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Abstract

Widespread cortical accumulation of misfolded pathological tau proteins (ptau) in the form of paired helical filaments is
a major hallmark of Alzheimer’s disease. Subcellular localization of ptau at various stages of disease progression is likely
to be informative of the cellular mechanisms involving its spread. Here, we found that the density of ptau within several
distinct rostral thalamic nuclei in post-mortem human tissue (n =25 cases) increased with the disease stage, with the antero-
dorsal nucleus (ADn) consistently being the most affected. In the ADn, ptau-positive elements were present already in the
pre-cortical (Braak 0) stage. Tau pathology preferentially affected the calretinin-expressing subpopulation of glutamatergic
neurons in the ADn. At the subcellular level, we detected ptau immunoreactivity in ADn cell bodies, dendrites, and in a
specialized type of presynaptic terminal that expresses vesicular glutamate transporter 2 (vGLUT?2) and likely originates
from the mammillary body. The ptau-containing terminals displayed signs of degeneration, including endosomal/lysosomal
organelles. In contrast, corticothalamic axon terminals lacked ptau. The data demonstrate the involvement of a specific cell
population in ADn at the onset of the disease. The presence of ptau in subcortical glutamatergic presynaptic terminals sup-
ports hypotheses about the transsynaptic spread of tau selectively affecting specialized axonal pathways.
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Introduction

A major function of tau is to mediate the assembly of micro-
tubules. The accumulation and apparent spread of pathologi-
cal misfolded forms of tau (ptau) are associated with a wide
range of neurodegenerative diseases including Alzheimer’s

P< Barbara Sarkany

barbara.sarkany @lmh.ox.ac.uk

disease [9, 15, 16]. However, it remains uncertain how ptau
spreads from vulnerable sites in the human brain. Since ani-
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is important to define the cellular and subcellular compart-
ments in the human brain that are involved in the progression
of ptau. Despite the primary focus on cortical regions in
Alzheimer’s research, specific subcortical regions such as
the rostral thalamus, locus coeruleus (LC), and dorsal raphe
nucleus (DRn) have also been shown to display selective
vulnerability to tau pathology [7, 29, 33, 69, 75].

Earlier reports have shown ptau, extracellular amyloid
deposits, as well as cell loss in the thalamus, with the antero-
dorsal thalamic nucleus (ADn) being the most affected by
ptau and neurodegeneration [15, 61, 85]. The ADn, together
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with the anteroventral (AV) and anteromedial (AM) thalamic
nuclei, comprises the anterior nuclear group, which forms
one functional unit with the hippocampal formation and the
mammillary bodies (the so-called Papez circuit) [2, 30, 80].
As a consequence, the pathology of the anterior nuclear
group has been linked to the early cognitive biomarkers for
Alzheimer’s disease (episodic memory impairments and
disorientation) [3]. Indeed, lesions of the anterior nuclear
group impair spatial memory in rodents [32, 50, 57], and its
degeneration in humans causes memory deficits [36].

In these early studies [15, 85], it was unclear whether tha-
lamic degeneration precedes or follows the cortical pathol-
ogy. The thalamus contains different cell types [31, 41, 52],
but it is still unknown whether besides nuclear (regional)
specificity tau pathology also displays any cell-type speci-
ficity within this subcortical structure. Furthermore, the
thalamus contains a wide range of cortical and subcortical
afferents [1], and examination of synaptosomes suggests
that ptau may accumulate at both pre- and postsynaptic sites
[72]. To what extent ptau can be expressed in various axon
terminals and whether ptau displays any specificity based
on the origins of its inputs have never been investigated in
the thalamus.

The apparent ‘prion-like’ spread of ptau is associated
with a wide range of neurodegenerative diseases includ-
ing Alzheimer’s disease [9, 15, 16, 18, 21]. Early electron
microscopic studies of sporadic cases have identified ptau in
argyrophilic tubules of astrocytes [10, 53] and in oligoden-
droglia [8] of highly devastated neuropil. Furthermore, ptau
also labels tubular structures associated with swollen neurite
aggregation surrounding extracellular neurofibrillary tangles
in the hippocampus of progressive supranuclear palsy (PSP)
cases [11]. The three-repeat and four-repeat isoforms of tau
have been identified in neurons and glia of various tauopa-
thies (Pick’s disease, PSP, corticobasal degeneration) [9].
More recently, three forms of tau (‘oligomeric’, ‘misfolded’
and ‘phosphorylated’) have been identified in pre- and post-
synaptic sites in the cortex using array tomography [23].
However, high-quality, quantitative demonstration of ptau
distribution at the electron microscopic level in various neu-
ronal compartments of the thalamus has not been performed
at different stages of the disease and it is exceedingly rare
in other regions of the brain as well. Thus, in this study we
asked at exactly what disease stages thalamic tau pathology
appears and whether ptau displays any cell-type specificity.
We also examined whether ptau is restricted to somatoden-
dritic compartments of thalamocortical cells and whether
in case of axonal labeling what types of axons are affected.
We found that a consistent pattern of thalamic pathology
appears prior to the widespread cortical pathology and is
highly selective for the calretinin-containing neurons of
the ADn. We also demonstrate that ptau selectively accu-
mulates not only in thalamocortical cells, but also in their

@ Springer

major subcortical afferents arising from the mammillary
body, supporting theories about the trans-neuronal spread
of the disease.

Materials and methods

Details of antibodies, reagents and resources can be found
in Tables S1 and S2.

Human samples

Human brain samples from n =26 cases were obtained
from the Department of Pathology, Szt. Borbala Hospital,
Tatabanya, Hungary via the Human Brain Research Labora-
tory (HBL, Institute of Experimental Medicine, Hungary),
the MRC London Neurodegenerative Diseases Brain Bank
(KCL, King’s College London, UK), the Queen Square
Brain Bank for Neurological Disorders (QSBB, UCL, Lon-
don, UK), and the Oxford Brain Bank (OBB, Oxford, UK).
The reported Braak tau stage [14, 16] for each case was
based on standardized examination of the severity and extent
of ptau in the cerebral cortex (AT8 immunoreactivity).
Braak stage O is defined by a lack of cortical tau pathology
and no detected/reported cognitive impairment (‘control’
cases). At stage I, ptau is observed in the entorhinal cortex
(EC), followed by the hippocampus at stage II. By stage III,
ptau is located in other areas of the medial temporal lobe
and is associated with amyloid-8 plaques and mild cognitive
impairment. Alzheimer’s disease is associated with the later
stages, with ptau having spread beyond the medial tempo-
ral lobe. Psychiatric conditions for the HBL cases (Table 1)
were previously assessed at the Department of Psychiatry,
Szt. Borbéla Hospital, Tatabanya, Hungary.
Perfusion-fixed free-floating (PFFF) sections: Per-
fusion-fixed tissue blocks from the HBL (Table 1) were
received as previously described [33] and are from the
same collection of cases reported by Gilvesy et al.
[33], but with different numbering. Briefly, brains were
removed 2—4 h post-mortem and vertebral arteries and
internal carotid were cannulated. Perfusion was carried
out using physiological saline containing 0.33% heparin
(1.5 L for 30 min), followed by Zamboni fixative con-
taining 4% paraformaldehyde and ~0.2% w/v picric acid
in 0.1 M phosphate buffer (PB), pH=7.4 (4 L for 2 h).
Tissue blocks were removed and post-fixed overnight in
the same solution then washed and stored in 0.1 M PB
with 0.05% sodium azide (PB-Az). Experiments were
performed in compliance with the 1964 Declaration of
Helsinki, approved by the Regional Committee of Science
and Research Ethics of Scientific Council of Health (ETT
TUKEB 31443/2011/EKU and ETT TUKEB 15032/2019/
EKU). Blocks were serially sectioned into 50-um-thick
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coronal sections using a Leica VTS-1000 Vibratome
(Leica Microsystems, Wetzlar, Germany). Free-floating
sections were incubated in 20% sucrose for cryoprotec-
tion then subjected to freeze—thaw over liquid nitrogen.
Other sections were not subjected to freeze—thaw. Next,
the PFFF sections were incubated in 1% hydrogen per-
oxide to reduce endogenous peroxidase activity. Sections
were washed several times in 0.1 M PB and then stored in
PB-Az at 4 °C.

Flash-frozen immersion fixed (FFIF) sections: Flash-
frozen samples were obtained from the OBB (Table 1)
under project OBB 606 (ethics approval 15/SC/0639).
Briefly, the rostral thalamus was isolated from the relevant
slab over dry ice and immediately immersed in fresh 4%
paraformaldehyde, ~0.2% w/v picric acid, and 0.05% glu-
taraldehyde in 0.1 M PB. Samples were microwaved for
up to 30 s for rapid thawing. Samples were post-fixed in
fixative lacking the glutaraldehyde overnight, then washed
several times in 0.1 PB and processed as above for PFFF
sections.

Formalin-fixed paraffin-embedded (FFPE) sections:
Tissue blocks were obtained from KCL (Table 1) under
Tissue Bank ethics approval (18/WA/0206). A microtome
(Reichert-Jung, 2035) was used to prepare 5-10 pm thick
sections (up to ~300 sections per block) and transferred
onto slides (Superfrost Plus) in 37 °C water. A series
of 10-pm-thick tissue sections were also obtained from
QSBB (Table 1) under Tissue Bank ethics approval 23/
LO/0044. In preparation for immunohistochemical tests,
sections were first deparaffinized in xylene (100%) and
rehydrated in a descending ethanol series (100%, 95%,
70%, 50%). Masking of epitopes caused by fixation was
reversed using antigen retrieval by incubating sections in
10 mM sodium citrate buffer at pH 6 at 90 °C for 30 min.

Fluorescent immunohistochemistry

PFFF sections were blocked for 45 min in 4% bovine serum
albumin (BSA; Sigma), and FFIF and FFPE sections were
blocked in 10% or 20% normal horse serum (Vector Lab),
followed by a 3-day incubation in primary antibody solu-
tion (mouse anti-AT8 diluted 1:5000, rabbit anti-calretinin
(CR) diluted 1:2000; Table S1) in 0.1 PB at 4 °C. Sections
were washed three times in 0.1 M PB and then incubated in
secondary antibody solution (anti-mouse Alexa Fluor 488
1:1000, anti-rabbit Cy3 1:400) in 0.1 M PB for 1 h at room
temperature (RT) or overnight at 4 °C. Finally, sections were
mounted in Vectashield. Every experiment included controls
for the method by leaving out the primary antibodies from
the full protocol.

