cuboidal particles and membrane frag-
ments (open sheets of lipid bilayer). These non-amyloid constituents
were absent from non-demented donor control tissue tomograms
(Extended Data Fig. 4 and Supplementary Table 3). Except for extra-
cellular cuboidal particles and membrane fragments, this repertoire
of constituents was comparable to those we observed previously by
cryoET in FAD mouse model tissue cryo-sections (App™ “*-HPF)*.
The presence of open membrane fragments could be a consequence
of the postmortem interval (PMI) or freeze—-thaw step>*. To control
for this, we prepared tissue cryo-sections of FAD mouse model tissue
with the same PMI and freeze-thaw step as the postmortem human
donortissue (App™-“*-PMI-FT-HPF), from which we collected a cryoET
dataset (Supplementary Table 7) and compared it to tomograms
from tissue that was directly prepared (no PMI or freeze-thaw step)
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Fig.1|InsitucryoET of vitrified postmortem AD brain.

a, Immunohistochemical detection of AB/APP pathology in postmortem

AD donor.Scale bar,2 mm. Large and small red rectangles, indicate close-up
images shownin upper-and lower-right panels, respectively. Scale bar, 20 um.
b, Immunoblot detection of sarkosyl-insoluble tau (tau 46). Arrowheads,
indicate full-length phospho-tau bands. ¢, Fluorescence confocal microscopic
detection (left to right) of amyloid (MX04), AB/APP (4G8), phospho-Tau (AT8)
and mergedinan AD postmortem donor brain. Cyanarrowhead, -amyloid
plaque; openorange arrowhead, tau thread. Scale bar, 20 pm. d, Schematic
showing the preparation of AD postmortem brain for in situ structure
determination by cryo-CLEM and cryoET. Schematic adapted fromref. 30,
Springer Nature Limited). e, Left, cryo-FM of HPF AD postmortembrain biopsy.
Cyan, MX04 fluorescence; red box, regionshownin close up. Scale bar, 0.5 mm.
Right, close up. Cyan arrowhead, putative B-amyloid plaque; open orange

(App™-CF-HPF)*°. Although the architecture of B-amyloid fibrils in
App"“°*-PMI-FT-HPF was indistinguishable from App™-“*-HPF, a small
subset of App™ °F-PMI-FT-HPF tomograms contained membrane frag-
ments (2 out of 60) or burst plasma membrane (10 out of 60), both of
which were absent in App™“*-HPF samples®® (Extended Data Figs. 5
and 6). Therefore, although no membrane fragments or burst plasma
membrane were observed in non-demented control postmortem tis-
sue (5 h 40 min PMI and freeze thawed, Supplementary Table 3 and
Extended Data Fig. 4), we cannot exclude the possibility that these
arise as a consequence of the PMI and freeze thawing.

Extracellular cuboidal particles in -amyloid plaques of postmor-
tem AD brain contained distinctive internal features in the form of
regularly spaced striations of higher density (Extended Data Fig. 7).
Extracellular cuboidal particles were not observed in App™-¢*
plaques®. Fourier analysis indicated these striated layers were
spaced 2.5 or 2.8 nm apart (Extended Data Fig. 7). This morphology
was reminiscent but different from 3.5 nmlayers observed by cryo-EM
of low-density lipoprotein particles® and cryoET of intracellular lipid
droplets®.

Cryo-FM-targeted
cryo-sectioning

arrowhead, putative tau thread; white trapezium, area encompassing tissue
fromwhichtissue cryo-sections were collected. Scale bar, 50 pm. f, Same
asebutshowingtautangleand threadsindicated by closed and openorange
arrowheads, respectively. g, Left, cryo-CLEM targeting of MX04-labelled
B-amyloid plaqueintissue cryo-section. Red rectangle, regionshownin close
up.Scalebar,1um.Right, close up. Red rectangle, location from which cryoET
datawere collected (Supplementary Video.2). Scalebars, 5 um (left) and 1 pm
(right). h, Tomographic slice of -amyloid pathology in postmortem AD brain
cryo-section. Filled and open cyan arrowhead, fibril in the x-y plane and axially
(zaxis) of thetomogram, respectively; yellow arrowhead, extracellular cuboidal
particle; red arrowhead, extracellular droplet; pink arrowhead, extracellular
vesicle; dark greenarrowhead, subcellular compartment; light greenarrowhead,
burst plasma membrane compartment; white arrowhead, knife damage. Scale
bar,10 nm. i, Segmentation of tomogram colouredasinh.

Tomograms collected from MX04-labelled tau-containing tissue
cryo-sections revealed filaments arranged as 300-800 nm parallel
clusters (Fig. 2, Extended Data Fig. 8a and SupplementaryTable 2),
which were absent in control tissue cryo-sections (Supplementary
Table 3 and Extended DataFig. 4). These deposits were withinthe cyto-
plasm of neurites and within myelinated axons (Fig. 2a,b). A cluster of
this amyloid was also found extracellularly, located next to adamaged
mitochondrion outside amyelinated axon, and without any evidence of
anenclosing plasma membranein the vicinity (Fig. 2c,d). By contrast,
damaged mitochondria, frequently observed in non-demented control
and App"“°*-PMI-FT-HPF tomograms (Extended Data Fig. 6 and Sup-
plementary Tables 3 and 7), were allcompletely or partially enclosed by
plasmamembrane. Nonetheless, we could not determine definitively
whether or not the extracellular location of this tau filament cluster
and mitochondrion was a consequence of sample preparation.

Toassess further the architecture and identity of fibrilsin -amyloid
plaques and tau deposits, populations from each were compared. The
cross-section of fibrils from B-amyloid plaques and tau pathology-
containing tomograms showed fibrils and filaments of 6 + 2 and
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Fig.2|InsitucryoET of taudepositsinvitrified postmortem AD brain.

a, Tomographicslice of intracellular tau pathology in postmortem AD brain
cryo-section (Supplementary Video 4). Open orange arrowhead, filament
oriented axially (zaxis) within the tomogram; brown arrowhead, myelinated
axon; greenarrowhead, subcellular compartment; blue arrowhead, intracellular
membrane-bound organelle.Scale bar,10 nm. b, Segmentation of tomogram
colouredasina.c, Tomographicslice of extracellular tau pathology in AD
postmortem brain cryo-section (Supplementary Video 5). Open orange
arrowhead, tau filament oriented axially (zaxis) within the tomogram; brown
arrowhead, myelinated axon; dark and light purple arrowheads, outer and
inner membranes of damaged mitochondrion, respectively; yellow arrowhead,
putative Fo-F1ATPase; dark green arrowhead, subcellular compartment; blue
arrowhead, intracellular membrane-bound organelle; white arrowhead, knife
damage. Scalebar,10 nm. d, Segmentation of tomogram coloured asinc.

15+ 3 nm (mean + s.d.) maximum diameter, respectively (Fig. 3a,b
and Extended Data Fig. 8b). These widths were broadly consistent
with the expected dimensions of atomic structures of ex vivo purified
B-amyloid fibrils*® and tau filaments®, respectively, and confirm the
MXO04-targeted collection of tomographic volumes from -amyloid
plaque and tau inclusions. Ap fibrils were oriented both in the x-y
plane and axially in the zdirection of the tomographic volume (Fig. 1h
and Extended Data Fig. 3c-e). By contrast, the tau filaments were ori-
ented either in the x-y plane or axially, but not mixed (Figs.2 and 3
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Fig.3|In-tissue architecture of B-amyloid fibrils and taufilaments, and
subtomogramaveraging of tau filaments within postmortem AD brain.

a, Tomographicslices showing a panel of -amyloid fibrils oriented axially
(zaxis) within the tomogram. Scale bar,10 nm. b, Tomographic slices showinga
panel of tau filaments oriented axially (zaxis) within the tomogram. Scale bar,
10 nm. c,d, Side views of raw tomographic density containing a lattice of
B-amyloid (c) and individualfibrils (d). Each individual amyloid fibril is coloured
differently:33% (17 out of 51) of B-amyloid fibrils had branch points. Magenta
arrowhead, branch point. e,f, Asin c (e) and d (f), but for tau. g, Subtomogram
average of 136 tau filaments (stalklInit, Methods) located extracellularly from
onetomogram (Fig.2c,d and Supplementary Video 5). The left panel shows a
side view of tomographicslice through averaged volume showing helical twist.
White dashed rectangles, position of middle left panels along filament axis of
three top view tomographic slices (23.75 nmapart) showing a pair of C-shaped
protofilaments consistent with the substructure of ex vivo purified tau PHF?.
The middleright and right panels show a subtomogram average map of tau
filament with and without atomic model of ex vivo purified tau PHF (yellow,
PDB 5031)*fitted into the map, respectively. Scale bar,10 nm. h, Helical averaging
oftaufilament subvolumes from one AD cryo-section tomogram (Fig.2c,d and
Supplementary Video 5) (8.7 A resolution at FSC 0.143, Extended Data Fig. 8c).
Left, slice through averaged subvolume. Right shows a Ca trace of ex vivo
purified tau PHF atomic model PHF (yellow, PDB 5031)* fitted using EM
placement®*into averaged map. Scale bar, 5nm.

and Extended Data Fig. 8a). Axially oriented A fibrils and tau filaments
provided sufficient contrast to observe directly individual fibrils and
tau filament crossovers throughout the raw tomographic volume
(Fig. 3). In such regions of 3-amyloid plaque tomograms, 33-40% of
fibrils showed branch points, in which fibrils bifurcated from one
another (Fig. 3c,d). This branched amyloid architecture was similar
to that in an FAD mouse model of B-amyloidosis®. In tau tomograms,
only unbranched filaments were present (Fig. 3e,f).

In-tissue structure of tau filaments

To obtain higher resolution structural information we performed
subtomogram averaging of amyloid in tau tangles and 3-amyloid
plaques. The subcellular environment within different locations of
thetissue could influence the structure of the filaments. Therefore, we
aligned and averaged subvolumes from each cluster of tau filaments
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Fig.4|cryo-CLEM-targeted cryo-FIB-SEM lift-out lamellae of tau thread in
ADbrain. a, Schematic summarizing cryo-CLEM-targeted cryo-FIB-SEM lift-out
lamellae preparation of MX04-labelled amyloid (blue) from HPF brain. b, Left,
cryo-FIBimage of HPF brain showing tissue chunk before lift-out. Right, cryo-
FIBimage aligned with confocal cryo-FM of MX04-labelled amyloid. Brown
rectangle, tissue chunk; cyanline, locations of tissue lamella. Scale bar, 20 um.
c,ef, Theleft shows MX04 confocal cryo-FM of HPF tissue targeted for
preparation of lift-out lamellae. The middle shows cryo-FM optical zslices 1.9 pm
apart.Scale bar, 20 um. Red rectangles, regionsin close-ups. The right shows
close-ups. Cyanline, location of tissue lamella; cyan arrowhead, microscopic
regions of MX04-labelled amyloid correspondingto locations above and below
thefirst (e) and second (f) tomograms. Scale bar,1 um.d, Top, cryo-EM of two
lift-out lamellae. Red rectangle, region enlarged below. Scale bar,1 um. Bottom,
close up. Orangerectangle, tomograms of tissue lamella containing tau
filaments; orange arrowhead, tau filament cluster; green arrowhead,

plasma membrane-bound subcellular compartment; white arrowhead, ice
contamination; white rectangle, location of tomogram lacking tau filaments.
Scalebar, 500 nm. e,f, Tomographicsslices of tau thread in tissue lamella. Orange
arrowhead, tau filament; purple arrowhead, mitochondrion; green arrowhead,
membrane enclosing subcellular compartment; blue arrowhead, intracellular
membrane-bound organelle. Scale bar, 10 nm. g, Subtomogram averaging of
52 PHF and 19 SF. Left and middle left, averaged maps without and with tau PHF
atomic model (yellow, PDB 5031)*fitted into the subtomogram average map,
respectively. Middle right and right, same as left and middle left but for SF
without and with atomic model of ex vivo purified SF (cyan, PDB 503t)*. h, Helical
averaging of tau filament subvolumes. Top and bottom panels, PHF and SF maps,
respectively. Top left, slice through averaged subvolume. Top right, tau PHF
Catrace (yellow, PDB 503I) fitted using EM placement**’ into an averaged
map. Bottom left and right, same as top but for SF (cyan, PDB 503t)*. Scale bar,
5nm.ij,Asing (i) and h (j) but for the neighbouring SF only cluster.

independently. Using helical parameters for subtomogram averaging
that were obtained by aligning whole filaments (Fig. 3g), the highest
resolution average (8.7 A, Extended Data Fig. 8c) was obtained froman

extracellular cluster of 136 tau filaments in asingle tomogram, resolv-
ing B-sheets and loops formed by the backbone of each polypeptide.
Theserevealed the AD fold of two C-shaped protofilaments (Fig.3h). We
quantified the fit of atomic models in the subtomogram average map
by the log-likelihood gain (LLG) score obtained by ‘EM placement’®’38,
inwhich the best model will have the largest score and ascore greater
than 60 indicates anon-random fit. The AD PHF model* was well accom-
modated: 944.6 LLG and 0.56 correlation coefficient compared to
234.6 LLG and 0.40 correlation coefficient for AD SF (Fig.3h and Sup-
plementary Table 5). An extra partial shell of weaker, 3-sheet-like den-
sity was unoccupied by the PHF atomic model (Fig. 3h). Similar extra
density was reported in the unsharpened map of asarkosyl-extracted
AD PHF tau filament model***.

Subtomogram averages fromsix other tau clusters within the tissue
also produced lower-resolution maps (18.9-31.8 A resolution), two
of which were compatible with AD PHF on the basis of atomic model
fit (LLG > 60, Extended Data Fig. 9a-c and SupplementaryTable 5).
The remaining four tau clusters did not accommodate PHFs or SFs
and higher resolution features that could unambiguously indicate a
specific tau amyloid fold were absent (LLG < 60 for PHF and SF atomic
models, Extended Data Fig. 9d-f and SupplementaryTable 5). Sub-
tomogram averaging of fibrils in 3-amyloid plaque tomograms that
are thinner and less featured than tau filaments could not resolve the
helical twist, and so high-resolution subtomogram averaging was not
possible (Extended Data Fig. 10).

cryo-FIB-SEM lift-out of AD brain

Theachievable resolution of subtomogram averagingin cryo-sections
could be limited by knife damage during sample preparation®.
Therefore, we established an alternative workflow to prepare tissue
lamella*° from postmortem AD brain by cryo-FIB-SEM lift-out (Fig. 4a).
3D cryo-FM was used to target the preparation of tissue lamellae to
alocation containing tau threads that were situated adjacent to a
MXO04-labelled amyloid plaque (Fig. 4b,c and Extended Data Fig. 11).
Thirteen tomograms were collected throughout the lamellae, six of
which contained tau clusters (Fig. 4d).

Subtomogram averaging was performed with two tomograms that
contained the highest copy number of tau filaments. These two tau clus-
ters were separated by roughly 1 um within two membrane-bound sub-
cellular compartments and were mapped to two distinct MX04-labelled
tau threads located at the periphery of an MX04-labelled amyloid
plaque (Fig.4c-f). Aligning filaments fromeach locationindependently
produced structurally distinct subtomogram averages (Fig.4g-h com-
pared toFig. 4i,j). Inthe first cluster of 71 filaments, two different classes
were identified (18.1and 18.2 A resolution, Extended Data Fig.12a), in
which the atomic models of AD PHF and SF*** were well accommodated
(Fig. 4h, PHF model fit: 379.0 LLG, 0.48 correlation coefficient and SF
modelfit:233.5LLG, 0.48 correlation coefficient). The second cluster
of 78 filaments was composed entirely of SF*** (Fig. 4i,j and Extended
DataFig.12b,18.3 A resolution, SF model fit:180.9 LLG, 0.47 correlation
coefficient). These in situ cryoET data highlight the co-existence of
several distinct ensembles of tau filaments (a mixed cluster of PHF and
SF compared to an SF only cluster) organized within two neighbouring
microscopic regions of pathology.

Tau filament twist and orientation

Our dataset of subtomogram averages enabled us to assess the simi-
larity of tau filaments across anatomically distinct in-tissue loca-
tions. Comparing the helical parameters of each tau filament cluster
with that of the ex vivo purified atomic model of PHF* indicated that
in situ tau filaments showed location-specific variability in helical
twist (Extended Data Fig. 12c and Supplementary Table 5). Half the
in-tissue PHF subtomogram averages were 19-38% less twisted than
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that of previously reported ex vivo PHFs (79-129 versus 65-80 nm
crossover distance of in situ PHF filaments versus ex vivo PHF?,
respectively).

Three of the tau cluster subtomogram averages were of sufficiently
high resolutiontoresolve the polarity of tau filaments. Mapping these
structures back into the in-tissue tomographic map showed that
within a parallel tau cluster, the orientation of filament polarity was
the same for 114 PHF filaments versus 22 filaments that were facing in
the opposite direction (Extended Data Fig. 12d). This highly skewed
distribution was non-random (binomial distribution, P,.;,, =1.8 x 107,
n=136). No obvious pattern in the location of filaments of the same
versus opposite orientation was apparent. The polarity orientation of
filaments in alift-out tomogram containing a cluster of both PHF and
SF filaments also indicated a skewed distribution (binomial distribu-
tion, P,.4s = 0.0014, n =51PHF and n =19 SF, Extended Data Fig.12e). By
contrast, aSF only tau cluster contained filaments withanear random
distribution of polarity orientations (binomial distribution, P,.,, = 0.12,
n=78,Extended DataFig.12f). These datasuggest thatin some but not
alltau clusters, inter-filamentinteractions or other cellular constituents
influence filament orientation.

Discussion

Light microscopic characterization of amyloid in AD brain has formed
the basis of diagnostic and disease classification over decades. Recent
atomic models of ex vivo AD A fibrils and tau filaments prepared by
bulk purification from whole brain regions have elucidated fibril and
filament conformers specific to AD and other neurodegenerative dis-
eases’. Here, using cryo-FM to guide cryoET and subtomogram averag-
ing we delineate a relationship between molecular structure, cellular
context and the characteristic pattern of microscopic neuropathology
inan AD brain. These in situ structures of 3-amyloid plaque and tau
pathology revealed the heterogeneity of A fibrils, the location-specific
variability in helical twist and polarity orientation of tau filaments
within different cellular contexts fromasingle brain region of anindi-
vidual postmortem AD donor.

B-amyloid plaques were characterized by a lattice-like architec-
ture of amyloid fibrils interdigitated by non-amyloid constituents,
including extracellular vesicles and cuboidal particles, which were
absent from non-demented postmortem tissue tomograms. These
constituents are consistent with arecent cryoET study of a mouse
model of AD* and plastic-embedded EM of AD brain®¢. The extra-
cellular cuboidal particles in human postmortem f3-amyloid plaques
resembled the cuboidal droplet-like architecture of ApoE and pre-
melanosomal protein-associated intraluminal vesicles, which are
proteins necessary for the amyloid structure of retinal melanosomes*..
We suggest these non-amyloid constituents are a component of AD
pathology, perhaps related to B-amyloid biogenesis**** or a cellular
response to amyloid**.

AP fibrils analysed in the postmortem AD human brain were similar
to those observed by cryoET in fresh tissue cryo-sections and ex vivo
purified amyloid from an FAD mouse model, which included fibrils,
protofilament-like rods and branched amyloid®. The existence of
branched fibrils and protofilament-like rods is suggestive of fibril
growth mediated by secondary nucleation mechanisms**¢and could
contribute to the high local concentration of A that characterizes
B-amyloid plaques®.

In-tissue tomographic volumes of tau pathology indicated filaments
were unbranched and arranged in parallel clusters. The limited width
of the neuropil in which tau clusters were situated may explain the
parallel organization of tau filaments. However, we cannot rule out that
lateralinteractions during filament biogenesis could contribute to this
parallel arrangement. Tau clusters were observed within cells and in
extracellular locations. The latter are consistent with ‘ghost neurites’
that remain after degeneration of the neuron®,
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Plastic-embedded conventional EM of postmortem AD brain showed
the first evidence of PHF and SF in different tangles or threads**5,
Cryo-EM of purified amyloid identified that two distinct tau ultras-
tructural polymorphs, PHF and SF, are associated with AD***°, These
differin the symmetric versus asymmetric arrangements of protofila-
ments within an otherwise twisted filament of tau (2.5 and 2.2° nm™
twists of PHF and SF, respectively)®. In-tissue subtomogram averaging
reached subnanometre resolution, revealing the backbone polypep-
tide fold of PHF from a single cluster of 136 filaments within a single
cryo-section tomogram. Most other tomograms in our dataset, from
either cryo-sections or cryo-FIB-SEM lamellae, produced subtomo-
gram averaged maps that did not resolve the polypeptide fold. Most
of these were nonetheless of sufficient resolution to distinguish the
protofilament substructure of PHF and SF tau filaments in situ, that
originated from distinct clusters in different tissue locations. Each
cluster was composed of different ensembles of tau filaments (PHF
only, SF only, or a combination of PHF and SF), with variations in the
average helical twist. Four tau filament cluster subtomogram average
maps accommodated the atomic model of PHF** and most showed a
decreasein their helical twist compared to ex vivo, sarkosyl-insoluble
PHFs*. Because PHFs within most clusters were similar to each other,
but were different between clusters, we suggest that this variability is
spatially restricted or may be organized by subcellular location.

Filamentous proteins possess a polarity whose orientation is a
functionallyimportant organizing principlein neurons. Forexample,
microtubules in neuronal axons maintain an almost uniform polarity
orientation, whereas in dendrites their orientation is mixed*°. Polarity
could also be an important consideration in tau filament biogenesis
and models of secondary nucleation that explain the rapid kinetics of
fibrilassembly in vitro™ and potential mechanisms of prion-like spread
within tissues®. Given that mature tau filaments are several microme-
tres long, the polarity orientation of each filament must become fixed
at an early stage of assembly because once a filament grows longer
than the width of the subcellular compartment in which it resides,
sterichindrance would prevent it fromrotating to point in the opposite
direction. Subtomogram averaging resolved a tau cluster witha highly
skewed, non-random distribution of polarity orientations favouring
onedirection over the other. This skewed distributionis consistent with
some degree of interaction between filaments®, templating the growth
of new tau filaments at the early stages of its assembly. However, we
cannot exclude the possibility that other cellular constituents organize
the polarity orientation of tau filament clusters.

Application of the in situ structural workflows reported here to
larger cohorts of diverse AD donors, across different brain regions
and at earlier stages of AD, may reveal how the spatial organization of
amyloid of different structures relates toindividual neuropathological
profiles. It will also be important to apply these approaches to other
neurodegenerative diseases, many of which sharerelated, or overlap-
ping, types of amyloid neuropathology.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. Experi-
ments were not randomized. The investigators were not blinded to
allocation during experiments and outcome assessment.

Donor and ethical information

Postmortem brain tissue was obtained through the Netherlands Brain
Bank (Amsterdam, The Netherlands, https://www.brainbank.nl). In
compliance with all ethical standards, brain donors signed informed
consent regarding the usage of their brain tissue and clinical records
for research purposes. This study was performed at Netherlands Brain
Bank, Amsterdam University Medical Centres (location VUmc), and
the University of Leeds. This study was approved by both VUmc and
the University of Leeds Research Ethics Committee. Brain dissection
and neuropathological diagnosis were performed according tointer-
national guidelines of Brain Net Europe Il (BNE) consortium (http://
www.brainnet-europe.org) and NIA-AA™,

Unfixed, flash-frozen, rapid autopsy postmortem AD and non-
demented donor postmortem brain were stored at—80 °C and provided
asource of tissue for these studies. The control case was a90-year-old
manwith ahistory of depression and prostate cancer. At the age of 87,
the donor was admitted to a nursing home. In the last phase, he was
passive with aconcentration disorder, but he was not demented, with
normal language skills, speaking skills and communicative ability.
Neuropathological examinationrevealed slight atrophy of the temporal
lobe. No 3-amyloid plaques or neurofibrillary tangles were observed
inthe temporal lobe.

Neuropathology of donor tissue

Atissueblock containing mid-temporal gyrus that was adjacent to the
HPF unfixed tissue, was formalin-fixed and paraffin embedded. Sec-
tions of 5 um thickness were prepared and mounted on Superfrost+
microscope slides (VWR). After overnight incubation at 37 °C, slides
were deparaffinized using xylene and alcohol and subsequently washed
in phosphate buffered saline (pH 7.4).

The histochemical detection of plaques and neurofibrillary tangles
was as previously described®. In short, tissue was pretreated using
5% w/v periodic acid for 30 min. Subsequently, the tissue was silver
impregnated using a 0.035% w/v silver nitrate solution for 30 min.
After silver impregnation, the bound silver was developed using a
reduction reaction induced by the development solution (2.5% w/v
sodium carbonate, 0.1% w/v silver nitrate, 0.5% w/v tungstosilicic
acid hydrate, 0.1% w/v ammonium nitrate and 0.1% w/v formalde-
hyde). The development was stopped by washing in 0.5% w/v acetic
acid for 5 min and unbound silver was removed by washingin 5% w/v
sodium thiosulfate for 5 min. Sections were counterstained using
haematoxylin (Diapath). The sections were dehydrated using alco-
hol and xylene and coverslipped using Depex (BDH Laboratories
Supplies).