Brightfield immunohistochemistry

For light microscopic visualization, sections were blocked
in 4% normal goat serum (NGS) or 4% BSA in 0.1 M PB.
This was followed by incubation with primary antibodies
(1-3 days): mouse anti-AT8 1:5000, rabbit anti-calretinin
1:1000, guinea pig anti-vGLUT?2 1:500, mouse anti-vGLUT2
1:8000. We tested two other antibodies that recognize differ-
ent epitopes of ptau (mouse anti-PHF1 1:1000, mouse anti-
CP13 1:1000; Table S1) and observed similar distributions
for ptau to that of ATS8. After washing in 0.1 M PB, sections
were reacted with biotinylated secondary antibodies diluted
in 0.1 M PB and incubated overnight at 4 °C. Subsequently,
for experiments that included anti-vGLUT?2 tests, sections
were incubated with 1:100 avidin + biotin-HRP (horseradish
peroxidase) complex (Vector Labs) in 0.1 M PB at 4 °C. The
vGLUT2 immunoreaction was enhanced with tyramide signal
amplification (1:50; Akoya Biosciences). Next, sections were
processed using 0.5 mg/ml diaminobenzidine (DAB; Sigma-
Aldrich) as chromogen, 2% nickel ammonium sulfate, and
0.4% ammonium chloride in 0.1 M PB. Subsequently, hydro-
gen peroxide was added to a final concentration of 0.002% w/v
to initiate DAB polymerization. After 12-20 min (depend-
ing on immunolabeling intensity), reactions were stopped by
washing 3 10 min in 0.1 M PB. Free-floating sections were
fixed onto glass sides using chrome alum gelatin. Next, sec-
tions were incubated in xylene for 5 min and mounted in DPX
(Merck).

Initial electron microscopic assessment of brain
sections

To assess the subcellular structure of thalamic sections
without any immunoreactions, sections were post-fixed in
glutaraldehyde fixative (2.5% glutaraldehyde, ~0.2% w/v
picric acid, 4% paraformaldehyde in 0.1 M PB) for 1-2 h.
Subsequently, sections were treated with 0.5% OsO, in
0.1 M PB washed in 0.1 M PB and in distilled water. Next,
sections were incubated in 50% and 70% ethanol, then with
1% uranyl acetate dissolved in 70% ethanol. Dehydration of
sections was continued in an ascending alcohol series 70%,
90%, 95%, 100%) followed by acetonitrile. Finally, sections
were embedded in epoxy resin (Durpucan AMC, Fluka,
Sigma-Aldrich).

Single- and double-labeling pre-embedding
immunohistochemistry for combined light
and electron microscopy

Free-floating sections (Table 1) were washed 3X in 0.9%

NacCl buffered with 50 mM Tris (pH 7.4; TBS) and then
blocked in 4% NGS in TBS for 45 min. Next, sections were

@ Springer
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2. = incubated with primary antibodies in TBS for 3 days at 4 °C.
3 &l m w| Z The following conditions were used:
Sg|lE Z| ¢
Sl R - . . L ,
=l 1. One primary antibody (AT8) with immunogold labeling
o T visualized by silver intensification.
% > <zt ; = 2. Qne primary antibody (vGLUT2) with peroxidase reac-
g = tion.
= 3. Two primary antibodies, followed by a silver-intensified
0 <« < f_ %1 immunogold reaction (AT8) and a peroxidase reaction
= z Z|l+ 3 (VGLUT2).
% E 4. Method control: no primary antibody; immunogold and
kD § biotinylated secondary antibodies, followed by silver
E § <Zt g é intensification and DAB treatment.
N
4 g Sections were subsequently rinsed 3% in TBS and blocked
§ < < % E for 30 min at RT in 0.1% cold water fish skin gelatin (CWFES)
- - 7 E’ f@ solution containing 0.8% NGS diluted in TBS to reduce the
g E non-specific binding of secondary antibodies. Sections were
§ P = E incubated overnight at 4 °C in CWFS solution containing
= Z § % biotinylated secondary antibody and/or immunogold-conju-
=~ g gated secondary antibodies (1:200 donkey anti-mouse ultra-
g 533 E small immunogold (Aurion, 100.322). Sections were washed
2 |¥ <|g B 3x in TBS and 1x in 0.1 M PB followed by incubation in
& T A “i Eﬂ 2% GA diluted in 0.1 M PB to fix the secondary antibody
) g ::g conjugated to immunogolq particles. .
= = 5 After repeated washes in 0.1 M PB and TBS, sections
5 i <z'1 ' é were incubated overnight at 4 °C in avidin + biotin-HRP
- % u;:‘é complex diluted in TBS. Tissues were treated with enhance-
Z 8 g ment conditioning solution (ECS; Aurion) diluted 1:10 in
2 I <zt 8 g distilled water for 3 X 5 min. To visualize immunogold parti-
S&a 3 g cles, sections were incubated in silver enhancement solution
=3 2 & (SE-LM, Aurion) for 20 min at 20 °C in the dark and then
£ i T < E & washed in ECS. Following 2 X2 min washes in distilled water
A + z| g %‘ and 2 X 10 min washes in 0.1 M PB, peroxidase was visual-
: £ E " ized using DAB (0.5 mg/ml) as chromogen developed with
g ~ f 2 5 g 0.01% H,0,. Subsequently, sections were washed in distilled
% T = < & _§ S water and treated with 0.5% OsO, in 0.1 M PB for 20 min on
3 % E 2 ice in the dark. To enhance contrast, sections were incubated
8 g g E:S in 1% uranyl acetate diluted in distilled water or diluted in
S §73 5 32 70% ethanol after incubation in 50% ethanol for 25 min on
Z T S| 82 & E ice. Next, the dehydration of sections was carried out in an
3 £ % % ascending alcohol series (50%, 70%, 90%, 95%, 100%), fol-
§ Qé E f lowed by acetonitrile; then sections were embedded in epoxy
S - < E] é 5 § resin. After overnight incubation at RT, they were transferred
< z Z| 5 2 35 2 onto glass slides. To polymerize epoxy resin, sections were
5 ; £ g § incubated at 55 °C for 2 days. Selected regions of the thala-
E E ;: 2 § mus were cut out and re-embedded in epoxy blocks. Series
S| 8 e |l &2 of 50-70 nm-thick sections were cut with an ultramicrotome
é A > > g i’; Ky g (Leica Ultracut UTC) and collected onto Pioloform-coated
g % e o E § é é single slot copper grids. Some sections were counterstained
ic S 3J|E& s % with lead citrate to increase contrast.
219 E ; g § Specimens were studied on three microscopes: a Jeol
1S x 2| £ 28 § b 1010 transmission electron microscope equipped with a
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digital GATAN Orius camera, at the Department of Physi-
ology, Anatomy and Genetics, Oxford University; a JEOL
1400 transmission electron microscope equipped with a Rio
digital camera, at the Sir William Dunn School of Pathol-
ogy, Oxford University; and a Hitachi 7100 electron micro-
scope with a Veleta CCD camera (Olympus Soft Imaging
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Solutions, Germany), at the Institute of Experimental Medi-
cine, Budapest, Hungary. Signals were observed within the
same locations and also in different structures, indicating
that the experiment did not produce false-positive double-
labeling results.
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«Fig. 1 Progression of tau pathology in the rostral thalamus and
the cerebral cortex. a—f Brightfield images of ptau (AT8 immuno-
reactivity; HRP-based diaminobenzidine (DAB) end product) in
50-um-thick sections of rostral thalamus, hippocampal formation,
parahippocampal gyrus, and cingulate gyrus. a Braak stage 0, Case
5. Note ptau+ dendrites in the ADn (right). Inset, schematic of neural
circuit. b Braak stage 0, Case 5 (hippocampal formation) and Case 3
(cingulate gyrus). ¢ Braak stage III, Case 12. d Braak stage III, Case
11 (hippocampal formation) and Case 12 (cingulate gyrus). e Braak
stage VI, Case 17. f Braak stage VI, Case 19 (hippocampal forma-
tion) and Case 17 (cingulate gyrus). Quantification of ptau cover-
age (g) and ptau+ cells (h) for early (n=2), middle (n=3), and late
(n=1) stage cases. i,j Scoring of ptau intensity across different tha-
lamic nuclei (n=26 cases) and cortical areas (n=38 cases). Scores:
undetectable ptau (0), trace inclusions (0.5), sparse (1), moderate
(2), dense (3). Median values are shown (see Table S4 for individual
datapoints). ADn, anterodorsal nucleus; AV, anteroventral nucleus;
MD, mediodorsal thalamic nucleus; PVT, paraventricular thalamic
nucleus; RE, reuniens nuclear complex; TRN, reticular thalamic
nucleus; DG, dentate gyrus; ProS, prosubiculum; PrS, presubiculum;
ParaS, parasubiculum; EC, entorhinal cortex; BA, Brodmann area;
RS, retrosplenial area (BA30, dysgranular retrosplenial cortex; BA29
and BA26, granular retrosplenial cortex); LMB, lateral mammil-
lary nucleus; MMB, medial mammillary nucleus. Scale bars: black,
4 mm; red, 250 um; gray, 80 um

Data collection

Fluorescence immunohistochemistry for CR colocalization:
Tissues were collected from five cases that had at least ten
ptau+ cells in the ADn (Cases 1, 12, 13, 14, 17); five cases
were excluded (Cases 3, 4, 5, 9, 11). Three sections/case
were assessed, reporting average values.

Light microscopy

We assessed all 26 cases with light microscopy (Table 1),
independent of Braak staging. We examined and scored
combinations of the thalamus, cortex, hypothalamus, and
brainstem (Table 2; Table S3). For each case, we assessed
an average of three thalamic sections, three hippocampal/
entorhinal sections, six cingulate gyrus sections (Brod-
mann areas (BA) 23, 30, 29, 26), four sections containing
the mammillary bodies, and five sections of the midbrain.
We calculated the average scores across different sections.
Then, for cases categorized under the same Braak stage,
we report the median score (Table S3). For cases that
lacked sections for light microscopy, fluorescence immu-
nohistochemistry was used to assess the distribution of
ptau.

Electron microscopy

Samples were selected from 4/13 tested cases that had suf-
ficient quality for analysis. Data were collected from one
thalamus section/case, from which two areas were assessed.
Analysis was performed by two independent individuals

(B.S. and P.S.) per case; one person was blind to the Braak
stages. Only synaptic structures were quantified. Electron
opaque (‘dark’) boutons were excluded from the analysis
due to the likely loss of antigenicity. Dark bouton fre-
quency was as follows: Case 12, 0% (0/104), Case 25, 2.8%
(n=3/106), Case 4, 28.57% (n=20/70); Case 17, 29.13%
(n=30/103). Tissue quality prevented an unbiased synapse
density quantification, because of the large spaces among
cellular profiles; therefore, random sampling of synapses
was carried out. The frequency was influenced by the size of
the boutons and dendrites. Structures were followed through
4-5 serial sections (~4.7 sections/structure). The primary
magnification was 1500-3000%, then the structures were
imaged and identified at 1500—-6000x magnification. Back-
ground labeling for AT8 was very low. Immunopositivity
of a cellular profile for ATS was defined by the presence of
at least one silver—gold particle (~12.1 particles/structure
on average). Bouton area was measured across three serial
electron micrographs and the average was calculated. Bou-
tons without distinct membranes were not included in the
analysis.

Data analysis

The ADn was defined by the high density of CR+ cells
between the MD and AV. The AV was defined by a lack of
CR+ cells, located in the dorsal part of the thalamus. The
nucleus reuniens could not be accurately delineated with
CR; therefore, we defined the reuniens nuclear complex
(RE) as the area around the third ventricle. The PVT was
defined as the dorso-ventral band of CR+ cells adjacent
to the midline. The MD was defined as a large nucleus
predominantly lacking CR+ neurons lateral to the PVT.
The TRN was identified by its net-like structure contain-
ing CR+ cells. Imaged sections were analyzed in QuPath
and Python.