For immunohistochemistry, deparaffinized sections were pre-
treated with 0.3% hydrogen peroxide in phosphate buffered saline
for 30 minto block endogenous peroxidase activity, followed by auto-
clave heating (121 °C for 20 min) in10 mM sodium citrate buffer (pH 6)
for antigenretrieval. Primary antibodies were incubated overnight at
roomtemperature and diluted in antibody diluent (Sigma-Aldrich) as
follows: anti-pTauSer202/Thr205 clone AT8 (Thermo Fisher) 1:800,
anti-amyloid beta clone 4G8 (Biolegend) 1:1,000, pTau-Thr217 (Thermo
Fisher)1:6,400, P62-Ick (BD Biosciences) 1:1,000, anti-alpha-synuclein
(phospho-S129) (Abcam) 1:500, and anti-pTDP-43 Ser409/410 (Cosmo
Bio) dilution1:6,000 and anti-TMEM106B (C terminal, Sigma-Aldrich)
dilution 1:1,000. Envision mouse/rabbit HRP (DAKO) was used in the
secondary detection step, and 3,3’-diaminobenzine (DAKO) was used
asachromogen. Immunostained sections were counterstained using

haematoxylin, dehydrated using alcohol and xylene, and coverslipped
using Depex.

Immunohistochemistry and confocal fluorescence microscopy
Free-floating (200 pm) acute brain slices wereincubated for1 hincar-
boxygenated NMDG buffer to which15 pM MX04 was diluted. Next, the
slices were transferred to fresh NMDG buffer (93 mM NMDG, 2.5 mM
potassium chloride, 1.2 mM sodium hydrogen carbonate, 20 mM
HEPES, 25 mMglucose, 5 mMsodium ascorbate, 2 mM thiourea,3 mM
sodium pyruvate, 10 mM magnesium sulfate heptahydrate, 0.5 mM
calcium chloride dihydrate, pH 7.4,300-315 mOsmol)*® and fixed with
4% v/v paraformaldehyde. Slices were permeabilized with 2% v/v Tri-
ton X-100 for 30 min and incubated for 1 h in blocking buffer (3% w/v
BSA, 0.1% v/v Triton X-100, 50 mM Tris-HCI, 150 mM NaCl, pH 7.4) at
room temperature. To detect 3-amyloid and tau inclusions, slices were
incubated in1:750 dilution 6E10 (Biolegend, catalogue no.803001) or
1:750 dilution 4G8 (Biolegend, catalogue no.803001) and 1:750 dilution
AT8 (Thermo Fisher) in blocking buffer at 4 °C for 16 h, respectively.
After three washes in TBS (50 mM Tris-HCI, 150 mM NaCl, pH 7.4) for
5 min each, slices were incubated in 1:1,000 diluted antimouse IgG2b
AF-633 (Thermo Fisher, catalogue no. A21126) and 1:1,000 diluted anti-
mouse IgG1 AF-568 (Thermo Fisher) in blocking buffer for 2 hat room
temperature. Following three washes in TBS for 5 min each, slices were
mounted with Vectashield (Vector Laboratories) on amicroscope slide
(Erpredia, catalogue no. JISI0AMNZ). Images were acquired with a
confocal laser scanning microscope (ZEISS LSM 700) using a x10/0.3
and a x63/1.4 numerical aperture (NA) air objective lens, with frame
sizes 0f 1,024 x 1,024 and 512 x 512 pixels, respectively. MX04, AF-568
and AF-633 were detected with excitation and emission maxima of 405
and 435,579 and 603 and 639 and 669 nm, respectively.

Sarkosyl-insoluble tau purification and immunoblotting
Sarkosyl-insoluble tau purification followed a previously published
protocol®. In brief, freeze-thawed postmortem brain tissue was
homogenizedin 10 vol (w/v) of homogenization buffer (10 mM Tris-HCI
(pH 7.4),0.8 M NaCl,1 mM EDTA, 10% w/v sucrose). The homogenate
was centrifuged at 20,000g for 20 min, at 4 °C and the supernatant
was retained. The pellet was rehomogenized in 5 vol (w/v) of homog-
enization buffer and recentrifuged. Both supernatants were combined,
brought to 1% iN-lauroylsarcosinate (w/v) and were centrifuged at
100,000g for1hat 21°C. The sarkosyl-insoluble pellets were resus-
pendedin 50 mM Tris-HCI, pH 7.4 (0.2 ml per g of starting material) and
stored at 4 °C for immunoblots. Samples were analysed using 4-12%
Bis-Tris gels (Thermo Fisher) and transferred onto polyvinyl difluoride
(PVDF) membranes using iBlot gel transfer stacks (Thermo Fisher).
The PVDF membrane was blocked (2.5% w/v casein in 0.1% v/v Tween
20,50 mM Tris-HCI pH 7.4,100 mM NaCl) for1 hat room temperature.
The following primary antibodies were diluted in 1.25% w/v caseinin
TBS-T (0.1% Tween 20, 50 mM Tris-HCI pH 7.4,100 mM NacCl): 1:2,000
Tau46 (aminoacids (aa) 404-441, T9450, Merck), 1:1,000 AT8 (pS202/
pT205Tau, MN1020, Thermo Fisher),1:1,000 4-repeat tau (aa 275-291,
catalogue no. 05-804, Merck), 1:500 3-repeat tau (aa 267-316, catalogue
no. 05-803, Merck) and 1:1,000 C-terminal domain TMEM106B (Merck,
catalogue no. SAB2106778). The PVDF membranes were incubated with
primary antibodies at 4 °C overnight. The membranes were washed
five times with TBS-T for 5 min, followed by incubation with secondary
antibody for 40 min at room temperature, then washed five times in
TBS-T for 5 min. PVDF membranes with ECL reagent (Lumigen) were
imaged on an iBright 1500 (Thermo Fisher).

Single-particle cryo-EM structure of sarkosyl-insoluble tau

The purification of sarkosyl-insoluble tau was as previously described™.
In brief, 0.435 g of postmortem brain (cingulate gyrus) tissue was
homogenizedin20 vol (v/w) of homogenization buffer (10 mM Tris-HCI
(pH 7.4),0.8 M NaCl,1 mM EGTA, 10% w/v sucrose). The homogenate


https://www.brainbank.nl
http://www.brainnet-europe.org
http://www.brainnet-europe.org

was brought to 2% w/v sarkosyl, incubated for 30 minat 37 °C and then
centrifuged at10,000g for 10 min, at4 °C. The supernatant was retained
and centrifuged at100,000g for 25 min at 4 °C. The sarkosyl-insoluble
pellets were resuspended in 700 pl g extraction buffer (per gram of
tissue) and centrifuged at 5,000g for 5 min at4 °C. The supernatant was
diluted threefold in 50 mM Tris-HCI, pH 7.4, containing 0.15 MNaCl,10%
w/v sucrose and 0.2% w/v sarkosyl, and spun at 166,000g for 30 min
at4 °C. The pellets were resuspended in 300 pl g EM buffer (20 mM
Tris-HCI, pH 7.4,100 mM NacCl).

The sample (4 pl) was applied to Quantifoil R1.2/1.3 (300 mesh) grids
after a 60 s plasma cleaning step (Tergeo, Pie Scientific). Grids were
blotted and plunge-frozen in liquid ethane using a Vitrobot Mark IV
(FEI) withthe chamber maintained at close to 100% humidity and 6 °C.
The cryo-EM dataset was collected using EPU v.3.0 (Thermo Fisher)
atthe Astbury Biostructural Laboratory (University of Leeds) using a
Titan Krios electron microscope (Thermo Fisher) operated at 300 kV
with a Falcon4i detector in counting mode. A nominal magnification of
x96,000 was set yielding a pixel size of 0.83 A. A total 0f 10,860 videos
were collected with anominal defocus range of -1.5to -2.7 pm and a
total dose of roughly 44 e /A2 over an exposure of 4 s, corresponded
toadoserate of roughly 7.6 e /pixel s™.

TherawEER videos were initially compressed and converted to TIFF
using RELION v.4.0%, regrouped to give 38 frames with a dose per frame
of 1.2 e /A% The TIFF stacks were aligned and summed using motion
correction (MotionCorr2v.1.2.1)*° in RELION (Extended Data Fig. 1c)
and contrast transfer function (CTF) parameters were estimated for
each micrograph using CTFFIND v.1.14°, Tau fibrils from roughly 100
micrographs were picked manually and used to traina picking modelin
crYOLOV.1.9.6% for automated picking with an inter-box spacing of 3x
layers (roughly 14 A). Next, 321,041 segments were extracted 2x binned
with roughly 560 A2box dimensions. Two rounds of two-dimensional
(2D) classification were performed to remove picking artefacts, with
all classes corresponding to fibrils kept (Extended Data Fig. 1d) yield-
ing 279,590 segments for further processing. An initial 3D template
was generated from a PHF-like 2D class average and an estimated heli-
cal twist from measured crossover lengths (roughly 80 nm) using the
relion_helix_inimodel2d command®. The first 3D classification was run
using all of the 2x binned segments, with a sampling of 1.8° and strict
high-resolution limit of 6 A (Extended Data Fig. 1e), from which two
classes presented tau PHF folds (72% of segments in total, the more
ordered class containing 24% of segments was selected for further
processing) and one class presented a tau SF fold (14% of segments).
Each subset was extracted unbinned (336 pixel?, 276 A%) and further
classified with 0.9° sampling, without the high-resolution limit and with
localsearches of the helical twist (Extended Data Fig. 1f). The helical rise
was set to 2.4 A for the PHF subset and 4.8 A for the SF subsets, on the
basis of known structural data. The SF subset map improved to show
abackbone fold that was identical to published tau SF structures®,
but did not contain enough segments to refine to a high-resolution
structure. The PHF subset resolved to give a 3.0 A (gold-standard,
Fourier shell correlation (FSC) of 0.143) refined map (Extended Data
Fig.1g-i) after CTF refinement and Bayesian polishing, with asharpen-
ing value of 57 A2 applied during postprocessing. The final refined
helical rise and twist values were 2.405 A and 179.44°, respectively
(Supplementary Table 8).

Model building of postmortem donor tau PHF cryo-EM
structure

Apublished tau PHF fibril structure (Protein Data Bank (PDB) 5031)%* was
dockedinto the refined cryo-EM map and one chain was adjusted to fit
into the density using real-space refinein Coot v.0.8.9.2°*. The chain was
duplicated and docked into the density to create five layers of dimeric
tau polypeptide chains. The model was real-space refined using Phenix
v.1.17.18 with noncrystallographic symmetry restraints applied to limit
inter-chain divergence. The quality of the final model was assessed

using MolProbity v.4.5.2%¢. The final model was near identical to the
template model, barring slight side chain adjustments and discrep-
ancies in pixel size and/or magnification, with a root mean-squared
deviation of 0.67 A between a chain of each model for 73 Ca positions
(Supplementary Table 8). The model was therefore not deposited to
the PDB, as several identical models of tau PHF are already present®.

MXO04-labelling and high-pressure freezing freeze-thawed
postmortem acute brainslices

Flash-frozen postmortem brain samples were thawed at room tem-
perature for 5 min, then placed in ice-cold carboxygenated NMDG
buffer (93 mM NMDG, 2.5 mM potassium chloride, 1.2 mM sodium
hydrogen carbonate, 20 mM HEPES, 25 mM glucose, 5 mM sodium
ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 10 mM magnesium
sulfate heptahydrate, 0.5 mM calcium chloride dihydrate, pH 7.4,
300-315 mOsmol)*¢. Then 100-200 pm slices of postmortem AD
and control donor brain were sliced along the horizontal or coronal
plane (speed 0.26 mm s™) using a vibratome (catalogue no. VT1200S,
Leica) inice-cold carboxygenated NMDG buffer (roughly 30 min). Next,
postmortem AD and non-demented control acute brain slices were
incubated in carboxygenated NMDG buffer, to which 15 uM MX04
was diluted for 1 h at room temperature before slices were washed
three-times in carboxygenated NMDG for 5 min each. Grey matter
biopsies (2 mm diameter) were incubated in cryoprotectant (5% w/v
sucrose and 20% w/v dextran 40,000 in NMDG buffer) for 30 min at
room temperature. Then, 100-um-deep wells of the specimen carrier
type A (Leica, catalogue no.16770152) were filled with cryoprotectant,
andthetissue biopsies were carefully placed inside to avoid tissue dam-
age. They were then covered with the flat side of the lipid-coated speci-
men carrier type B (Leica, catalogue no. 16770153) and HPF (roughly
2,000 bar at-188 °C) using a Leica EM ICE.

Cryo-FM

HPF samples wereimaged using a cryogenic-fluorescence microscope
(LeicaEM Thunder) withaHC PLAPO x50/0.9 NA cryo-objective, Orca
Flash 4.0 V2sCMOS camera (Hamamatsu Photonics) and aSolar Light
Engine (Lumencor) at =180 °C. A DAPI filter set (excitation and band-
width 365 and 50, dichroic 400; emission and bandwidth, 460 and
50) was used to detect MX04-labelled amyloid. A rhodamine filter
set (excitation and bandwidth 546 and 10, dichroic 560; emission and
bandwidth, 525 and 50) was used as a control imaging channel. The
images were acquired with a frame size of 2,048 x 2,048 pixels. Tile
scans of HPF carriers were acquired with 17% laser intensity for 0.1s.
z stacks of ultrathin cryo-sections were acquired with 30% intensity
and anexposure time of 0.2 s. Images were processed using Fiji Image].

Cryo-ultramicrotomy

HPF sample carriers were transferred toacryo-ultramicrotome (Leica
EMFC7,-160 °C) equipped with trimming (Trim 20, T399) and CEMOVIS
(Diatome, cryo immuno, catalogue no. MT12859) diamond knives.
Atrapezoid stub of tissue measuring 100 x 100 x 60 umwas trimmed,
which contained the target amyloid. Cryo-sections (70 nmthick) were
then cutat-160 °Cwith adiamond knife (Diatome, cryoimmuno, cata-
logue no. MT12859) and adhered onto aglow discharged (Cressington
glow discharger, 60 s, 1x10™* mbar, 15 mA) 3.5/1, 300 mesh Cu grid
(Quantifoil Micro Tools) using a Crion electrostatic gun and gold eye-
lash micromanipulators.

Cryo-CLEM of cryo-sections

Thelocation of amyloid plaques intissue cryo-sections was assessed by
cryogenic-fluorescence microscopy on the basis of MX04 fluorescence
(excitation 370 nm, emission 460-500 nm). Grid squares that showed
asignal for MX04 were selected for cryoET. The alignment between
cryo-FMimages and electron micrographs were carried out using a
MATLAB script®” ¢, in which the centres of ten holes in the carbon foil
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surrounding the region of interest were used as fiducial markers to
align the cryo-FM and cryo-EM images.

Cryo-CLEM and cryo-FIB-SEM of lift-out lamellae

Carriers containing HPF samples for cryo-FIB-SEM lift-out were trans-
ferred to a cryo-ultramicrotome (Leica EM FC7,-160 °C) equipped
with a Trim 45 T1865 diamond knife. The surface of the carrier and
HPF tissue within were trimmed to remove surface ice contamination
and the top layer of vibratome-damaged tissue®. To achieve this, three
300-pm-wide steps were trimmed back on four sides of the carrier:
the outermost step was trimmed roughly 30 pm deep, the next was
trimmed roughly 20 pm back and the innermost step was trimmed
roughly 10 umback. Theresulting protruding square of tissue was then
trimmed roughly 2-5 umback to achieve asmoother less contaminated
surface for cryo-FIB-SEM and lift-out.

The cryo-CLEM workflow was performed on a ZEISS Crossbeam
550 FIB-Scanning Electron Microscope equipped with the Quorum
cryo-system, ZEISS Cryo-accessories tool kit and Omniprobe 350
cryo-micromanipulator (Oxford Instruments) and operated at 30 keV.
For cryo-FM a Zeiss LSM (laser scanning microscope) 900 based on
an upright Axio Imager stand equipped with AiryScan and Linkam
cryo-stage was used.

At the Quorum prep desk, the HPF sample carrier (Leica Microsys-
tems) was mounted onthe corresponding Zeiss universal sample holder
(USH, Zeiss cryo-accessories tool kit). First, the Zeiss USH was placed
on the Zeiss adaptor for the Linkam cryo-stage used for performing
cryo-FM. The assembly was transferred into the Linkam cryo-stage
in liquid nitrogen using the Zeiss transfer box. ALM ZEN Connect
project was acquired using the plugin ZEN Connect of the ZEN Blue
v.3.6 software (Zeiss Microscopy). One overview image of the sample
and the holder was acquired with a x5, 0.2 NA C-Epiplan Apochromat
air objective with an Axiocam 503. MX04, reflection (for correlation
with the EM images) and a control channel were imaged with 385,
511and 567 nm LEDs, respectively, in combination with a quad-band
filter (Excitation BP385+15nm, BP 469 +19 nm, BP 555+15nm, BP 631
+16.5 nm, Emission QBP 425 +15nm, 514 +15nm, 592 +12.5 nm, and
709 + 50 nm). The image was acquired with a frame size of 2.79 x
2.10 mmand 1,936 x 1,460 pixels; 5,3 and 60% LED power and 50, 6 and
300 ms exposure time for MX04, reflection and control, respectively.

For sample quality assessment, a large 3D volume (1.27 x 1.27 x
0.108 mm, 2,824 x 2,824 pixels, 49 zslices) was scanned with a10x,
0.4 NA C-Epiplan Apochromat air objective in confocal mode. MX04
(0.04% laser power, 405 nm laser, detection window 410-546 nm, pixel
dwell time 0.74 ps) and thereflection (0.01% laser power, 640 nm laser,
detection window 630-700 nm, pixel dwell time 0.74 ps) were imaged.

Regions of interest were scanned witha100x,0.75NA LD EC Epiplan-
Neofluarair objective (125.15 x 125.15 x 19.8 um and 1,140 x 1,140 pixels,
37 zslices, pixel dwell time 1.8 ps) with the following settings: MX04
(0.2% laser power, 405 nm laser, detection window 410-544 nm) and
reflection (0.05% laser power, 640 nm, detection window 639-700 nm).
Alinear deconvolution was run onall confocal images (10x and 100x)
using the Zeiss LSM plus plugin.

Airyscan z stacks were acquired from the regions of interest using
the Airyscan 2 detector and the x100 objective detailed above. MX04
was detected using the 405 nm laser line (1.5% laser power, 405 nm
laser, pixel dwell time 2.18 ps, detection window 400-650 nm, image
size 62.31 x 62.31 x 13.65 umand 946 x 946 pixels, 36 zslices). Airyscan
images were processed using the Airyscan joint deconvolution (jDCV)
plugin of the Zeiss ZEN blue software. Cryo-CLEM alignment was per-
formed with maximum projections of confocal and Airyscan image z
stacks preparedin Zeiss ZEN blue. After finalizing light microscopy, the
USH connected to the Linkam adaptor was transferred into the Quorum
prep box. The USH was detached from the Linkamadaptor and mounted
onthe ZEISS cryolift-out sample holder with the USH in flat orientation
and amounted upright, standing half-moon Omniprobe grid clipped

intoan AutoGrid (Thermo Fisher). Using the Quorum cryo-shuttle the
sample holder was transferred into the Quorum prep chamber attached
tothe Crossbeam 550 FIB-SEM. The temperatures of the cryo-stage and
anticontaminator in the main and prep chamber were set to -160 °C
and -180 °C, respectively. The sample was sputter-coated with plati-
num for 45 s (5 mA current). After the sputter coating, the sample was
transferred on the Quorum cryo-stage in the main chamber.

Cryo-FM-targeted cryo-FIB-SEM lift-out was carried out driving the
Zeiss Crossbeam FIB-SEM stage withina ZEN Connectimaging project,
inwhich cryo-FM, SEM and FIB images were correlated using surface
features (cryoplaning markings and ice contamination) as fiducial
markers’™ (Extended Data Fig. 11). At normal view (0° stage tilt), 5 mm
working distance and 2.3 kV acceleration voltage an overview of the HPF
carrierand azoomed-in SEM image were acquired and loaded into anew
SEM session of the existing ZEN Connect project (imaging parameter
SE2, Everhart-Thornley) detector, 98 pA SEM current, 4,096 x 3,072
pixels, 800 ns dwell time, line average with 23 iterations and 800 and
420 nm pixel sizes, respectively. The SEM session was correlated with
the already acquired cryo-FM session by using the reflection mode
channelimages for alignment.

Asimage navigation was desired in FIBmode, the stage was tilted to
54° allowing normal FIB view. The sample was brought into the coin-
cidence point of SEM and FIB with a 5 mm working distance and an
overview FIBimage (imaging current 50 pA, SE2 detector, 2,048 x 1,536,
1,6 ps dwell time, pixel average, 300 nm pixel size) was taken for FIB
session alignment with the former SEM/cryo-FM session. The coinci-
dence point was fine adjusted to the region targeted for lift-out and
the milling box for coarse cross-sectioning was positioned on the
basis of the alignment between cryo-FM and FIB images. A roughly
80-um-wide, 35-pm-high and 30-pm-deep trapezoidal cross-section
was milled fromthe front side usinga30 nAFIB probe. Asice contamina-
tion, especially ontop of region of interest, was observed, the sample
holder was transferred back into the Quorum prep box for cleaning.
Under cryogenic conditions the sample surface was cleansed by using a
brush and by wiping using a swab. After another sputter coatingin the
Quorum prep chamber (see above for parameters), a cold deposition
of platinum precursor was applied in the Crossbeam main chamber.
For cold deposition, the distance between sample and gas injection
capillary was about 3 mm and the gas reservoir valve was opened for
45s. The gas reservoir temperature was about 28 °C (unheated gas
reservoir state). Using the saved stage position, the cross-section at
the region of interest was targeted, the coincidence point alignment
was checked. An FIB image was taken and aligned with the former FIB
session using the already milled cross-section as reference.

Next, a30 nA FIB probe was used to mill a second corresponding
cross-section from the back side and a roughly 60-pm-wide left side
cut that left a roughly 80-um-wide, 10-um-thick, 30-pm-deep tissue
chunkattachedontoitsrightside. At the front side, the cross-section
was further polished using a 15 nA FIB probe. The stage was tilted to
10° tilt for milling a roughly 80-pm-wide L-shaped undercut, leaving
asmall connection on the left side (7 nA FIB probe). As alift-out tool,
aroughly 5-um-thick copper block was attached to the Omniprobe
manipulator tip. The stage was at 10° tilt to allow access of the micro-
manipulator while bypassing the AutoGrid ring. Before lift-out, the
roughly 5 pm copper block was attached to the right side of the tissue
chunk using redeposition milling of copper material (three 2.5 x 5 um
milling windows with 700 pA FIB probe and 140 mC cm™2dose). Next,
thetissue chunkwas cut free from the left side to achieve lift-out. At10°
stagetilt the roughly 80-pm-wide chunk was attached by redeposition
milling to a half-moon EM grid (Omniprobe) clipped into an AutoGrid
and cutin half, leaving the distal roughly 40 pum chunk attached to the
EM grid. The remaining proximal roughly 40 pm chunk attached to
the Omniprobe was attached to a second location on the EM grid. The
stage wastilted to 56° before two 8-10-um-wide, roughly 15-pm-deep
lamella windows were milled in each chunk half. At 56° stage tilt, the



angle between tissue chunk and/or grid plane and FIB beam is 2° allow-
ingtobypass the outer AutoGrid ring for lamellae thinning. The lamel-
lae were sequentially thinned from both sides to roughly 2 pm, then
roughly 1 um, then roughly 500 nm and finally 130 to 200 nm using
700,300,100 and 50 pAFIB probes, respectively. Each lamellawindow
was framed with unmilled tissue at the left, right and bottom sides.

Cryo-electron tomography

Cryo-electron tomography was performed using a Thermo Fisher
300 keV Titan Krios G2, X-FEG equipped with a Falcon4i detector and
Selectris energy filter in the Astbury Biostructure Laboratory at the
University of Leeds. A dose symmetric tilt scheme’ was implemented
using Tomo5.15 (Thermo Fisher) to collect tilt series from -60°to +60°
in2°increments withal00 pumobjective aperture and 5-6.5 pm defo-
cus. Eachtiltincrementreceived roughly 2.3 s of exposure (fractionated
into eight frames) at roughly 2 e /A2 per tilt for a total dose of roughly
120 e /A% per tilt series with a pixel size of 2.38 A.