Pixel classification

To delineate thalamic nuclei in digitized AT8-immunola-
beled sections, adjacent CR-immunoreacted sections were
aligned with the TrakEM?2 plugin in Fiji. Outlines of each
thalamic nucleus were defined in the CR-immunolabeled
section and imported as regions of interest (ROI) into
the corresponding digitized AT8-immunolabeled sec-
tion, with manual alignment required for some ROIs
(Figure S1).

For quantitative analysis, ptau coverage per thalamic
nucleus was detected in QuPath using an artificial neural
network (ANN_MLP) pixel classifier. Only perfusion-
fixed sections were assessed, as FFPE sections lacked
sufficient quality. Neuronal cell bodies were counted
in QuPath by manually selecting every cell to generate
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«Fig.2 Serial sections of rostral thalamus for Braak stage III. a,b
Serial sections showing the distribution of CR (left) and ptau (ATS,
right) at different rostral-caudal levels by DAB-HRP immunoreac-
tion (nickel intensified, gray/black). Note variable ptau immunoreac-
tivity in the laterodorsal nucleus (LD) across the rostro-caudal axis.
Sections are 100 pm apart (Case 12, Braak stage III). Scale bars:
4 mm (a), 100 um (b)

counts. Every case with thalamic sections was assessed
(Table S4).

For ptau intensity scoring, the distribution of ptau in
each area was defined by the following scores: 0, lacking
detectable ptau; 0.5 (i), containing trace inclusions; 1 (+),
sparse/mild; 2 (++), moderate; 3 (+++), dense (Tables 1,
2; Table S3). Both PFFF and FFPE sections were assessed.
For cortical sections, scoring was carried out blind to the
case/Braak stage.

Imaging

Glass slides were digitized using a Pannoramic MIDI II
scanner (3DHISTECH; Budapest, Hungary) with a Plan-
Apochromat objective lens (20X magnification, NA 0.8,
lateral resolution 0.346 x 0.325 pm/pixel) and pco.edge
4.2 4 MP camera. For transmitted color brightfield images,
three focus levels were applied. Representative images were
captured in CaseViewer. For confocal microscopy, an LSM
710 was used with Plan-Apochromat 40x/1.4, 63x/1.4, and
100x/1.46 objectives (ZEN 2008 5.0 or ZEN Black 14.0
software). Laser lines (solid-state 405 nm, argon 488 nm,
HeNe 543 nm and HeNe 633 nm) were configured with the
appropriate beamsplitters. The pinhole was set to ~1 Airy
Unit for each channel. Brightfield images were acquired with
a Zeiss AX10 microscope using an AxioCam HRc camera
(63%/1.4 objective). For representative confocal images,
maximum intensity projections were used for z-projections.

Data and materials availability

Data, code, and materials used in the analysis are avail-
able on request. Human brain tissue is governed by material
transfer agreements with the Brain Banks and the Human
Brain Research Laboratory.

Results

The anterodorsal thalamic nucleus shows early
and consistent vulnerability to tau pathology

We examined post-mortem brain samples from 26 cases,
grouped by the Braak tau stages of disease progression
(Table 1) [16]. We assessed early (Braak stages 0-II; n=15),
middle (Braak stages III-1V, n=6), and late (Braak stages

V-VI, n=35) cases, comparing the rostral thalamus (n=25
cases) to the cortex (hippocampal formation and cingulate
areas) and to other subcortical areas (Fig. 1a—f, 2, 3, 4;
Tables 1, 2; Tables S3, S4).

We quantified ptau coverage and ptau-immunoreactive
(ptau+) cells using the ATS8 antibody, which recognizes
phosphorylated serine 202 and threonine 205 residues of tau
[34], in 50-um-thick sections from perfusion-fixed human
brains using a pixel classifier (Fig. 1g, h; Figure S1; Table 1;
Methods). We confirmed these data with a ptau-intensity
scoring system in a larger number of samples comprising the
perfusion-fixed sections and 10-pm-thick FFPE sections and
FFIF sections (Fig. 1i, j; Table S3; n=26 cases).

We observed ptau+ neurons and processes restricted to
the ADn in controls (‘pre-Braak’ stage 0; n =4/6 cases; cov-
erage =0.56%, ptau+ cells=1.29 mm™~2, intensity score = 1;
Figs. la, g—i, 4a; Table 2). In contrast to the ADn, when
we examined all early-stage cases (Braak stages 0-1I, n=15
cases), we found that the other rostral thalamic nuclei, even
those adjacent to the ADn, distinctly lacked ptau (Figs. la,
2a; Figure S2a; Table 2; Tables S3, S4). Among the post-
synaptic targets of the ADn [65, 66], both the EC and ret-
rosplenial cortex (RS; BA 30, 29 and 26), but not the pre-
subiculum (PreS), exhibited sparse ptau (EC score=1,n=3
cases, RS score=0.5, n=2 cases; Fig. 1b, j; Table S3). Mild
tau pathology in CA2 (n=2/3 cases) suggests the presence
of four-repeat tau isoforms or primary age-related tauopathy
(PART) [40, 82] in parallel with ptau in the ADn.

At middle stages (Braak stages III-IV, n=6 cases), the
ADn contained moderate levels of ptau (coverage =8.54%,
ptau+ cells=11.65 mm™~2, intensity score =2.65; Figs. lc,
g—i, 2; Figure S3a, b; Table 2; Tables S3, S4), whereas
other rostral thalamic nuclei showed sparse ptau (AV:
coverage =0.15%, ptau+ cells =14.49 mm~2, score=0.5;
paraventricular nucleus (PVT): coverage =0.96%, ptau+
cells=1.91 mm™2, score =1.38; Fig. 1c, g—i; Tables S3,
S4). In the cortex, ptau was observed at moderate-to-intense
levels, with the RS, EC and prosubiculum (ProS) showing
intense ptau immunoreactivity; the PreS displayed sparse
immunolabeling at this stage (RS score =3; EC score = 3;
ProS score =3; PreS score =1; Fig. 1d, j; Table S3). In the
RS, ptau was concentrated in the granular areas (BA 29 and
26).

At late stages (Braak stages V-VI), which included
cases with Alzheimer’s disease (Table 1) [16], intense
ptau was observed in the ADn, with a high density of
ptau+ cells (n=4/4 cases; coverage=36.31%, ptau+
cells=118.89 mm™2, intensity score =3; Figs. le, g—i, 3;
Tables S3, S4). The laterodorsal nucleus (LD) showed a high
ptau density in the late stages, matching that of the ADn
(Figs. 1i, 3; Table S3). The PVT had a similar ptau cover-
age to middle-stage ADn (rn=5/5 examined cases; 11.62%,
score = 1.38; Figs. Ic, e, g, i, 3; Table 2; Tables S3, S4)
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«Fig.3 Serial sections of rostral thalamus for Braak stage VI. a,b
Serial sections showing the distribution of ptau (AT8) at different ros-
tral-caudal levels by DAB-HRP immunoreaction (nickel intensified,
gray/black). Sections are 100 um apart (Case 17, Braak stage VI).
Scale bars: 4 mm (a), 100 pm (b)

and had the highest ptau+ cell count after the ADn (29.13
cells mm™2). The reuniens nuclear complex (RE) was simi-
larly affected (score=2). In contrast, the AV had lower
coverage and ptau+ cell counts (coverage =6.28%, ptau+
cells = 14.49 mm™2, intensity score= 1) followed by the
mediodorsal nucleus (MD), which remained relatively sparse
compared to the other examined nuclei (coverage=1.62%,
ptau+ cells=2.84 mm™2, score = 1.25; Fig. le, g—i; Table 2;
Tables S3, S4). The GABAergic thalamic reticular nucleus
(TRN) lacked ptau immunopositive cell bodies; only axons
and axon terminals were ptau+ (coverage =2.98%, ptau+
cells=0 mm~2, score =2 Figs. le, g-i, 3; Tables S3, S4),
consistent with previously published data [76]. In the cor-
tex, ptau severely affected each examined area (Fig. 1f, j;
Table S3), consistent with previous studies [16].

To provide additional context for the very early subcorti-
cal tau pathology in the ADn, we also examined the LC,
which is susceptible to ptau at ‘pre-Braak’ stages [29, 33].
At early stages, in contrast to the sparse—moderate levels of
ptau in the ADn, ptau expression in the LC was predomi-
nantly very weak and localized to processes resembling
axons (n=7/8 trace inclusions or sparse; n=1/8 lacking
ptau; n=Figure S4a, b; Table 2) [19]. In the middle and
late stages, there was moderate ptau in somata, dendrites
and axons (Figure S4c; Table 2). Interestingly, we detected
neuromelanin in a few ptau+ somata. The DRn also showed
moderate ptau in one tested Braak stage II case (Figure S4b).
The lateral mammillary nucleus (LMB), which is presynap-
tic to the ADn (Fig. 1a) [80], lacked ptau in n=3/4 early-
stage cases (Figure S5a; Table 2). In one Braak stage II case,
the ADn showed moderate-dense ptau and the LMB showed
mild—moderate ptau (Case 23, Figure S5b). In middle and
late stages, moderate—dense ptau was present in the LMB
(Figure S5c¢, d; Table 2). The adjacent medial mammil-
lary nucleus (MMB) and tuberomammillary nucleus had a
similar pattern to the LMB (Figure S5b; Table 2). The data
largely confirm previous reports [7, 16, 29, 33, 75].

In addition to neuronal ptau, we observed ptau+ ‘coiled
bodies’ in the ADn (Figure S3c). Based on their size
(~10 um) and shape, we suggest that coiled bodies are local-
ized to oligodendrocytes, which are typically overlooked in
Alzheimer’s disease [55, 81]. We also detected ptau+ tufted
astrocytes in six cases, which are associated with aging, Alz-
heimer disease, and other tauopathies [10, 46, 63]. Despite
widespread ptau in astrocytes of varying shapes, sizes, and
locations, including within the ADn (Figures S3a, b, d, S5¢),
neuronal ptau was consistently detected within the ADn,

presynaptic LMB, and postsynaptic RS, suggesting this
pathway can develop tau pathology in parallel with aging-
related tau astrogliopathy (ARTAG) [46].

These results reveal that distinct nuclei of the rostral
thalamus are affected early on by ptau, with the ADn con-
sistently having the highest ptau density and ptau+ cells
across all stages (Figs. 1a, 4a; Figures S2a, S3a; Table 2;
Tables S3, S4).

Calretinin-expressing neurons accumulate ptau
in the rostral thalamus

We noticed that thalamic nuclei vulnerable to ptau were in
CR-enriched regions (Figs. 2, 3, 4a) [31] and hypothesized
that CR+ neurons were sensitive to accumulating ptau. We
performed double immunolabeling with CR and ATS (for
ptau) and observed colocalization in neurons within the
ADn, PVT, and RE (Fig. 4a—d). In the TRN, CR-enriched
neurons lacked ptau (Fig. 4f), consistent with the distinct
lack of ptau+ TRN cell bodies (Fig. 1h). As the ADn con-
tained ptau+ neurons even in control cases (Figs. la, h,
4a), we tested whether CR+ neurons were affected at early,
middle and/or late stages. Even at Braak stage 0, CR was
detected in the majority of ptau+ neurons (64.3% CR+ ,
n=1 case; Fig. 4a, b, e). In the middle stage, a large propor-
tion of ptau+ cells were CR+ (81.1%; n=3 cases; Fig. 4c, e),
and in the late stage, 71.1% were CR+ (n=1 case; Fig. 4d,
e). In conclusion, CR-expressing neurons were affected very
early on, and at every stage, the majority of ptau immuno-
positive cells were CR+ in the ADn.