InAD samples, locations were chosen for the collection of tilt seriesin
three different ways: (1) the presence of MX04 fluorescence, (Extended
DataFig. 3a), (2) the appearance of dense filamentous structures that
resembled amyloid filaments in medium magnification micrographs
(Extended Data Fig.3b) and (3) areas surrounding MX04 fluorescence or
other tissue areasin whichmembrane compartment features could be
seeninmedium magnification micrographs (Supplementary Tables1,
2and 4). Control non-AD samples lacked both MX04 signal (Extended
Data Fig. 2a,b) and filamentous structures in medium magnification
micrographs. Consequently, tilt series locations were picked in areas
with visible membrane compartmentsin medium magnification micro-
graphs (Supplementary Table 3).

PMI and freeze-thaw step on mammalian brain tissue and
amyloid architecture

We previously reported the architecture of AB-plaquesinthe App
mouse model by cryoET?. In contrast to postmortem tissues with a
6 hPMIand freeze-thaw step, App™®" tissues were cardiac perfusedin
NMDG buffer*®, were not freeze thawed and had a much shorter PMI*°
(hereon referred to as App™ “*-HPF samples). To control for the effect of
6 hPMland afreeze-thaw step onthe moleculararchitecture of tissues,
we prepared App™“F mouse (c57b/16 background) tissues for cryoET
under similar conditions as postmortem AD donor tissues, witha6 h
PMI and freeze-thaw step (hereon referred to as App™ “*-PMI-FT-HPF
samples). Animals were treated inaccordance with the UK Animal Scien-
tificProcedures Act (1986) and National Institutes of Health guidelines.
Oversightand approval was provided by the University of Leeds Animal
Welfare and Ethics Review Board and licensed by the UK Government
Home Office.

To prepare App™¢*-PMI-FT-HPF, a 10-month-old male App™¢*
mouse received intraperitoneal injection of 5 mg kg™ MX04 24 h
before culling®. The carcass was left at room temperature for 6 h
to mimic the postmortem delay before forebrain was collected and
flash-frozenin liquid nitrogen. Next, forebrain was taken through the
workflow for postmortem human tissue (Fig. 1c) including aroughly
5 min thaw step preceding acute slice preparation inice-cold car-
boxygenated NMDG buffer,1hincubationin carboxygenated NMDG
buffer with 15 uM MX04, 3 x 5 min washes in carboxygenated NMDG
buffer,and a30 minuteincubationin cryoprotectant (5% w/v sucrose
and 20% w/v dextran 40,000 in NMDG buffer) at room temperature
before high-pressure freezing. AMX04-labelled 3-amyloid plaque was
located within HPF tissue by cryo-FM, from which roughly 70-nm-thick
cryo-sections were collected and attached to EM grids. Tissue sec-
tions were imaged by cryo-FM to locate MX04-labelled -amyloid
plaques before tomographictilt series were collected from 14 and 46
locations with and without MX04 cryo-CLEM, respectively. Data col-
lection parameters and constituents of these tomograms are detailed
inSupplementaryTable 7.

NL-G-F

All MX04-labelled 3-amyloid plaque tomograms (14 out of 60)
from App":“*-PMI-FT-HPF cryo-sections contained 3-amyloid fibrils
arranged in parallel bundles or a mesh (Extended Data Fig. 5). This
fibril architecture wasindistinguishable from that previously reported
for App™“*-HPF plaques that were HPF directly withouta 6 h PMland
freeze-thaw step®® (Extended Data Fig. 5).

We next compared non-amyloid constituents of amyloid plaques
and subcellular compartments of the tissue that surrounded amy-
loid plaques in App™“*-PMI-FT-HPF versus previously published
App™Ct-HPF*. (1) In contrast to App™ “*-HPF tomograms>°, micro-
tubules were absent in App"¢"-PMI-FT-HPF tomograms. This was
expected because microtubules rapidly depolymerize at cold tempera-
tures or when asource of nucleotide triphosphates is compromised’>”.
Microtubules were also absent in postmortem AD and non-demented
donortomograms. (2) In contrast to App™ “*-HPF, App™“*-PMI-FT-HPF
tomograms contained a subset of mitochondria with swollen cristae
and a depleted mitochondrial matrix (Extended Data Fig. 6¢,d and
Supplementary Table 7). This architectureis indicative of necrotic and/
or apoptotic respiratory collapse™”. Similarly damaged mitochon-
driawere also observed in postmortem AD and non-demented donor
tomograms (Extended Data Fig. 6a,b and Supplementary Table 7).
(3) In contrast to App™ °F-HPF, 2 out of 60 App™-“*-PMI-FT-HPF tomo-
grams contained a membrane fragment, suggesting the PMI and/or
freeze-thaw step may produce membrane fragments in brain tissue
that contains amyloid filaments. Burst plasma membrane were also
observedin10 out of 88 postmortem AD tomograms but were absent
in 64 non-demented control postmortem tomograms. (4) In contrast to
App"*°F-HPF,10 out of 60 App™-“*-PMI-FT-PMF tomograms contained
aburst plasma membrane, suggesting the PMI and freeze-thaw step
can disrupt membrane integrity in these mice (Extended Data Fig. 5).
Burst plasma membranes were observed in 11 out of 80 postmortem
AD tomograms but absent in 64 non-demented control postmortem
tomograms.

Tomographic reconstructions and subtomogram averaging
Subtomogram alignment and averaging of A fibrils and tau filaments
was initially performed on a per-tomogram basis to assess the relation-
ship between amyloid structure and its subcellular context. Because
of the dense architecture of in-tissue amyloid, only tomograms with
axial (oriented in the zaxis of the reconstructed tomogram) fibrils and
filaments provided sufficient contrast to accurately pick subvolumes
for subtomogram averaging.

Dose-fractionated video frames wereimported into Warp (v1.1.0b)™
for frame alignmentand initial estimation of the CTF. Tilt series stacks
were generated in Warp and imported into etomo IMOD (v.4.12.35)"778
for fine alignment using patch tracking. Lower quality aligned frames
were excluded from stack generation before import. Fine aligned tilt
series were thenimported backinto Warp and 3D-CTF corrected tomo-
grams were reconstructed at a pixel size of 9.52 A (bin4). See Supple-
mentary Tables 5 and 6 for per-tomogram subtomogram averaging
details of tau filaments and A fibrils, respectively.

For tau filaments, subtomogram averaging was performed on
nine cryoET volumes (seven from cryo-sections and two from lift-out
lamellae). Between 55 and 278 tau filaments (24 x 100 x 24 box size)
were manually picked from 4x binned (9.52 A voxel size) tomographic
reconstructions in 3dmod (IMOD v.4.12.35). Coordinates of each fila-
ment were represented as a two-point contour with respective ‘head’
and ‘tail’ model points positioned at the poles of each filament. The
slicer function of 3dmod was used to rotate and translate each tau
filament, ensuring different models were approximately centred along
the filament axis. Using these model files asinput, ascriptinvoking the
particle estimation for electron tomography (PEET) ‘stalkInit’ com-
mandwasrunindefault mode to generate new, single-point model files
(containing coordinates of the head, centroid and tail), initial motive
lists and rotation axes files, to supply for alignment and averaging in
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PEET (v.1.17.0a)"%. To minimize alignment to the missing wedge and
to verify the accuracy of model point coordinates, initial averages were
generated by restricting rotational and translation searching fromthe
centroid of the de novo reference filament axis. In subsequent PEET
alignment iterations, rotational and translational searching was per-
formed, using the updated centroid coordinates and orientations as
input. Where visibleimprovements in map resolution were observed,
createAlignedModel was run to generate new models, motive lists and
rotation axes containing the updated locations and orientations of
particles fromthe alignment. Cylindrical masks with blurred edges were
applied to the stalklnit reference volume during subvolume alignment.
StalkInit subtomogram averages were generated without applying sym-
metry or helical reconstruction methods. The helical twist of tau fila-
mentsin each tomogram was measured from PEET stalkInit averages.

To improve alignment further, centroid models were added every
1voxel along the stalkInit filament axis (99,664 new model coordi-
nates from the nine cryoET volumes) using the ‘addModPts’ com-
mand. AddModPts models were used as new inputs for subvolume
alignment and averaging in PEET. CreateAlignedModel was also run
afteraddModPts alignments, outputting new models and initial motive
lists of the updated locations and orientations of particles.

After initial alignment iterations in PEET, coordinates and orienta-
tions wereimported into RELION v.4.0% (toRelionCoords) for further
refinement with Warp bin4 tomographic reconstructions®. This was
achieved using the ‘imodinfo’ command with the -I’ option to output
the modelinformation toatextfile. Helical prior information was gen-
erated usingacustom pythonscript (available from GitHub at https://
github.com/jjenkinsO1/model2helicalpriors.git) to modify the STARfile
to containrinHelicalTubelD, rinHelicalTrackLength, rinAngleTiltPrior
(set to 0), rinAnglePsiPrior (set to 0) and rinAnglePsiFlipRatio (set to
0.5). This modified STAR file (generated from ‘toRelionCoords’ and
custom python scripts) was used in Warp to generate subtomograms
(24 x 24 x 24 box size, 9.52 A) that were then extracted for helical 3D
auto-refinement and classificationin RELION (using helical twist esti-
mated from PEET stalkInit averages and without C2 symmetry). Refined
subtomograms were then re-extracted in Warp at pixel sizes of 4.76 A
(48 x 48 x 48 box size) and followed by helical 3D auto-refinement and
classification. Final rounds of helical 3D auto-refinement and 3D clas-
sification were performed on subtomograms re-extracted in Warp at
pixel sizes 0f2.38 A (96 x 96 x 96). Final averages were sharpened using
RELION postprocessing and global map resolutions were estimated at
aFSC of 0.143 between two independently refined half-maps. Refined
particle coordinates and orientation from RELION 3D auto-refinement
thatreached subnanometre resolution (Fig. 3h) wereimportedintoM
(v.1.0.9)! for multi-particle refinements.

For Ap fibrils, subtomogram averaging was performed using two
cryo-sectionvolumes collected from MX04-labelled 3-amyloid plaques
that contained axially oriented fibrils. The same manual picking and
subtomogram averaging procedures were followed (using stalklInit)
as described for tau filaments. Initially, 100 fibrils were picked from
one tomogram, with fibrils represented as two-point ‘head’ and ‘tail’
models, positioned at opposite ends of each fibril. This model was
used as input to the PEET ‘stalkInit’command to generate new model
files (head, centroid, tail), initial motive lists and rotation axes files,
for alignment and averaging in PEET. The subtomogram average of
100 fibrils generated a featureless, smooth tube, with reducing detail
observed withincreasing fibrilnumbers used for averaging, a possible
indication of particle heterogeneity (Extended Data Fig.10). To assess
fibril heterogeneity, the widths of individual fibrils were manually
measured in IMOD. On the basis of average fibril width, three sub-
populations of fibrils were picked (3-5 nm protofilament-like rods,
4-9 nm fibrils and 6-12 nm wide fibrils). Subtomogram averaging of
20 protofilament-like rods, 42 fibrils and 42 wide fibrils from two tomo-
grams was performed with PEET as before (Supplementary Table 6
and Extended DataFig. 10).

To compare the structural similarity of in situ subtomogram aver-
ages with ex vivo purified tau conformers, available AD tau filament
atomic models (PDB 5031 and 503t) were fitted into half-maps with
EM placement v.1.2.2%38 in ChimeraX v.1.55%* giving LLG scores of fit
(Figs.3h and 4h,j, Extended Data Fig. 9 and Supplementary Table 5).
When running EM placement, the map resolution was set to the value
determined using the 0.143 half-map FSC threshold. Theory and experi-
ence with single-particle cryo-EM datasuggest that LLG scores of 60 or
greater indicate a non-random fit, with higher values being observed
for more accurate models and higher resolution maps®. The LLG
scoreis related to how much of the information content of the map is
explained by the model. Because the total information content of the
portion of the map covered by the model depends both oniits local
(including anisotropic) resolutionandits volume, an LLG score above
the threshold can be reached by any combination of map quality with
modelsize and quality. The confidence threshold itself (LLG 60) is not
expected to vary with map resolution or issues arising from preferential
orientations>s. For reference, fitting a PHF atomic model** intoa3 A
resolution single-particle cryo-EM (Extended Data Fig. 1g) half-maps
gave LLG 11,889 and correlation coefficient 0.66. Atomic model (PHF
or SF)** versus subtomogram averaged map Fourier shell correlation
was also calculated with Phenix v.1.17.0a%, avoiding artefacts at the
edges of the averaged map by restricting the comparison to a central
sphere with a radius of 80 A (Extended Data Fig. 13).

Initial subtomogram averaging (without helical symmetryin PEET)
and after-helical averaging in RELION were assessed by visualizing Euler
angles in ChimeraX using the ArtiaX v.0.4.7%* indicating good overall
agreement. Filaments were assigned a polarity orientation in which
those with more than or equal to an 80% ZEuler angle were oriented
in the same direction (Extended Data Fig. 12c-f).

Preparation of cryoET figures

All tomographic slice figures were one voxel thick prepared from 4x
binned (9.52 A voxel size) tomographic reconstructions generated
withMotionCorr2v.1.2.1° aligned frames that were reconstructed with
AreTomo v.1.3.0% and deconvolved with Isonet v.0.2%. Segmenting
membranes within tomograms was performed in Dynamo v.1.1.532%
using the manual surface modelling tool. Dynamo tables containing
coordinate information of the tomogram membrane models were
converted into CMM files and visualized in ChimeraX. The neural
network-based tomogram segmentation pipeline in EMAN2 v.2.99%8
was used to segment tau filaments and A fibrils. In Fig. 3c-h, regions
of the raw tomographic volumes containing [3-amyloid fibrils and tau
filaments were trimmed using the IMOD rubber band tool and trim-
vol command. The raw tomographic density was then visualized in
ChimeraX using the segger tool to colour each Ap fibril/tau filament
by connectivity.

Annotation of constituents in tomographic volumes

The constituents of tomographic volumes of tissue cryo-sections
from -amyloid plaques, tau pathology, non-demented control and
cryo-FIB-SEM lift-out of tau threads were detailed in Supplementary
Tables1,2,3and 4, respectively. Constituents were initially identified
by two curators independently. Next, two curators consolidated and
verified each annotation. The boundary of intracellular and extracel-
lular regions of tomographic volumes were determined by the pres-
ence of myelinated axons or by lipid bilayers enclosing intracellular
organelles within each tomographic volume and the corresponding
electron micrograph used for cryo-CLEM. The following constitu-
ents were identified: (1) amyloid fibrils or filaments were assigned
on the basis of MX04 cryo-CLEM labelling and rod shape: fibrils
and filaments were cross-checked for their absence in tomographic
volumes reconstructed from non-demented control brain donors;
(2) subcellular compartments, defined by plasma membrane contain-
ingmembrane-bound organelles or a higher tomographic density than
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the extracellular space (excluding amyloid fibrils), that is, consist-
ent with the higher concentration of proteins in the cell cytoplasm
compared to the extracellular space; (3) mitochondria, defined by the
double membrane including outer membrane and inner mitochon-
drial cristae; (4) putative FIFO-ATPases were identifiable within the
inner mitochondrial membrane (for example, see Fig. 2¢); (5) damaged
mitochondria, double membrane-bound compartments with swollen
cristae and a less densely packed mitochondrial matrix than other
mitochondria to the extent that parts of the mitochondria seem
empty (Extended Data Fig. 6); (6) myelinated axon, defined as five
or more layers of 6-8 nm membrane lipid bilayer enclosing a subcel-
lular compartment®’; (7) open membrane sheets, defined by roughly
5-nm-thick membrane lipid bilayer sheets in interstitial space that
did not form closed compartments; (8) burst compartment, mem-
brane compartments thatare openinthex-yplane of thetomogram;
(9) extracellular vesicles were defined as membranes that were closed
andsituatedinextracellular spaces; (10) C-shaped vesicles were defined
as cup-shaped membrane within the lumen of a vesicle; (11) multilamel-
lar bodies were defined as 40-250 nm vesicle or subcellular compart-
mentwrappedinthree or more concentricrings of 4.5-6 nmmembrane
lipid bilayer; (12) extracellular droplets, 30-250 nm amorphous and
smooth spheroidal droplets®?° that were situated in extracellular
locations; (13) extracellular cuboidal particles, 27-200-nm-diameter
particles that were situated in extracellular locations (these particles
contained striated layers of higher tomographic density: 2.5-2.8 nm
apart, Extended Data Fig. 7); (14) vesicles were defined as closed sphe-
roidal membranes; (15) F-actin, defined as roughly 7-nm-diameter
filaments composed of a helical arrangement of globular subu-
nits® (F-actin was only observed intracellularly in a minor subset of
both AD and non-demented control donor tomographic volumes);
(16) ribosomes: spherical 25-30-nm-diameter dense particles;
(17) microtubules, 25-nm-diameter tubes with 13 tubulin subunits and
(18) knife damage, tissue cryo-sections contained regions inwhich the
sample seems compressed, sometimes leaving a crevassein the tissue
that were readily identified as holes within the tissue®.

Statistics and reproducibility

All cryo-CLEM (Figs. 1g and 4b and Extended Data Figs. 3a,b and 11),
tomographicssliceimages (Figs.1h, 2a,b, 3and 4e,fand Extended Data
Figs.3c-e, 4,7 and 8a) and electron micrographs (Fig. 4d and Extended
DataFigs.1cand 3a,b) were representative of datasets fromasingle AD
(42 B-amyloid plaque cryo-section, 25 tau pathology cryo-section, 13
tau pathologylift-out lamellatomograms, see Supplementary Tables1,
2 and 4, respectively) and non-demented control (64 cryo-section
tomograms, Supplementary Table 3) postmortem brain donor. All
immunohistochemical imaging (Fig. 1a and Extended Data Fig. 1a),
immunoblot (Fig.1b and Extended DataFig. 1b),immunofluorescence
(Fig.1cand Extended DataFig.2a) and cryo-FMimaging (Figs.le,fand 4c
and Extended Data Fig. 2b-d) experiments were representative of
3-4 technical replicates of these donor tissues. tomographic slices
in Extended Data Figs. 6 and 7 were representative of cryoET datasets
of HPF (23 cryo-section tomograms, n = 2 biological replicates)* and
freeze thawed (60 cryo-section tomograms, n = 1biological replicates,
see Supplementary Table 7) App™°F knock-in mice.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Subtomogram average maps have been deposited in the Electron
Microscopy Data Bank (EMDB) under accession codes EMD-50148
(CS1, Extended Data Fig. 9c), EMD-50152 (CS2, Fig. 3g), EMD-50153
(CS3,Extended Data Fig. 9b), EMD-50155 (CS4, Extended Data Fig. 9d),

EMD-50156 (CS5, Extended Data Fig. 9a), EMD-50157 (CS6, Extended
DataFig. 9e), EMD-50159 (CS7, Extended Data Fig. 9f), EMD-50160
(LOL1PHEF, Fig.4h), EMD-50161 (LOL1SF, Fig 4h) and EMD-50162 (LOL2
SF, Fig. 4j). The cryo-EM map and dose-fractionated video frames of
sarkosyl-extracted tau PHF from a postmortem AD donor has been
deposited to the EMDB with the accession code EMD-18990 and the
Electron Microscopy PublicImage Archive (EMPIAR) with the accession
code EMPIAR-12045, respectively. Dose-fractionated video frames and
tomograms associated with CS1-CS7 and LOL1-LOL2 subtomogram
average maps have been deposited in the EMPIAR under accession
code EMPIAR-12082. Tomographic datasets of postmortem AD brain
tissue, non-demented control and App™ °F knock-in mice have been
deposited under accession codes EMPIAR-12091, EMPIAR-12088 and
EMPIAR-12092, respectively.

Code availability

Source code for generating helical priors used in relion helical recon-
struction is available from GitHub at https://github.com/jjenkins01/
model2helicalpriors.git.
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Extended DataFig.1|See next page for caption.



Article

Extended DataFig.1|Neuropathological, biochemical, and cryoEM
characterisation of post-mortem AD donor. a, Formalin-fixed paraffin
embedded tissue from the mid-temporal gyrus of the AD case assessed for
amyloid pathology. Representative pairs of images showing from left to
right, B-amyloid deposits detected with 4G8, tau pathology assessed with Tau
phospho-S217 antibody, Gallyas silver staining to detect amyloid deposits,
TMEM106B (C-terminal domain) inclusions, tau phosphoS202/T205 (ATS),
and P62/SQSTMI1 (a marker of aggregated protein) and the absence of
a-synucleinand phospho-TDP-34 inclusions. Scale bar, 50 pm. b, Immunoblot
detection of sarkosyl-insoluble fraction of AD post-mortem brain, from left to
right, of phospho-Tau (AT8), three-repeat (3 R) tau, four-repeat (4 R) tau, and
TMEM106B (C-terminal domain). Brackets, full-length tau bands. Arrowhead,
proteolysed TMEM106B. ¢, Example micrograph from the cryoEM dataset of

sarkosyl-insoluble amyloid purified from post-mortem AD donor. Scale bar,
50 nm.d, The most populated 2D class averages following classification

of all fibril segments. Most of the resolvable classes resembled PHF and SF.
e-f, Centralslices of output maps from 3D classifications, annotated with
segmentdistributions as a percentage within each run. Selected classes
taken for further processing are highlighted in coloured boxes. Classification
yielded 40,180 PHF segments (cyan) that produced a3.0 A resolution map.

SF segments (orange) were less abundant and could not be resolved to high
resolution. g, 2D projection of refined, sharpened tau PHF cryoEM map shown.
h, Fourier shell correlationresolution estimation of final map resolution.

i, Atomic modelin map was indistinguishable from several deposited tau

PHF cryoEM models, including the template selected for model building
(PDB: 5031)**. See Supplementary Data Table 8.
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a Post-mortem AD donor

Post-mortem non-demented donor

Post-mortem AD donor

Extended DataFig. 2 | Immunofluorescence profile and cryoFM targeting
of MX04-labelled amyloid pathology of post-mortem AD donor tissue.
a,Related toFig. 1c. Confocal fluorescence microscopy of AD post-mortem
donorbrainand non-demented control brain. Images from left to right, amyloid
(MXO04), AB/APP (4G8), phospho-Tau (AT8), and merged. Cyan arrowhead,
B-amyloid plaque. Open orange arrowhead, tau thread. Scale bar, 20 pm.

b, CryoFMimage of high-pressure frozen post-mortem brain biopsy from AD
(left) and non-demented control (right) donor. Scale bar, 0.5 mm. Cyan, MX04
fluorescence.Red, autofluorescence detected with excitation and emission of
546 nmand 585 nm, respectively. Yellow rectangle, regions shown as close-ups
below (lower left and right, respectively). Lower left and right panels, putative
B-amyloid plaque and tau tangles, respectively. Closed cyan arrowhead,

putative B-amyloid plaque. Closed orange arrowhead, putative tau tangle.
Openorange arrowhead, putative tau thread. Scale bar, 50 um. ¢, CryoFM
targeting of cryo-ultramicrotomy, related to Fig. 1f. Top tobottom, cryoFM
image of planchette containing MX04-labelled high-pressure-frozentissue,
stereomicroscope image of the planchette during trimming with acryo-
ultramicrotome, alignment of cryoFM and stereomicroscope images, and
close-upimage of trimmed planchette with cryoFM image. White arrowhead,
trapezoid stub of tissue targeted for the collection of cryo-sections. Orange
arrowhead, MX04-labelled amyloid within tissue stub. d, Left and right, MX04
cryoFMimage of tissue cryo-section containing f-amyloid plaque and tau
tangles, respectively. White arrowhead, MX04-labelled amyloid pathology.
Scalebar, 50 pm.Red and cyan,sameasinb.
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a
CryoCLEM

Extended DataFig.3|Cryo-CLEM and cryoET of MX04-labelled post-mortem
ADbrain. a, CryoCLEM of MX04-labelled tau inclusion within AD post-mortem
brain cryo-section. Top left, aligned cryoFM image (cyan, MX04) with cryoEM
image.Red rectangle, areashownin close-up. Scale bar, 5 um. Bottom left,
close-up.Red rectangle, regionshown, areashownin close-up. Right, close-up.
Orange arrowheads, putative tau filaments. Green arrowhead, putative plasma
membrane of neurite. Scale bar, 500 nm. See also cryoET datain Extended Data
Fig.8and Supplementary Video 6).b, CryoCLEM of AD post-mortem brain cryo-
section showing unlabelled amyloid deepin the tissue below the depth of
MXO04 penetration. Left, MX04 (cyan) cryoFM image aligned with cryoEM
image showing MX04 only labels top ~15 um of 100 pum thick tissue biopsy.
Redrectangle, regionincryo-section correspondingto 27 umdeep within the

tissue biopsy. Scale bar, 5 pum. Right, close-up of left medium magnification
cryoEMimage showing region fromwhich cryoET datawere collected (seee).
Cyanarrowhead, putative AB fibrils. Scale bar, 500 nm. c-e, Tomographic
slices of B-amyloid plaque pathology in post-mortem AD brain. Filled and open
cyanarrowheads, fibril in the x-y plane and axially (z-axis) of the tomogram,
respectively. Brown arrowhead, myelinated axon. Dark green arrowhead,
subcellular compartment. Blue arrowhead, intracellular membrane bound
organelle. Yellow arrowhead, extracellular cuboidal particle. Pink arrowhead,
extracellular vesicle. White arrowhead, knife damage. Scale bar, 10 nm.