Subcellular distribution of ptau in the anterodorsal
thalamus

After establishing that ADn neurons were especially vulner-
able to ptau, we investigated the subcellular distribution of
ptau to reveal how it spreads. To define synaptic structures
at different stages of tau pathology, we examined ultrathin
(~50-70 nm) sections of the ADn. We obtained electron
microscopic samples from 4 cases (Cases 4, 12, 25, 17)
that were appropriately preserved for quantitative analy-
sis (Fig. 5a—d; Braak stages 0, II, III, and VI). We identi-
fied two main types of synaptic boutons with asymmetric
synapses: large ~1-8 pm boutons (Fig. 5c; Figure S6a—c),
consistent with presynaptic axon terminals from the mam-
millary body [68], and small <~1 pm diameter boutons
(Fig. 5d; Figure S6a—c), resembling ‘classical’ cortical
presynaptic terminals [64]. Some presynaptic boutons from
stage 0 (n=20/70), from stage II (n=3/106) and stage VI
(n=31/103) had a highly electron opaque (‘dark’) appear-
ance, ranging from a homogeneous state to others with
recognizable vesicles and mitochondria, but all showing
collapsed, scalloped forms (Figure S2¢). This may indicate
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«Fig. 4 Ptau-containing neurons in the anterodorsal thalamic nucleus
express calretinin. a Brightfield images of the rostral thalamus at
Braak stage 0 (Case 1, FFPE, 10-um-thick section). Left, adjacent
sections immunoreacted for calretinin (CR) and ATS8 (ptau) visual-
ized with HRP-based DAB reaction end product. Right, enlarged
view of the ADn (red boxed region) revealing CR+ and ptau+ neu-
rons. b—d Subpopulations of calretinin (CR) immunoreactive neu-
rons (magenta) colocalize ptau (AT8, green; white arrowheads) in
the ADn. b Early stage (Case 1, FFPE sample), confocal z-projection
(5.7 um thick). ¢ Middle stage (Case 12, perfusion-fixed, 50-um-thick
section). Left, widefield fluorescence. Right, detail CR and AT8 colo-
calization in the ADn from an adjacent section (red boxed region),
confocal z-projection (3.7 pm thick). d Late stage (Case 17, perfu-
sion-fixed, 50-um-thick section), confocal z-projection (3.9 um thick).
Faded green signal is lipofuscin (e.g., asterisks). e Box plots of the
percentage of AT8 immunoreactive cells in the ADn that were immu-
nopositive for CR. f In the TRN, a CR+ neuron in close apposition
to ptau+ boutons lack ptau (arrowhead, soma). Confocal z-projection,
2.2 um thick (c¢). Scale bars: 4 mm (a left, ¢ left); 250 pm (a right);
100 um (e right); 20 um (b, d, f). CD, caudate nucleus; STN, subtha-
lamic nucleus

degeneration of certain nerve terminals, and/or be a sign
of selective vulnerability to post-mortem/fixation con-
ditions [24, 71]; these terminals were omitted from our
quantification.

To identify subcellular ptau, we first examined cell bodies
in the ADn, which contained abundant filaments (Fig. 5e).
These resembled filaments previously found in the cortex
of tauopathies including Alzheimer’s disease [9, 44, 74].
We visualized ptau with silver-enhanced immunogold par-
ticles, and observed that ptau was specifically associated
with the intracellular filaments (Fig. Se, g; Figure S2g), thus
unequivocally demonstrating the association of ptau with
the originally described paired helical filaments [45] at the
ultrastructural level. Cell bodies also contained abundant
lipofuscin (Fig. 4d, 5e). Filaments immunolabeled for ptau
were also localized to dendrites (Fig. 5f; Figure S2d, g, h),
and could be observed in large bundles (>1 pm) (Fig. 5g).
Filament bundles were immunolabeled predominantly on
the cytoplasmic surface, most likely due to reagents not pen-
etrating into the bundle (Fig. 5g). We also detected ptau in
myelinated axons (Fig. Sh). Given that ptau was localized
to a variety of subcellular domains, we next investigated
whether ptau can also be associated with axon terminals in
the ADn.

Subcortical vesicular transporter 2-expressing
presynaptic terminals preferentially contain ptau

Large presynaptic terminals of subcortical origin contain
vesicular glutamate transporter 2 (vGLUT2) [59]. We
observed strongly overlapping distributions of vGLUT2
and AT8 immunoreactivities at the light microscopic
level, especially in the ADn, RE, PVT, and internal
medullary lamina (Fig. 6a). The overlapping vGLUT2

and ATS distributions suggested that vGLUT2 may be
related to ptau. When we examined sections immunore-
acted for both vGLUT?2 and AT8, we discovered that ptau
was localized to vGLUT2+ boutons (Fig. 6b, e, f; Fig-
ure S2b, d). Whereas some vGLUT2+ boutons showed no
signs of abnormalities (Fig. 6¢), others were degenerating
(Fig. 6d; Figure S2c). The degenerating vGLUT2+ boutons
had clumped mitochondria (Fig. 6d). Many of these bou-
tons contained large (80-100 nm) double-walled vesicles
(Fig. 6d) [44], consistent with autophagy or the packaging
and/or potential release of different forms of tau [26, 56].
Not all vGLUT2-positive degenerating boutons displayed
detectable ptau, at least in the sections that we examined.
In some degenerating boutons which were immunoreactive
for both vGLUT?2 and ptau, ptau+ bundles of filaments
occupied a large proportion of the volume crowding out
vesicles (Fig. 6b, ), which may cause impairments in neu-
rotransmission. We also observed synaptic partners con-
sisting of presynaptic vVGLUT2+ boutons and postsynaptic
dendrites that both contained ptau (Fig. 6f; Figure S2d),
suggestive of transsynaptic spread between the mammillary
bodies and ADn (Fig. la; Figure S5b). The size distribu-
tion of ptau-positive terminals also confirmed that large
presynaptic terminals are preferentially affected by ptau
pathology (Figure S6a—c).

The distribution of presynaptic and postsynaptic
ptau suggests transsynaptic spread

Given the observation of ptau in both presynaptic terminals
and postsynaptic dendrites (Fig. 5f, 6b, d—f; Figure S2b, d,
g, h), we quantitatively characterized how the synaptic distri-
bution of ptau changed across different Braak stages, exam-
ining 652 presynaptic boutons and postsynaptic dendrites,
each of which was followed over several serial sections.

At Braak stage 0, despite ptau being detectable at the
light microscopic level (Figs. 1a, 4a), all sampled boutons
and dendrites lacked ptau (n=50/50 boutons, n=62/62 den-
drites; Case 4; Fig. 6g, h). Similarly, despite abundant ptau
in the ADn at Braak stage II (Fig. 1i; Figure S2a; Table 2;
Table S3), we did not detect ptau in boutons (n=106/106)
or dendrites (n=109/109) at the electron microscopic level
(Fig. 6g, h; Figure S2e, f), probably due to the limited sam-
pling area.

At Braak stage III, 5.8% of boutons (n=6/104) and
21.6% of dendrites (n=22/102) were ptau+ (Case 12;
Fig. 6g, h; Figure S2d). In this stage, the proportion of
synapses in which both the presynaptic boutons and the
associated postsynaptic dendrites contained ptau was 3.9%
(n=4/104; Figure VGLUT?2f S2d). At Braak stage IV, we
detected ptau within dendritic appendages in close appo-
sition to vGLUT2+ terminals, which also contained ptau
(Figure S2b).
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«Fig.5 Electron micrographs of synaptic elements and tau filament-
bearing structures in the human anterodorsal thalamic nucleus. a—d
Unlabeled synaptic boutons (b) and dendrites (d) forming synaptic
junctions (arrowheads): a,b early stage (Braak stage 0, Cases 3 and
4); ¢ middle stage (Braak stage III, Case 12); a large bouton contain-
ing a high density of synaptic vesicles forms multiple synapses with
its postsynaptic partners; d late stage (Braak stage VI, Case 17), small
terminals form junctions (arrowheads) with small caliber dendrites.
e-h Immunolabeling for ptau (AT8, gold-silver particles, all from
Case 17, stage VI): e localization of ptau in a cell body containing
lipofuscin (li); inset, detail of the boxed region showing immunola-
beled ptau filaments (double arrowheads mark gold—silver particles);
f a thin, ptau+ dendrite receiving an asymmetric synapse (arrowhead)
from a small bouton (b); g high power image of paired helical fila-
ments associated with silver intensified immunogold particles dem-
onstrating ptau immunoreactivity; h ptau immunolabeling in a myeli-
nated axon. Mitochondrion, mi. Scale bars: 0.5 pm (a-h), 0.25 um (e
inset)

At Braak stage VI, the proportion of affected boutons and
dendrites greatly increased: 20.6% of boutons (n=15/73)
and 51.5% of dendrites (n=52/101) contained ptau (Case
17; Fig. 6b, d-h). Furthermore, 12.3% (n=9/73) of syn-
apses consisted of both ptau+ boutons and ptau+ dendrites
(Fig. 6f, g; Figure S2d). These data demonstrate that the
proportions of both the presynaptic and postsynaptic ele-
ments containing ptau increase with Braak stage.

Finally, we examined the relationship between presynap-
tic vGLUT?2 and ptau across stages. At the early stage, we
identified vGLUT2+ boutons (n=18, Braak stage 0; n=37,
Braak stage II; Figures S2e, f, S6d), but did not detect ptau
(Figure S6). But by the middle stage, from a total of 104 syn-
aptic boutons, 5.8% (n=6) were both vGLUT?2 and ptau dou-
ble immunopositive (Fig. 6i), whereas none of the vGLUT2
immunonegative boutons (n=57) were ptau+. In other words,
100% of ptau+ boutons were vGLUT2+ (n=6) and 12.8%
of vGLUT2+ boutons (n=47) were ptau+, supporting the
hypothesis of selective vulnerability of subcortical vVGLUT2+
synaptic terminals. Filamentous contacts with postsynaptic
structures, known as puncta adherentia, are associated with
mammillothalamic terminals [59]. We identified puncta adher-
entia between vVGLUT2+ boutons and postsynaptic dendrites
containing ptau (Figure S2d). Moreover, the small corticotha-
lamic boutons lacked ptau (Figure S6b, e), which indicates
that ptau in the ADn is unlikely to have spread anterogradely
from the cortex.

In the late stage, out of a total of 73 synaptic terminals,
an even higher proportion showed vGLUT2 and ptau colo-
calization (16.4%; n=12; Fig. 61), i.e., ~80% of ptau+ bou-
tons (n=15) were immunopositive for vVGLUT2. And of all
vGLUT2+ boutons (n=38), 31.5% were ptau+. The data on
the colocalization of vGLUT?2 and ptau is even likely to be an
underestimate, given that large ‘dark’ boutons are likely to be
degenerating mammillothalamic terminals (Figures S2c, S6f),
and we only sampled relatively few sections for each terminal.

The above results suggest that vVGLUT2+ boutons are strong
candidates for the transsynaptic spread of ptau between post-
synaptic ADn neurons and presynaptic mammillary body neu-
rons within the Papez circuit (Fig. 7).