¢, B-amyloid plaque pathology. Related to Fig. 1g, see also Supplementary
Video2.d,Same as cbut with amyloid pathology adjacent to myelinated axon.
e, Sameasc, butrelated tob (alsosee Supplementary Video 3).



Extended DataFig.4|In-tissue cryoET of cryo-sectionsfromnon-demented  Purplearrowhead, mitochondrion. Brownarrowhead, myelin. Red arrowhead,
control post-mortem braindonor. Panels a-hshow tomographicslicesfrom8  ribosomes. Orange arrowhead, actin. White arrowhead, knife damage. Criteria
outof 64 tomogramsinthe dataset. Noamyloid wasobservedinnon-demented  foridentifying constituents are described in Methods. Scale bar, 10 nm. See
control post-mortem donor cryo-sections (see Supplementary Data Table 3). Supplementary Videos 7-9.

Greenarrowhead, plasma membrane enclosing subcellular compartment.
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App"-=* PMI-FT-HPF

App"->F HPF

Extended DataFig.5|CryoET comparison ofin-tissue MX04-labelled
B-amyloid plaque in App™ ¢*-PMI-FT-HPF and previously published App™ ¢ *-
HPF. Left panels, tomographic slices from an App™-“* mouse brain that
underwenta 6 h post-morteminterval and freeze-thaw step (App™ ¢*-PMI-
FT-HPF) before vitrification by high pressure freezing and cryo-section
preparation. Right panels, tomographic slices from App™-* cortex that was
immediately vitrified by high pressure freezing, with no post-morteminterval

or freeze-thaw step (App™ °*-HPF, from Leistner et al.)*’. Filled and open
cyanarrowheads, fibrilin the x-y plane and axially (z-axis) of the tomogram,
respectively. Dark green arrowhead, plasma membrane enclosing subcellular
compartment. Light green arrowhead, burst plasma membrane. Yellow
arrowhead, microtubule. Red arrowhead, ribosome. White arrowhead, knife-
damage and surface ice contamination. Scale bar, 10 nm.



AD human PMI-FT-HPF

Extended DataFig. 6| Tomographicslices showing damaged mitochondria
inbrain tissues that have undergone post-morteminterval and freeze-thaw
step.a, Post-mortem AD brain with PMIand freeze-thaw step that preceded
high pressure freezing (PMI-FT-HPF). b, Post-mortem non-demented control
brain (Control human PMI-FT-HPF). ¢, Mouse model of 3-amyloidosis brain
(App"-°*) prepared with PMI-FT-HPF. d, Mouse model of -amyloidosis (App™-©).
Sample prepared without post-mortem interval and freeze-thaw step

(App™“F-HPF) (see Leistner et al. for details)*®. Dark purple arrowhead, outer
mitochondrial membrane. Light purple arrowhead, inner mitochondrial
membrane. Light purple asterisk, diluted mitochondrial matrix. Dark green
arrowhead, sub-cellular membrane compartment. Light greenarrowhead,
burst membrane. Orange arrowhead, actin filament. Yellow arrowhead,
microtubule. Brown arrowhead, myelin sheath. White arrowhead, knife
damage or surfaceice contamination. Scale bar, 10 nm.
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Extended DataFig.7 | Extracellular cuboidal particles have ordered 2.5nmor 2.8 nm peak, respectively. c, Tomographic slice (9.6 A voxel size)
striations. aand b, cryoEM images (single tomographictilt, 2.4 A pixel size) of showing extracellular cuboidal particle.d, Same as bbut with no peakin control
anextracellular cuboidal particleinan AP plaque (see Extended Data Fig. 3e). subregion. Scalebar,10 nm.

Redsquare, subregion analysed by fast Fourier transform shownininsets with
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Extended DataFig. 8|In-tissue cryoET of MX04-labelled tauinclusioncryo- membrane (usedasaninternal control for width measurements, n=296) and
sectionfrom AD post-mortem brain donor, amyloid width measurements, fibrils fromin-tissue cryo-sections of 3-amyloid plaques (n =1360) and tau

and FSCplot (related to Fig. 3h). a, Tomographicslice through dystrophic tangles (n =561), respectively. Middle and top/bottom black bars indicate
neurite. Orange arrowhead, tau filament. Green arrowhead, plasmamembrane =~ meanand one standard deviation. ¢, Resolution estimation of subtomogram
of neurite. Scale bar,10 nm. Related to Extended Data Fig. 3aand see averaging of tau subvolumes from asingle tissue cryo-section by gold-standard

Supplementary Video 6.b, Scatterplot showing the width distribution of lipid Fourier shell correlation (FSC).
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Extended DataFig.9|Lower-resolutionsubtomogram averages of tau
filament clusters within tissue cryo-sections situated insix distinct
locations. a-b, Subtomogram averaged tau clusters composed of PHFs.

(i) Surfacerendering of subtomogram averaging of tau filaments (stalklInit,
see Methods). (ii) Helical averaging of tau filament subvolumes from one AD
cryo-section tomogram. Left, slice (2.38 A thick) through averaged subvolume.
Scale bar, 5 nm. Middle and right, subtomogram average shown without and
with ex vivo purified tau PHF atomic model (yellow, PDB 5031)* fitted in map
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with EM placement (LLG > 60)*"3%, respectively. Each protofilamentin the
PHF shown as yellow C, trace. (iii) Graph showing resolution estimation of
subtomogram averaging of tau subvolumes from asingle tissue cryo-section
by gold-standard Fourier shell correlation (FSC). See Supplementary Data
Table 5for EM placement®”*8 LLG and CC of PHF and SF?*. ¢-f, Same as a-b but for
subtomogram averaged tau clustersin which the tau filamentultrastructural
polymorphwasnot resolved (EM placement LLG < 60)*%,
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Extended DataFig.10|Subtomogram averaging of Ap fibrils from MX04-

labelled B-amyloid plaque cryo-sections. Pairs of panels showing, top and
side view of fibril. Left, slice (9.52 A thick) through averaged subvolume.

Right, surfacerendering of subtomogram average (stalkInit, see Methods).
Scalebar, 5 nm. a, Subtomogram averaging of 100 fibrils (of all widths) from
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diameter) from one tomogram. ¢, Subtomogram averaging of 42 fibrils (4-9 nm
diameter) from one tomogram.d, Subtomogram averaging of 42 thick fibrils
(6-12 nmdiameter) from a different tomogram.
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a

Jll CryoFIB

Extended DataFig.11|Correlated cryo-FM-FIB-SEM lift-out targeting of
MXO04-labelled tau pathology in high-pressure frozen post-mortem AD
brain. a, CryoFM of MX04-labelled amyloid pathology targeted for cryoFIB-
SEMift-out showingin top left, top right, and lower left, reflection, MXO4
fluorescence and merged overview, respectively. Scale bar,200 pm. Yellow
rectangleintop right, closeup inbottomright. Scale bar,20 pm.b-c, Alignment
of cryoFM, FIBand SEM images to target lift-outin ZEN Connect. Images on left
werealigned with middle image using fiducials indicated by open arrowheads.
b, Alignmentbetween cryoSEM normal overview and cryoSEM normal high-
magnificationimage of MX04-labelled lift-out target. Scale bar,200 um.

¢, Alignment between cryoSEM normal high-magnification and cryoFIB normal
image. Scalebar,200 pm. Left and right, scale bar,200 pm. Middle, scale bar,
100 um.d, Alignment between cryoFIB normalimage and cryoFIB high-
magnification after cryoFIB milling trench. Leftand right, scale bar,100 pm.
Middle, scale bar,20 pm. e, Alignment between cryoFIB images before and
after surface cleaning, sputter coating and cold deposition of platinum
precursor.Scalebar, 20 pm. f, Alignment of cryoFIB images before and after
trenches were milled in front, behind and to the right side to prepare tissue
chunk for targeted lift-out. Scale bar, 20 um. g, Images showing the result of
alignments (fromato h) to target MX04-labelled tau for cryoFIB-SEM ift-out.
Left, cryoFIBimage of tissue chunk prepared for lift-out. Middle, confocal
cryoFM of MX04-labelled amyloid plaque and tau tangles. Brown and yellow
rectangles, leftand right regions of serial chunk lift-out, respectively.
Cyanline, location of lamella. Scale bar, 20 um. h-1, CryoFIB-SEM lift-out of

| CryoTEM

4

MXO04-labelled post-mortem AD brain. Lines and rectangles tracing the tissue
chunk during cryoFIB cuts and thinning were used for cryoCLEM. Red semi-
transparentline, length of tissue chunk before lift-out. Green semi-transparent
line, length of tissue chunk during lift-out. Brown rectangle, left tissue chunk.
Yellow rectangle, right tissue chunk (lost during sample transfer from cryoFIB-
SEMto cryoEM). Cyan line, region targeted for cryoFIB milling lamellae within
tissue chunk. h, CryoFIBimage of tissue chunk after final left side cut to detach
tissue chunk. Magenta closed arrowhead, tissue chunk. Blue closed arrowhead,
lift-out tool (copper block linking micromanipulator needle) attached toright
side of tissue chunk. Scale bar, 10 um. i, CryoSEM images showing attachment
ofthelefttissue chunkto EM grid and cryoFIB cut between the left and right
tissue chunks. Purple closed arrowhead, EM grid. Brown closed arrowhead,
left tissue chunk. Yellow closed arrowhead, right tissue chunk. Blue closed
arrowhead, lift-out tool. Scale bar, 10 pm. j, CryoFIB normal view image

(56° stagetilt) of the tissue chunk after cryoFIB thinning to produce two
130-200 nmthick, -8 umwide, -15 pm deep lamellae windows. Cyan closed
arrowhead, lamella. Brown closed arrowhead, tissue chunk. Scale bar, 10 pm.
k, CryoSEM showing serial attachment of the left and right tissue chunks.
Yellow and brown closed arrowheads, left and right tissue chunks, respectively.
Scale bar, 50 pm. Inset, overview image showing clipped half-moon Omniprobe
EMgrid.Scalebar, 0.5mm.1, CryoEM overview showing left and right cryoFIB-
milled tissue chunk attachment positions, left was lost and right remained
duringtransfer cryoFIB to Krios TEM, respectively. Arrowheads, same as k.
Scalebar, 50 pm.
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Extended DataFig.12|Related to Fig. 4h-jand spatially restricted variation
inhelical twist and polarity orientation of in-tissue tau filament clusters.
a, Leftandright, resolution estimation of subtomogramaveraging of 52 PHF
and 19 SFinasingle tissue cryoFIB-SEM lift-out lamellatomogram by gold-
standard Fourier shell correlation (FSC), respectively. b, Resolution estimation
of subtomogram averaging of 64 tau SFin asingle tissue cryoFIB-SEM lift-out
lamellatomogram by Fourier shell correlation (FSC). ¢, Filament helical twist
(lefty-axis) and cross-over distance (right y-axis) of in-tissue tau filament clusters
indifferentlocations of AD post-mortem brain from seven cryo-section (CS1-7)
and twolift-out lamellatomograms, one of which (LOL1) was composed of two
ultrastructural polymorphs, related to maps showninFig.3g, Fig.4g &iand
Extended DataFig. 9a-f. Orange and cyan data points, tau cluster subtomogram
averages that fitted the atomic models of PHF or SF using EM placement

(seeSupplementary Data Table 5), respectively. Yellow data points, tau cluster
subtomogram averagesin which the ultrastructural polymorph was unresolved.
For reference, the helical twist/crossover distances calculated for AD PHF and
SF areshownin grey (data point and whiskers, cryoEM and range of twists
observed by negative stain EM from Fitzpatrick et al.”*, respectively). See also
Supplementary Data Table5.d, Filament subtomogram average map (see Fig.3h)
mapped backinto the raw tomographic volume with PHF filaments coloured by
polarity orientation. Orange and indigo filaments with upwards and downwards
polarity orientation, respectively. Top and bottom, volume viewed from top
androtated -45°, with and without tomographicslice, respectively. Scale bar,
10 nm.e,Same asb, butrelated to Fig. 4h. Cyan and purple, SF filaments with
upwards and downwards polarity orientation, respectively.f,Sameasbandc,
butrelated toFig. 4j.
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Extended DataFig.13|CryoEM atomic model versus subtomogram map
Fourier shell correlation. a, For reference, Fourier shell correlation of
previously reported single-particle cryoEM structure of ex vivo sarkosyl-
extracted PHF (PDB: 5031) and map (EMDB-3741)**. b, Fourier shell correlation
of PHF (PDB 5031) and cryoEM map of ex vivo sarkosyl-extracted PHF from
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donor (Extended DataFig. 1i). c-1, Fourier shell correlation of PHF (PDB 503I) or
SF (PDB 503t) atomic model** versus subtomogram average maps corresponding
toFig.3h PHF, Fig.4h PHF, Fig. 4h SF, Fig. 4j SF and Extended Data Fig. 9a-f,
respectively. Resolution estimates based on Fourier shell correlation of half-
mapsannotated in parenthesis. See also Supplementary Data Table 5.