Discussion
Significance of ADn tau pathology

Untangling which brain regions are first affected in neuro-
degenerative diseases may facilitate earlier diagnosis and
enhance treatment options. We found that the ADn accumu-
lated ptau very early on at the pre-cortical stage that lacked
significant neocortical or hippocampal pathology (Braak
stage 0). Calretinin-expressing neurons of the ADn were vul-
nerable at all disease stages. Given the consistently high ptau
density and ptau+ cell counts that we observed in the ADn
at all stages and in a variety of cases with different clinical
and pathological hallmarks, we suggest that the human ADn
is a ‘hub’ for early-forming tau pathology and may be part of
PART [82], later degenerating in Alzheimer’s disease [85].
It would be informative to test whether the ADn contains
ptau in younger individuals [17] and establish which forms
of tau (e.g., soluble ‘pretangles’) are present [19]. Using
perfusion-fixed tissue and immunogold labeling, we local-
ized, to our knowledge for the first time, ptau to presynap-
tic boutons and postsynaptic dendrites, with paired helical
filaments resembling those described previously in cases of
Alzheimer’s disease and other tauopathies [9, 10, 44, 45,
49]. Surprisingly, despite the classical hypothesis of ptau
spreading via corticocortical pathways originating in the
EC [18], ptau was not found in corticothalamic boutons in
the ADn. Instead, ptau was preferentially localized to large
vGLUT2-expressing subcortical terminals. This supports the
transsynaptic theories of disease progression but highlights
an alternative or parallel major subcortical glutamatergic
pathway necessary for driving the spread of ptau in relation
to the emergence of Alzheimer’s disease. In contrast to the
well-defined connectivity of the Papez circuit, the diffuse
widespread projections of the LC make it difficult to explain
why the very early accumulation of misfolded forms of tau
would propagate preferentially from the LC to the EC and
not to all other areas the LC projects to [18]. In addition, the
vast majority of LC terminals do not form classical synapses
in the cortex [13], and thus this terminal type would require
a specialized mechanism for “transsynaptic” spread other
than via classical synapses.

Lesions of the anterior nuclear group (ADn, AV, AM)
impair spatial reference and working memory in rats [32,
50, 79, 83], and thalamic infarctions (especially those that
include the mammillothalamic tract) are associated with
amnesia in humans [78]. Also, in mice, selective disruption
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«Fig. 6 Localization of ptau to vVGLUT2-expressing presynaptic termi-
nals. a Brightfield microscope images of rostral thalamus (serial sec-
tions, late stage, Case 17) reacted for vGLUT2 (left) and ptau (ATS,
right); HRP-based diaminobenzidine end products (DAB). Note
similar distributions for vGLUT2 and ptau (red arrowheads). b—f
Electron micrographs showing ptau filaments (AT8 immunolabeling,
e.g., double arrowheads mark gold-silver particles) and vGLUT2-
immunolabeled boutons (DAB) from the ADn of Case 17. Abbrevia-
tions: b, bouton; d, dendrite. Black arrowheads mark synaptic junc-
tions. b A vGLUT2-immunopositive (vGLUT2+) bouton containing
ptau filaments in the middle. Inset, higher magnification of helical
ptau filaments from boxed region. ¢ Two vGLUT2+ boutons (DAB)
and a vGLUT2- bouton (&', top right) lacking ptau, a silver particle
is adjacent to the bouton. d A large vGLUT2+ terminal b contain-
ing double-walled vesicles and clumped mitochondria. Inset, detail of
boxed region showing vesicles (e.g., marked by white arrowheads).
A small bouton (&', top left) forms a synapse with a ptau immunopo-
sitive dendrite. e A large vVGLUT2+ bouton (note DAB end product
on vesicles at the synapse) containing dense ptau filaments. f Elec-
tron micrographs of sequential sections (S1, S2) showing ptau in both
the vGLUT2+ bouton and the postsynaptic dendrite. Double arrow-
heads mark examples of gold—silver particles; asterisks label dark
DAB product around vGLUT2+ vesicles. g Proportion of synapses
(%) in the ADn with or without ptau in the presynaptic bouton and/
or postsynaptic dendrite at Braak stages 0, II, III, VI. h Proportions of
synaptic boutons (%, left) and dendrites (right) containing ptau at the
different stages. i Proportion of synaptic boutons (%) with or without
vGLUT2 and ptau immunoreactivities at the different stages. Scale
bars: 2 mm (a), 0.5 pm (b, d, e), 1 um (c), 0.25 pm (f), 150 nm (b,d
insets)

of the ADn impairs spatial working memory [60]. The ante-
rior nuclear group shares cortical targets through direct pro-
jections to the granular RS, PreS, and EC [65, 66]. The AV
and AM receive inputs from multiple cortical areas includ-
ing the EC, yet the ADn only receives input from the dorsal
part of the RS and not the EC [42, 62]. If ptau had spread
directly from the EC to the anterior nuclear group, we would
have detected early ptau in the AV, but it was sparse even at
the middle stage. Another key difference between the ante-
rior thalamic nuclei is that the ADn receives glutamatergic
input from the LMB, whereas the AV and AM receive input
from the MMB [35, 37].

The large vGLUT2-containing axon terminals that we
found to selectively accumulate ptau likely arise from the
LMB. They are thought to act as ‘drivers’, releasing gluta-
mate in response to dynamic changes in the pattern of sen-
sorimotor inputs evoked by stimuli, such as changes in head
direction or shifts in gravity [47, 58, 59, 73]. Postsynapti-
cally, ADn neurons will be strongly depolarized leading to
high-frequency firing within the receptive field [73]. It is
possible that the gradual and selective accumulation of ptau
within vGLUT2+ axon terminals and neurons in the ADn
(independent of the AV and AM) will disrupt receptive fields
(e.g., head direction tuning, angular velocity) and firing
rates, thereby decreasing the information content provided to
postsynaptic neurons in the RS, PreS, and EC [65, 66]. This
might cause early and progressive deficits in the awareness

of orientation and a resulting increase in the probability of
losing balance. Our findings may explain the early impair-
ments in spatial navigation and orientation, path integration
deficits, and an increased number of falls in people that go
on to develop Alzheimer’s disease [5, 12, 22, 25, 38, 70].

Propagation of ptau involving large subcortical
vGLUT2-containing terminals

Nuclei adjacent to the ADn such as the AV and MD were
relatively resistant to ptau, even in late stages, suggesting
that in the thalamus, propagation of ptau is facilitated via
specific synapses and circuits rather than geometrical prox-
imity. Our data are consistent with the following hypothesis
(Figure S-SCHEMATIC): ptau first accumulates in CR-
expressing ADn neurons of the Papez circuit. Next, ptau
spreads to the large mammillothalamic vGLUT2+ terminals
from ADn neuron dendrites. Myelinated axons of the ADn
neurons transfer ptau to vGLUT2+ terminals in the TRN
and to cortical target areas such as the granular RS. A lack
of ptau+ cell bodies in the TRN [76] at any stage suggests
that the predominantly GABAergic cell population is ‘resist-
ant’ to the spread of ptau from vGLUT2+ boutons, whereas
cortical neurons postsynaptic to ADn neurons are likely to
be vulnerable. Note that we cannot currently rule out ptau
spreading retrogradely from cortical neuron dendrites into
ADn vGLUT2+ terminals, then from ADn dendrites to
mammillothalamic terminals at the early stages (Fig. 7).
However, the very early appearance of ptau+ neurons in
the ADn prior to cortical neurons makes this route unlikely.
Anterograde spread of ptau from the cortex to the ADn is
also not supported by our data due to the lack of ptau in
small corticothalamic terminals at the middle stage or even
in the late stage. Moreover, we did not detect ptau in the
LMB at Braak stage 0 (when ptau was present in the ADn),
ruling out anterograde spread from the LMB, at least in the
cases we examined. Nevertheless, the vGLUT2+ mammillo-
thalamic terminals are especially vulnerable due to a nearly
threefold increase of ptau in these boutons from the middle
stage to late stage. These boutons are unusual due to the
accumulation of double-walled vesicles that may represent
a type of autophagic/secretory organelle, and the presence
of puncta adherentia, which contain intercellular adhesion
proteins such as nectins. The puncta adherentia may even be
required for the transfer of ptau (Fig. 7), and are located at
other sites of potential ptau propagation including between
mossy fibers of dentate granule cells and CA3 pyramidal
neurons [6, 51]. In contrast, puncta adherentia are lacking
in the corticothalamic terminals in the ADn, which did not
contain ptau.

Data supporting the transsynaptic spread of tau has been
obtained in animal models [4, 20, 27, 39, 48] and humans
[23, 28], with presynaptic glutamate release inducing a rise
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Fig.7 Schematic of ptau
transsynaptic spread involv-

ing vVGLUT2+ terminals in

the ADn. Scheme summariz-
ing the data. According to our
hypothesis, in the early stage
(top), ptau (green) initially
accumulates in CR+ cells of
the ADn. By the middle stage,
ptau has accumulated in cortical
areas postsynaptic to the ADn,
mainly the granular RS and EC.
In the thalamus, ptau is present
in ADn axons innervating the
TRN and in mammillothalamic
(vGLUT2+) terminals innervat-
ing the ADn. The GABAergic
cells in the TRN are not invaded
by ptau, nor are the corticotha-
lamic terminals in the ADn.
Bottom, details of ptau within
the ADn at the middle stage
(also applies to the late stage).
Transsynaptic spread between
the large vVGLUT24 mammil-

Early Stage
PreS RS EC

Cortex
TRN vGLUT1 TRN
vGLUT2
GABA CR+ cells AV MD
DN Thalamus
VvGLUT2 vGLUT2
LMB MMB

Mammillary bodies
Middle Stage

PreS RS EC

Cortex
vGLUT2
GABA CR+ cells AV MD

lothalamic boutons and ADn
dendrites may be retrograde or
anterograde, potentially medi-
ated through puncta adherentia.
Puncta adherentia are not found
between small corticothalamic
boutons and postsynaptic
dendrites, and ptau was not

LMB

,-,» ADn Thalamus
vGLUT2

vGLUT2
MMB

Mammillary bodies

Middle and Late Stages
ADn cell dendrite

observed in these presynaptic
terminals at either middle or
late stages, despite ptau in
presynaptic cortical areas. See

ptau
vGLUT2+ vesicles

“Discussion” for further details ptau

Double membrane vesicles

Cortlcothalamlc G Mitochondrion

(vGLUT2-) boutons

Postsynaptic density

Mammillothalamic
(vGLUT2+) bouton

in extracellular tau [86]. However, transsynaptic spread
has not been previously demonstrated in the human brain
at the subcellular level in well-preserved tissue. Tau may
be released extracellularly (e.g., in vesicles) under certain
conditions [67, 84], which may contribute to the prion-like
spread [18, 21, 23]. The large vVGLUT2+ terminals packed
with double-walled vesicles resemble those found at a lower
density in the cortex of Alzheimer’s disease cases [44, 49].
Due to their prime position within the terminal, we sug-
gest these vesicles are candidates for the transport and/or
release of tau. Alternatively, or in addition, ptau may be
directly associated with vGLUT2-containing vesicles, con-
sistent with a previous report of tau being associated with
the cytosolic surface of vGLUT2+ synaptic vesicles [77].
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Selective vulnerability of different cell types

Identification of affected cell types in different neuro-
degenerative diseases is crucial for the understanding
of biochemical factors that cause susceptibility and for
therapy development, as it the case for dopaminergic neu-
ronal loss in Parkinson’s disease [43]. Specific cell types
may be more or less vulnerable due to their connectivity
(e.g., presynaptic inputs, extensive axonal arbors), meta-
bolic demands (e.g., maintaining high firing rates), or a
combination. Noradrenergic LC neurons are thought to be
vulnerable due to their dense cytoarchitecture and long-
range axonal projections [33], which could also apply to
the ADn. Wolframin-expressing neurons are susceptible to
ptau in human EC, and in mice ptau may propagate from
wolframin+ EC cells to CA1, which is linked to memory
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impairments [27]. We found that the calcium-binding pro-
tein CR was associated with ptau in the thalamus as early
as Braak stage 0. This may represent a vulnerable subpop-
ulation having specific connectivity with the cortex (e.g.,
with the RS or EC) and mammillothalamic tract, forming
a key part of the Papez circuit, with specific conditions for
propagation (e.g., via puncta adherentia). Future immuno-
histochemical and RNA sequencing studies may shed light
on the specific molecular identity of this subpopulation.
Finally, it is recognized that glial cells also accumulate
different forms of ptau [10, 46, 55, 87], occurring in par-
allel with neuronal ptau in the cases we examined. Future
studies will establish the contribution of different glial
cell types to tau propagation, neurodegeneration, and their
association with a disrupted neurogliovascular unit [54],
which may be one of the underlying triggers for tau pathol-
ogy in highly vulnerable brain regions such as the ADn.
In summary, our results demonstrate that the connectivity,
synaptic specificity, and molecular profile of subpopula-
tions of glutamatergic rostral thalamic neurons relating
to spatial orientation potentially drive progression of tau
pathology in the human brain.
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Acknowledgements We thank Katalin Lengyel, Kriszta Faddi, Sawa
Horie, and Emily Hunter for excellent technical assistance. We thank
Gabor Nyiri and Balazs Hangya for advice on tissue processing and
experimental design, Andras Salma for help with slide scanning, and
Cecilia Szekeres-Paraczky for initial screening of the cortical tissue.
We are grateful to Peter Davies for tau antibodies and Csaba Fekete for
reagents. We thank Shamis Osman, Istvan Bodi, and Claire Troakes
for testing the brainstem of 3 cases. We thank Sara Hijazi for com-
menting on an earlier version of the manuscript. We also acknowledge
the Light Microscopy Center and Human Brain Research Laboratory
(National Brain Research Program, 2017-1.2.1-NKP-2017-00002) of
the Institute of Experimental Medicine, the Oxford Brain Bank (sup-
ported by the Medical Research Council, Brains for Dementia Research
(Alzheimer Society and Alzheimer Research UK), Autistica UK and
the NIHR Oxford Biomedical Research Centre), the MRC London
Neurodegenerative Diseases Brain Bank, and the Queen Square Brain
Bank for Neurological Disorders. The Queen Square Brain Bank is
supported by the Reta Lila Weston Institute of Neurological Studies,
UCL Queen Square Institute of Neurology. Tibor Hortobdgyi's current
primary affiliation is at the Institute of Neuropathology, University
Hospital Zurich, Zurich, Switzerland.

Author contributions Conceptualization: BS, LA, TJV. Methodology:
BS, CsD, PS, LA, TIV. Software: BS. Validation: BS, CsD, TH, PG,
PS, LA, TIV. Formal analysis: BS, CsD, PS, LA, TJV. Investigation:
BS, CsD, TH, PS, LA, TJV. Resources: TH, PG, PS, LA, TJV. Data
curation: BS, TIV. Writing—original draft: BS, TJV. Writing—review
and editing: BS, CsD, PS, LA, TJV. Visualization: BS, TJV. Supervi-
sion: PS, LA, CsD, TJV. Project administration: LA, PG, TJV. Funding
acquisition: PS, LA, TJV.

Funding Alzheimer’s Society grant 522 AS-PhD-19a-010 (TJV).
Medical Research Council grant MR/R011567/1 (PS, TJV). Euro-
pean Research Council Advanced Grant FRONTHAL 742595 (LA).

“Lendiilet” Program LP2023-2/2023 (LA). European Union project
RRF-2.3.1-21-2022-00004 within the framework of the Artificial
Intelligence National Laboratory (LA). European Research Council
Advanced Grant INHIBITHUMAN 694988 (PS). Erasmus+ (BS).
The John Fell Fund grant 0007192 (TJV). Nuffield Benefaction for
Medicine and the Wellcome Institutional Strategic Support Fund grant
0009985 (TJV). National Research, Development and Innovation Office
grant, Hungary, NKFIH_SNN_132999 (TH).

Declarations

Conflict of interest The authors declare no competing financial inter-
ests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Acsady L (2022) Organization of thalamic inputs. In: Halassa MM
(ed) The thalamus. Cambridge University Press, Cambridge, pp
27-44

2. Aggleton JP, O’Mara SM (2022) The anterior thalamic
nuclei: core components of a tripartite episodic memory sys-
tem. Nat Rev Neurosci 23:505-516. https://doi.org/10.1038/
541583-022-00591-8

3. Aggleton JP, Pralus A, Nelson AJ, Hornberger M (2016) Thalamic
pathology and memory loss in early Alzheimer’s disease: moving
the focus from the medial temporal lobe to Papez circuit. Brain
139:1877-1890. https://doi.org/10.1093/brain/aww083

4. Ahmed Z, Cooper J, Murray TK, Garn K, McNaughton E, Clarke
Hetal (2014) A novel in vivo model of tau propagation with rapid
and progressive neurofibrillary tangle pathology: the pattern of
spread is determined by connectivity, not proximity. Acta Neuro-
pathol 127:667-683. https://doi.org/10.1007/s00401-014-1254-6

5. Allison SL, Fagan AM, Morris JC, Head D (2016) Spatial nav-
igation in preclinical Alzheimer’s disease. J Alzheimers Dis
52:77-90. https://doi.org/10.3233/JAD-150855

6. Amaral DG, Dent JA (1981) Development of the mossy fib-
ers of the dentate gyrus: I. A light and electron microscopic
study of the mossy fibers and their expansions. J Comp Neurol
195:51-86. https://doi.org/10.1002/cne.901950106

7. Andres-Benito P, Fernandez-Duenas V, Carmona M, Escobar
LA, Torrejon-Escribano B, Aso E et al (2017) Locus coeruleus
at asymptomatic early and middle Braak stages of neurofibril-
lary tangle pathology. Neuropathol Appl Neurobiol 43:373-392.
https://doi.org/10.1111/nan.12386

8. Arima K (2007) Tubular profile of the Gallyas- and tau-positive
argyrophilic threads in corticobasal degeneration: an electron-
microscopic study. Neuropathology 16:65-70. https://doi.org/
10.1111/5.1440-1789.1996.tb00157.x

9. Arima K (2006) Ultrastructural characteristics of tau filaments
in tauopathies: immuno-electron microscopic demonstration

@ Springer


https://doi.org/10.1007/s00401-024-02749-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41583-022-00591-8
https://doi.org/10.1038/s41583-022-00591-8
https://doi.org/10.1093/brain/aww083
https://doi.org/10.1007/s00401-014-1254-6
https://doi.org/10.3233/JAD-150855
https://doi.org/10.1002/cne.901950106
https://doi.org/10.1111/nan.12386
https://doi.org/10.1111/j.1440-1789.1996.tb00157.x
https://doi.org/10.1111/j.1440-1789.1996.tb00157.x

98 Page 22 of 24

Acta Neuropathologica (2024) 147:98

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

of tau filaments in tauopathies. Neuropathology 26:475-483.
https://doi.org/10.1111/§.1440-1789.2006.00669.x

. Arima K, Izumiyama Y, Nakamura M, Nakayama H, Kimura M,

Ando S et al (1998) Argyrophilic tau-positive twisted and non-
twisted tubules in astrocytic processes in brains of Alzheimer-
type dementia: an electron microscopical study. Acta Neuropathol
95:28-39. https://doi.org/10.1007/s004010050762

Arima K, Nakamura M, Sunohara N, Nishio T, Ogawa M, Hirai S
et al (1999) Immunohistochemical and ultrastructural characteri-
zation of neuritic clusters around ghost tangles in the hippocampal
formation in progressive supranuclear palsy brains. Acta Neuro-
pathol 97:565-576. https://doi.org/10.1007/s004010051032
Backman L, Small BJ, Fratiglioni L (2001) Stability of the pre-
clinical episodic memory deficit in Alzheimer’s disease. Brain
124:96-102. https://doi.org/10.1093/brain/124.1.96

Beaudet A, Descarries L (1978) The monoamine innervation
of rat cerebral cortex: synaptic and nonsynaptic axon terminals.
Neuroscience 3:851-860. https://doi.org/10.1016/0306-4522(78)
90115-x

Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici
K (2006) Staging of Alzheimer disease-associated neurofibril-
lary pathology using paraffin sections and immunocytochem-
istry. Acta Neuropathol 112:389-404. https://doi.org/10.1007/
s00401-006-0127-z

Braak H, Braak E (1991) Alzheimer’s disease affects limbic nuclei
of the thalamus. Acta Neuropathol 81:261-268. https://doi.org/10.
1007/BF00305867

Braak H, Braak E (1991) Neuropathological stageing of Alzhei-
mer-related changes. Acta Neuropathol 82:239-259. https://doi.
org/10.1007/BF00308809

Braak H, Del Tredici K (2011) The pathological process underly-
ing Alzheimer’s disease in individuals under thirty. Acta Neuro-
pathol 121:171-181. https://doi.org/10.1007/s00401-010-0789-4
Braak H, Del Tredici K (2016) Potential pathways of abnormal tau
and alpha-synuclein dissemination in sporadic Alzheimer’s and
Parkinson’s diseases. Cold Spring Harb Perspect Biol 8:a023630.
https://doi.org/10.1101/cshperspect.a023630

Braak H, Thal DR, Ghebremedhin E, Del Tredici K (2011) Stages
of the pathologic process in Alzheimer disease: age categories
from 1 to 100 years. J Neuropathol Exp Neurol 70:960-969.
https://doi.org/10.1097/NEN.0b013e318232a379

Clavaguera F, Akatsu H, Fraser G, Crowther RA, Frank S, Hench
J et al (2013) Brain homogenates from human tauopathies induce
tau inclusions in mouse brain. Proc Natl Acad Sci USA 110:9535-
9540. https://doi.org/10.1073/pnas.1301175110

Clavaguera F, Hench J, Goedert M, Tolnay M (2015) Invited
review: prion-like transmission and spreading of tau pathology.
Neuropathol Appl Neurobiol 41:47-58. https://doi.org/10.1111/
nan.12197

Colmant L, Boyer E, Gérard T, Bierbrauer A, Kunz L, Sleegers K
et al (2023) Path integration deficits related to Alzheimer’s disease
pathology in clinically normal older adults. Alzheimers Dement
19:e078924. https://doi.org/10.1002/alz.078924

Colom-Cadena M, Davies C, Sirisi S, Lee JE, Simzer EM, Tzioras
M et al (2023) Synaptic oligomeric tau in Alzheimer’s disease—a
potential culprit in the spread of tau pathology through the brain.
Neuron 111(2170-2183):e2176. https://doi.org/10.1016/j.neuron.
2023.04.020