https://doi.org/10.2210/pdb5o3l/pdb
https://doi.org/10.2210/pdb5o3l/pdb
https://doi.org/10.2210/pdb5o3l/pdb
https://doi.org/10.2210/pdb5o3t/pdb

nature portfolio

Corresponding author(s): René Frank

Last updated by author(s): May 21, 2024

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX X 0 XXX OO s

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
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Data collection | CryoET: Tomo v5.15 (Thermo Fisher) ; cryoEM: EPU v3 (Thermo Fisher)

Data analysis CryoET and cryoCLEM data processing:
MotionCorr2 v1.2.1, IMOD v4.12.35, PEET v1.17.0a, Warp/M v1.10b, RELION v4.0, em_placement v1.2.2, Dynamo v1.1.532, AreTomo
v1.3.0,EMAN v2.99, Isonet v0.2, ChimeraX v1.5, Phenix v1.2.1, Zeiss ZEN Blue v3.6, Matlab R2019a, ImageJ v2.0.0-rc-49/1.51d, ArtiaX v0.4.7.
CryoEM data processing:
MotionCorr2 v1.2.1, RELION v4.0, crYOLO v1.9.6, Coot v0.8.9.2, Phenix v1.17.1, CTFFIND v1.14, Molprobity v4.5.2.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

A data availability statement is included. Subtomogram average maps have been deposited in the Electron Microscopy Data Bank (EMDB) under accession codes
EMD-50148 (CS1, Extended Data Fig. 9c), EMD-50152 (CS2, Fig. 3g), EMD-50153 (CS3, Extended Data Fig Sb), EMD-50155 (CS4, Extended Data Fig 9d), EMD-50156
(CS5, Extended Data Fig 9a), EMD-50157 (CS6, Extended Data Fig 9e), EMD-50159 (CS7, Extended Data Fig 9f), EMD-50160 (LOL1 PHF, Fig. 4h), EMD-50161 (LOL1
SF, Fig 4h), EMD-50162 (LOL2 SF, Fig. 4j). The cryoEM map of sarkosyl-extracted tau PHF from post-mortem AD donor has been deposited to the EMDB with the
accession code EMD-18990.

Dose-fractionated movie frames and tomograms associated with CS1-CS7 and LOL1-LOL2 subtomogram average maps have been deposited in the Electron
Microscopy Public Image Archive (EMPIAR) under accession code EMPIAR-12082. Tomographic datasets of post-mortem AD brain tissue, non-demented control and
AppNL-G-F knockin mice have been deposited under accession codesEMPIAR-12091, EMPIAR-12088 and EMPIAR-12092, respectively.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Post-mortem Alzheimer's disease donor brain tissue: Sex: Female. Age at death: 70 years.
Post-mortem non-demented control donor brain tissue: Sex: Male. Age at death: 90 years.

Reporting on race, ethnicity, or  This study did not include socially constructed or socially relevant variables.
other socially relevant

groupings

Population characteristics Between 70 and 90 year's old. Neuropathological diagnosis of Alzheimer's disease.

Recruitment Samples were selected on the basis of neuropathological examination and brain tissue availability, which are unlikely to have
impacted the results.

Ethics oversight This study was performed at Netherlands Brain Bank, Amsterdam University Medical Centres (location VUmc), and the

University of Leeds. This study was approved by both VUmc and the University of Leeds Research Ethics Committee.
Informed consent was obtained from the patients' next of kin.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

X Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. Since population-based variation was not investigated in this study, a single post-mortem AD and
non-demented control donor brain sample (mit-temporal gyrus) was used for cryoET. Cingulate cortex from the same donor was used for
cryEM of sarkosyl-insoluble tau. A single 10 months-old, male App”NL-G-F/NL-G-F (Saito et al., 20214) mouse was used to confirm the effect
of post-mortem interval.

Data exclusions | No tomograms were excluded from any of the datasets. For helical averaging of cryoET and cryoEM data, pre-established common image
classification procedures (S.H.W. Scheres, J. Struc. Biol. 180: 519-530, (2012)) were employed to select particle images with the highest
resolution content in the cryo-EM reconstruction process. Details of the number of selected images are given in Extended Data Table 5 and 8.

Replication All attempts at replication were successful. At least three independent repeats per experiment where representative data is shown.
Randomization | Not applicable applicable to this study. Samples were allocated to experimental group on the basis of neuropathological examination. For

subtomogram averaging, subvolumes were divided into two random halves for gold standard Fourier shell correlation estimates of resolution.
The same is true of for the averaging of cryoEM data, where the particles were randomly divided into half sets during refinement in RELION.
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Blinding Identification of the molecular and organelle constituents of tomograms was performed blind by two independent curators. For all other
experiments, investigators were not blinded to allocation during experiments and outcome assessment. The perceived risk of detection/
performance bias was deemed negligible.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

D Antibodies D ChiIP-seq

IZ D Eukaryotic cell lines IZ D Flow cytometry

D Palaeontology and archaeology D MRI-based neuroimaging
D IZ Animals and other organisms

D Clinical data

X D Dual use research of concern

IZ D Plants

Antibodies

Antibodies used Immunohistochemistry primary antibodies: 1:800 anti-pTauSer202/Thr205 clone AT8 (MN1020, ThermoFisher Scientific, Waltham,
MA, USA), 1:1000 anti-amyloid beta clone 4G8 (#800710, Biolegend, San Diego CA, USA), 1:6400 anti-pTau-Thr217 (#44-744,
ThermoFisher Scientific), 1:1000 anti-P62-Ick (#610833, BD Biosciences, CA), 1:500 anti-alpha-synuclein (phospho-5129, clone
EP1536Y) (ab51253, Abcam, Cambridge, UK), 1:6000 anti-pTDP-43 Ser409/410 (TiP-PTD-MO01, Cosmo Bio USA, CA, USA), 1:1000 anti-
TMEM1068B (C terminal, SAB2106773, Sigma-Aldrich).

Immunohistochemistry secondary antibodies: Envision mouse/rabbit HRP (K4065, DAKO, Glostrup, Denmark).

Immunoblot primary antibodies: 1:2000 anti-Tau clone Tau46 (aa 404-441, T9450, Merck), 1:1000 anti-pTauSer202/Thr205 clone
AT8 (MN1020, ThermoFisher), 1:1000 anti-4-repeat Tau (aa 275-291, 05-804, Merck), 1:500 anti-3-repeat Tau (aa 267-316, 05-803,
Merck), 1:1000 anti-C-terminal domain TMEM106B (SAB2106778, Merck).

Immunoblot secondary antibodies: 1:20000 anti-mouse-HRP (170-6516, Bio-rad), 1:20000 anti-rabbit-HRP (172-1019, Bio-rad).
Immunofluorescence primary antibodies: 1:750 anti-amyloid beta clone 6E10 (803001, Biolegend), 1:750 anti-amyloid beta clone
4G8 (800710, Biolegend), 1:750 anti-pTauSer202/Thr205 clone AT8 (MN1020, Thermofisher).

Immunofluorescence secondary antibodies: 1:1000 anti-mouse 1gG2B AF-633 (A21126, Thermo Fisher), 1:1000 anti-mouse IgG1
AF-568 (A21124, Thermo Fisher).

Validation Immunohistochemistry primary antibodies: Anti-pTauSer202/Thr205 clone AT8: Validated extensively in the literature (e.g. Braak and
Braak, Acta Neuropathol 82:239 (1991)) for immunohistochemical detection in human tissues. Anti-amyloid beta clone 4G8:
Validated extensively in the literature (e.g. Forny-Germano L, et al. J Neurosci. 34:13629 (2014)) for immunohistochemical detection
in human tissues. Anti-pTau-Thr217: Validated by Hart de Ruyter F, et al. Acta Neuropathol 145(2):197-218 (2023) for
immunohistochemical detection in human tissues. Anti-P62-Ick: Validated extensively in the literature (e.g. Kovacs G, et al.
Neuropathology and Applied Neurobiology. 39:166-78 (2013)) for immunohistochemical detection in human tissues. Anti-alpha-
synuclein (phospho-5129): Validated extensively in the literature (e.g. Lashuel et al. NPJ Parkinson Dis, 8:136 (2023); Delic et al., J
Comp Neurol. 526:1978 (2018)) for immunohistochemical detection in human tissues. Anti-pTDP-43 Ser409/410: Validated
extensively on human tissues in the literature (e.g. Kovacs et al., Neuropathology and Applied Neurobiology. 39:166 (2013)) for
immunohistochemical detection in human tissues. Anti-TMEM106B: Validated by Perneel J, et al., Acta Neuropathologica 145:285
(2022) for immunohistochemical detection in human tissues.

Immunohistochemistry secondary antibodies: Anti-mouse/rabbit HRP (DAKO, Glostrup, Denmark): Validated in many other studies
(e.g. Hart de Ruyter et al., Acta Neuropathol 145:197 (2023); Boon et al., Acta Neuropathol 140:811 (2020).

Immunoblot primary antibodies: anti-Tau clone Tau46 : Validated by Mawal-Dewan et al., J. Biol. Chem. 269:30981 (1994) for
detection of human tau. Anti-pTauSer202/Thr205 clone AT8: Validated against human pS202/pT205 tau in (Mercken et al., Acta
Neuropathol. 84, 265-272 (1992)) for detection of human tau. Anti-4-repeat Tau: Validated by Ercan et al., Molecular
Neurodegeneration 12:87 (2017) for detection of human tau. Anti-3-repeat Tau: Validated by Ercan et al., Molecular
Neurodegeneration 12:87 (2017) for detection of human tau. Anti-C-terminal domain TMEM106B: Validated by Perneel J, et al., Acta
Neuropathologica 145:285 (2022) for detection of human TMEM106B Anti-amyloid beta clone 6E10: Validated in earlier study using
wild-type control (Leistner et al., Nat. Commun. 14:2833 (2023)) for detection of human beta-amyloid. Anti-amyloid beta clone 4G8:
Validated in many earlier study (e.g. Poduslo et al., Biochem. 43:6064 (2004)) for detection of human beta-amyloid.

Immunoblot secondary antibodies (anti-mouse-HRP and anti-rabbit-HRP): Validated in manufacturer’s (Bio-rad) website: https://
www.bio-rad.com/en-uk/product/hrp-ap-conjugates?ID=cc14540b-25dd-4bbf-a17a-8c3c52116d9d): "Blotting-grade HRP conjugates
(horseradish peroxidase) and AP conjugates (alkaline phosphatase) produce specific results, eliminating false positives in western
blotting immunoassays: Double affinity-purified blotting-grade antibodies are isolated by affinity chromatography and further
purified by cross-adsorption against an unrelated species to eliminate nonspecific immunoglobulins".

Immunofluorescence primary antibodies: Anti-pTauSer202/Thr205 clone AT8: Validated by Dehkordi et al. Nat. Aging 1:1107 (2021).
Anti-amyloid beta clone 4G8: Validated in many earlier study (e.g. Poduslo et al., Biochem. 43:6064 (2004)).

Immunofluorescence secondary antibodies (anti-mouse IgG2B AF-633, anti-mouse IgG1 AF-568): Validated extensively in the
literature (e.g. Leistner et al., Nat. Commun. 14:2833 (2023).
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 10 month old App”NL-G-G/NL-G-F knockin mouse on a c57b/16 background (Saito et al., Nat. Neurosci. 17:661 (20214). Housing
conditions: 20-24°C, 12 hour day/night cycle, 45-65% relative humidity.

Wild animals The study did not involve wild animals.

Reporting on sex Only male animals were used in the study. Sex based analysis is not necessary because differences in the architecture of amyloid
plaques is not expected to be significantly different in the male versus female App.

Field-collected samples  Study did not involve field-collected samples.

Ethics oversight Oversight and approval was provided by the University of Leeds Animal Welfare and Ethics Review Board and licensed by the UK
Government Home Office.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks This study did not include plants.

Novel plant genotypes  This study did not include plants.

Authentication This study did not include plants.
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