Colonnier M (1964) Experimental degeneration in the cerebral
cortex. J Anat 98:47-53

Coughlan G, Laczo J, Hort J, Minihane AM, Hornberger M (2018)
Spatial navigation deficits—overlooked cognitive marker for pre-
clinical Alzheimer disease? Nat Rev Neurol 14:496-506. https://
doi.org/10.1038/541582-018-0031-x

Springer

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Crotti A, Sait HR, McAvoy KM, Estrada K, Ergun A, Szak S et al
(2019) BIN1 favors the spreading of Tau via extracellular vesicles.
Sci Rep 9:9477. https://doi.org/10.1038/s41598-019-45676-0
Delpech JC, Pathak D, Varghese M, Kalavai SV, Hays EC, Hof
PR et al (2021) Wolframin-1-expressing neurons in the entorhinal
cortex propagate tau to CA1 neurons and impair hippocampal
memory in mice. Sci Transl Med 13:eabe8455. https://doi.org/
10.1126/scitranslmed.abe8455

DeVos SL, Corjuc BT, Oakley DH, Nobuhara CK, Bannon RN,
Chase A et al (2018) Synaptic tau seeding precedes tau pathol-
ogy in human Alzheimer’s disease Brain. Front Neurosci 12:267.
https://doi.org/10.3389/tnins.2018.00267

Ehrenberg AJ, Nguy AK, Theofilas P, Dunlop S, Suemoto CK,
Di Lorenzo Alho AT et al (2017) Quantifying the accretion of
hyperphosphorylated tau in the locus coeruleus and dorsal raphe
nucleus: the pathological building blocks of early Alzheimer’s
disease. Neuropathol Appl Neurobiol 43:393-408. https://doi.org/
10.1111/nan.12387

Forno G, Llado A, Hornberger M (2021) Going round in cir-
cles—the Papez circuit in Alzheimer’s disease. Eur J Neurosci
54:7668-7687. https://doi.org/10.1111/ejn.15494

Fortin M, Asselin MC, Gould PV, Parent A (1998) Calretinin-
immunoreactive neurons in the human thalamus. Neuroscience
84:537-548. https://doi.org/10.1016/s0306-4522(97)00486-7
Frost BE, Martin SK, Cafalchio M, Islam MN, Aggleton JP,
O’Mara SM (2021) Anterior thalamic inputs are required for
subiculum spatial coding, with associated consequences for hip-
pocampal spatial memory. J Neurosci 41:6511-6525. https://doi.
org/10.1523/INEUROSCI.2868-20.2021

Gilvesy A, Husen E, Magloczky Z, Mihaly O, Hortobagyi T,
Kanatani S et al (2022) Spatiotemporal characterization of cellular
tau pathology in the human locus coeruleus-pericoerulear com-
plex by three-dimensional imaging. Acta Neuropathol 144:651—
676. https://doi.org/10.1007/s00401-022-02477-6

Goedert M, Jakes R, Vanmechelen E (1995) Monoclonal antibody
ATS recognises tau protein phosphorylated at both serine 202
and threonine 205. Neurosci Lett 189:167-169. https://doi.org/
10.1016/0304-3940(95)11484-¢

Guison NG, Ahmed AK, Dong K, Yamadori T (1995) Projections
from the lateral mammillary nucleus to the anterodorsal thalamic
nucleus in the rat. Kobe J Med Sci 41:213-220

Harding A, Halliday G, Caine D, Kril J (2000) Degeneration of
anterior thalamic nuclei differentiates alcoholics with amnesia.
Brain 123(Pt 1):141-154. https://doi.org/10.1093/brain/123.1.141
Hayakawa T, Zyo K (1989) Retrograde double-labeling study of
the mammillothalamic and the mammillotegmental projections
in the rat. J Comp Neurol 284:1-11. https://doi.org/10.1002/cne.
902840102

Hort J, Laczo J, Vyhnalek M, Bojar M, Bures J, Vlcek K (2007)
Spatial navigation deficit in amnestic mild cognitive impairment.
Proc Natl Acad Sci USA 104:4042—4047. https://doi.org/10.1073/
pnas.0611314104

Iba M, McBride JD, Guo JL, Zhang B, Trojanowski JQ, Lee VM
(2015) Tau pathology spread in PS19 tau transgenic mice follow-
ing locus coeruleus (LC) injections of synthetic tau fibrils is deter-
mined by the LC’s afferent and efferent connections. Acta Neuro-
pathol 130:349-362. https://doi.org/10.1007/s00401-015-1458-4
Ishizawa T, Ko LW, Cookson N, Davias P, Espinoza M, Dickson
DW (2002) Selective neurofibrillary degeneration of the hip-
pocampal CA2 sector is associated with four-repeat tauopathies.
J Neuropathol Exp Neurol 61:1040-1047. https://doi.org/10.1093/
jnen/61.12.1040

Jones EG (1998) Viewpoint: the core and matrix of thalamic
organization. Neuroscience 85:331-345. https://doi.org/10.1016/
s0306-4522(97)00581-2


https://doi.org/10.1111/j.1440-1789.2006.00669.x
https://doi.org/10.1007/s004010050762
https://doi.org/10.1007/s004010051032
https://doi.org/10.1093/brain/124.1.96
https://doi.org/10.1016/0306-4522(78)90115-x
https://doi.org/10.1016/0306-4522(78)90115-x
https://doi.org/10.1007/s00401-006-0127-z
https://doi.org/10.1007/s00401-006-0127-z
https://doi.org/10.1007/BF00305867
https://doi.org/10.1007/BF00305867
https://doi.org/10.1007/BF00308809
https://doi.org/10.1007/BF00308809
https://doi.org/10.1007/s00401-010-0789-4
https://doi.org/10.1101/cshperspect.a023630
https://doi.org/10.1097/NEN.0b013e318232a379
https://doi.org/10.1073/pnas.1301175110
https://doi.org/10.1111/nan.12197
https://doi.org/10.1111/nan.12197
https://doi.org/10.1002/alz.078924
https://doi.org/10.1016/j.neuron.2023.04.020
https://doi.org/10.1016/j.neuron.2023.04.020
https://doi.org/10.1038/s41582-018-0031-x
https://doi.org/10.1038/s41582-018-0031-x
https://doi.org/10.1038/s41598-019-45676-0
https://doi.org/10.1126/scitranslmed.abe8455
https://doi.org/10.1126/scitranslmed.abe8455
https://doi.org/10.3389/fnins.2018.00267
https://doi.org/10.1111/nan.12387
https://doi.org/10.1111/nan.12387
https://doi.org/10.1111/ejn.15494
https://doi.org/10.1016/s0306-4522(97)00486-7
https://doi.org/10.1523/JNEUROSCI.2868-20.2021
https://doi.org/10.1523/JNEUROSCI.2868-20.2021
https://doi.org/10.1007/s00401-022-02477-6
https://doi.org/10.1016/0304-3940(95)11484-e
https://doi.org/10.1016/0304-3940(95)11484-e
https://doi.org/10.1093/brain/123.1.141
https://doi.org/10.1002/cne.902840102
https://doi.org/10.1002/cne.902840102
https://doi.org/10.1073/pnas.0611314104
https://doi.org/10.1073/pnas.0611314104
https://doi.org/10.1007/s00401-015-1458-4
https://doi.org/10.1093/jnen/61.12.1040
https://doi.org/10.1093/jnen/61.12.1040
https://doi.org/10.1016/s0306-4522(97)00581-2
https://doi.org/10.1016/s0306-4522(97)00581-2

Acta Neuropathologica

(2024) 147:98

Page230f24 98

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kaitz SS, Robertson RT (1981) Thalamic connections with limbic
cortex. II. Corticothalamic projections. J Comp Neurol 195:527—
545. https://doi.org/10.1002/cne.901950309

Kalia LV, Lang AE (2015) Parkinson’s disease. Lancet 386:896—
912. https://doi.org/10.1016/S0140-6736(14)61393-3

Kidd M (1964) Alzheimer’s disease—an electron microscopical
study. Brain 87:307-320. https://doi.org/10.1093/brain/87.2.307
Kidd M (1963) Paired helical filaments in electron microscopy
of Alzheimer’s disease. Nature 197:192—193. https://doi.org/10.
1038/197192b0

Kovacs GG, Ferrer 1, Grinberg LT, Alafuzoff I, Attems J, Budka
H et al (2016) Aging-related tau astrogliopathy (ARTAG): harmo-
nized evaluation strategy. Acta Neuropathol 131:87-102. https://
doi.org/10.1007/s00401-015-1509-x

Laurens J, Kim B, Dickman JD, Angelaki DE (2016) Gravity
orientation tuning in macaque anterior thalamus. Nat Neurosci
19:1566-1568. https://doi.org/10.1038/nn.4423

Liu L, Drouet V, Wu JW, Witter MP, Small SA, Clelland C et al
(2012) Trans-synaptic spread of tau pathology in vivo. PLoS ONE
7:€31302. https://doi.org/10.1371/journal.pone.0031302
Masliah E, Hansen L, Albright T, Mallory M, Terry RD (1991)
Immunoelectron microscopic study of synaptic pathology in Alz-
heimer’s disease. Acta Neuropathol 81:428-433. https://doi.org/
10.1007/BF00293464

Mitchell AS, Dalrymple-Alford JC (2006) Lateral and anterior
thalamic lesions impair independent memory systems. Learn
Mem 13:388-396. https://doi.org/10.1101/Im.122206
Mizoguchi A, Nakanishi H, Kimura K, Matsubara K, Ozaki-
Kuroda K, Katata T et al (2002) Nectin: an adhesion molecule
involved in formation of synapses. J Cell Biol 156:555-565.
https://doi.org/10.1083/jcb.200103113

Munkle MC, Waldvogel HJ, Faull RL (2000) The distribution
of calbindin, calretinin and parvalbumin immunoreactivity in the
human thalamus. J Chem Neuroanat 19:155-173. https://doi.org/
10.1016/s0891-0618(00)00060-0

Nakano I, Iwatsubo T, Otsuka N, Kamei M, Matsumura K, Man-
nen T (1992) Paired helical filaments in astrocytes: electron
microscopy and immunohistochemistry in a case of atypical Alz-
heimer’s disease. Acta Neuropathol 83:228-232. https://doi.org/
10.1007/BF00296783

Nehra G, Bauer B, Hartz AMS (2022) Blood-brain barrier leak-
age in Alzheimer’s disease: from discovery to clinical relevance.
Pharmacol Ther 234:108119. https://doi.org/10.1016/j.pharm
thera.2022.108119

Nishimura M, Tomimoto H, Suenaga T, Namba Y, Ikeda K, Aki-
guchi I et al (1995) Immunocytochemical characterization of
glial fibrillary tangles in Alzheimer’s disease brain. Am J Pathol
146:1052-1058

Nixon RA, Wegiel J, Kumar A, Yu WH, Peterhoff C, Cataldo A
et al (2005) Extensive involvement of autophagy in Alzheimer
disease: an immuno-electron microscopy study. J Neuropathol
Exp Neurol 64:113-122. https://doi.org/10.1093/jnen/64.2.113
Perry BAL, Mercer SA, Barnett SC, Lee J, Dalrymple-Alford
JC (2018) Anterior thalamic nuclei lesions have a greater impact
than mammillothalamic tract lesions on the extended hippocampal
system. Hippocampus 28:121-135. https://doi.org/10.1002/hipo.
22815

Petrof I, Sherman SM (2009) Synaptic properties of the mammil-
lary and cortical afferents to the anterodorsal thalamic nucleus
in the mouse. J Neurosci 29:7815-7819. https://doi.org/10.1523/
JNEUROSCI.1564-09.2009

Rovo Z, Ulbert I, Acsady L (2012) Drivers of the primate thala-
mus. J Neurosci 32:17894—17908. https://doi.org/10.1523/INEUR
OSCIL.2815-12.2012

Roy DS, Zhang Y, Aida T, Choi S, Chen Q, Hou Y et al (2021)
Anterior thalamic dysfunction underlies cognitive deficits in a

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

subset of neuropsychiatric disease models. Neuron 109(2590-
2603):e2513. https://doi.org/10.1016/j.neuron.2021.06.005
Rub U, Stratmann K, Heinsen H, Del Turco D, Ghebremedhin
E, Seidel K et al (2016) Hierarchical distribution of the tau
cytoskeletal pathology in the thalamus of Alzheimer’s disease
patients. J Alzheimers Dis 49:905-915. https://doi.org/10.3233/
JAD-150639

Saunders RC, Mishkin M, Aggleton JP (2005) Projections
from the entorhinal cortex, perirhinal cortex, presubicu-
lum, and parasubiculum to the medial thalamus in macaque
monkeys: identifying different pathways using disconnection
techniques. Exp Brain Res 167:1-16. https://doi.org/10.1007/
s00221-005-2361-3

Schultz C, Ghebremedhin E, Del Tredici K, Rub U, Braak H
(2004) High prevalence of thorn-shaped astrocytes in the aged
human medial temporal lobe. Neurobiol Aging 25:397-405.
https://doi.org/10.1016/S0197-4580(03)00113-1

Sherman SM, Guillery RW (2009) The afferent axons to the
thalamus. Exploring the thalamus and its role in cortical func-
tion. The MIT Press, Cambridge

Shibata H (1993) Direct projections from the anterior thalamic
nuclei to the retrohippocampal region in the rat. ] Comp Neurol
337:431-445. https://doi.org/10.1002/cne.903370307

Shibata H (1993) Efferent projections from the anterior tha-
lamic nuclei to the cingulate cortex in the rat. J] Comp Neurol
330:533-542. https://doi.org/10.1002/cne.903300409

Simon D, Garcia-Garcia E, Royo F, Falcon-Perez JM, Avila
J (2012) Proteostasis of tau. Tau overexpression results in its
secretion via membrane vesicles. FEBS Lett 586:47-54. https://
doi.org/10.1016/j.febslet.2011.11.022

Somogyi G, Hajdu F, Tombol T (1978) Ultrastructure of the
anterior ventral and anterior medial nuclei of the cat thalamus.
Exp Brain Res 31:417-431. https://doi.org/10.1007/BF002
37299

Stratmann K, Heinsen H, Korf HW, Del Turco D, Ghebremedhin
E, Seidel K et al (2016) Precortical phase of Alzheimer’s disease
(AD)-related tau cytoskeletal pathology. Brain Pathol 26:371—
386. https://doi.org/10.1111/bpa.12289

Swaddiwudhipong N, Whiteside DJ, Hezemans FH, Street D,
Rowe JB, Rittman T (2023) Pre-diagnostic cognitive and func-
tional impairment in multiple sporadic neurodegenerative dis-
eases. Alzheimers Dement 19:1752-1763. https://doi.org/10.
1002/alz.12802

Szentagothai J, Hamori J, Tombol T (1966) Degeneration and
electron microscope analysis of the synaptic glomeruli in the lat-
eral geniculate body. Exp Brain Res 2:283-301. https://doi.org/
10.1007/BF00234775

Tai HC, Serrano-Pozo A, Hashimoto T, Frosch MP, Spires-Jones
TL, Hyman BT (2012) The synaptic accumulation of hyperphos-
phorylated tau oligomers in Alzheimer disease is associated with
dysfunction of the ubiquitin-proteasome system. Am J Pathol
181:1426-1435. https://doi.org/10.1016/j.ajpath.2012.06.033
Taube JS (1995) Head direction cells recorded in the anterior tha-
lamic nuclei of freely moving rats. J Neurosci 15:70-86. https://
doi.org/10.1523/JNEUROSCI.15-01-00070.1995

Terry RD, Gonatas NK, Weiss M (1964) Ultrastructural studies
in Alzheimer’s presenile dementia. Am J Pathol 44:269-297
Theofilas P, Ehrenberg AJ, Nguy A, Thackrey JM, Dunlop S,
Mejia MB et al (2018) Probing the correlation of neuronal loss,
neurofibrillary tangles, and cell death markers across the Alz-
heimer’s disease Braak stages: a quantitative study in humans.
Neurobiol Aging 61:1-12. https://doi.org/10.1016/j.neurobiola
ging.2017.09.007

Tourtellotte WG, Van Hoesen GW, Hyman BT, Tikoo RK, Dama-
sio AR (1990) Alz-50 immunoreactivity in the thalamic reticular

@ Springer


https://doi.org/10.1002/cne.901950309
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1093/brain/87.2.307
https://doi.org/10.1038/197192b0
https://doi.org/10.1038/197192b0
https://doi.org/10.1007/s00401-015-1509-x
https://doi.org/10.1007/s00401-015-1509-x
https://doi.org/10.1038/nn.4423
https://doi.org/10.1371/journal.pone.0031302
https://doi.org/10.1007/BF00293464
https://doi.org/10.1007/BF00293464
https://doi.org/10.1101/lm.122206
https://doi.org/10.1083/jcb.200103113
https://doi.org/10.1016/s0891-0618(00)00060-0
https://doi.org/10.1016/s0891-0618(00)00060-0
https://doi.org/10.1007/BF00296783
https://doi.org/10.1007/BF00296783
https://doi.org/10.1016/j.pharmthera.2022.108119
https://doi.org/10.1016/j.pharmthera.2022.108119
https://doi.org/10.1093/jnen/64.2.113
https://doi.org/10.1002/hipo.22815
https://doi.org/10.1002/hipo.22815
https://doi.org/10.1523/JNEUROSCI.1564-09.2009
https://doi.org/10.1523/JNEUROSCI.1564-09.2009
https://doi.org/10.1523/JNEUROSCI.2815-12.2012
https://doi.org/10.1523/JNEUROSCI.2815-12.2012
https://doi.org/10.1016/j.neuron.2021.06.005
https://doi.org/10.3233/JAD-150639
https://doi.org/10.3233/JAD-150639
https://doi.org/10.1007/s00221-005-2361-3
https://doi.org/10.1007/s00221-005-2361-3
https://doi.org/10.1016/S0197-4580(03)00113-1
https://doi.org/10.1002/cne.903370307
https://doi.org/10.1002/cne.903300409
https://doi.org/10.1016/j.febslet.2011.11.022
https://doi.org/10.1016/j.febslet.2011.11.022
https://doi.org/10.1007/BF00237299
https://doi.org/10.1007/BF00237299
https://doi.org/10.1111/bpa.12289
https://doi.org/10.1002/alz.12802
https://doi.org/10.1002/alz.12802
https://doi.org/10.1007/BF00234775
https://doi.org/10.1007/BF00234775
https://doi.org/10.1016/j.ajpath.2012.06.033
https://doi.org/10.1523/JNEUROSCI.15-01-00070.1995
https://doi.org/10.1523/JNEUROSCI.15-01-00070.1995
https://doi.org/10.1016/j.neurobiolaging.2017.09.007
https://doi.org/10.1016/j.neurobiolaging.2017.09.007

98

Page 24 of 24

Acta Neuropathologica (2024) 147:98

71.

78.

79.

80.

81.

82.

nucleus in Alzheimer’s disease. Brain Res 515:227-234. https://
doi.org/10.1016/0006-8993(90)90600-g

Tracy TE, Madero-Perez J, Swaney DL, Chang TS, Moritz M,
Konrad C et al (2022) Tau interactome maps synaptic and mito-
chondrial processes associated with neurodegeneration. Cell
185(712-728):e714. https://doi.org/10.1016/j.cell.2021.12.041
Van der Werf YD, Witter MP, Uylings HB, Jolles J (2000) Neu-
ropsychology of infarctions in the thalamus: a review. Neuropsy-
chologia 38:613—627. https://doi.org/10.1016/s0028-3932(99)
00104-9

van Groen T, Kadish I, Michael Wyss J (2002) Role of the antero-
dorsal and anteroventral nuclei of the thalamus in spatial memory
in the rat. Behav Brain Res 132:19-28. https://doi.org/10.1016/
s0166-4328(01)00390-4

Veazey RB, Amaral DG, Cowan WM (1982) The morphology
and connections of the posterior hypothalamus in the cynomolgus
monkey (Macaca fascicularis). 11. Efferent connections. J Comp
Neurol 207:135-156. https://doi.org/10.1002/cne.902070204
Viney TJ, Sarkany B, Ozdemir AT, Hartwich K, Schweimer J,
Bannerman D et al (2022) Spread of pathological human Tau from
neurons to oligodendrocytes and loss of high-firing pyramidal
neurons in aging mice. Cell Rep 41:111646. https://doi.org/10.
1016/j.celrep.2022.111646

Walker JM, Richardson TE, Farrell K, lida MA, Foong C, Shang P
et al (2021) Early selective vulnerability of the CA2 hippocampal

@ Springer

83.

84.

85.

86.

87.

subfield in primary age-related tauopathy. ] Neuropathol Exp Neu-
rol 80:102—-111. https://doi.org/10.1093/jnen/nlaal53

Wilton LA, Baird AL, Muir JL, Honey RC, Aggleton JP (2001)
Loss of the thalamic nuclei for “head direction” impairs per-
formance on spatial memory tasks in rats. Behav Neurosci
115:861-869

Wu JW, Hussaini SA, Bastille IM, Rodriguez GA, Mrejeru A,
Rilett K et al (2016) Neuronal activity enhances tau propagation
and tau pathology in vivo. Nat Neurosci 19:1085-1092. https://
doi.org/10.1038/nn.4328

Xuereb JH, Perry RH, Candy JM, Perry EK, Marshall E, Bonham
JR (1991) Nerve cell loss in the thalamus in Alzheimer’s disease
and Parkinson’s disease. Brain 114(Pt 3):1363-1379

Yamada K, Holth JK, Liao F, Stewart FR, Mahan TE, Jiang H et al
(2014) Neuronal activity regulates extracellular tau in vivo. J Exp
Med 211:387-393. https://doi.org/10.1084/jem.20131685
Yamada T, McGeer PL (1990) Oligodendroglial microtubular
masses: an abnormality observed in some human neurodegenera-
tive diseases. Neurosci Lett 120:163-166. https://doi.org/10.1016/
0304-3940(90)90028-8

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


https://doi.org/10.1016/0006-8993(90)90600-g
https://doi.org/10.1016/0006-8993(90)90600-g
https://doi.org/10.1016/j.cell.2021.12.041
https://doi.org/10.1016/s0028-3932(99)00104-9
https://doi.org/10.1016/s0028-3932(99)00104-9
https://doi.org/10.1016/s0166-4328(01)00390-4
https://doi.org/10.1016/s0166-4328(01)00390-4
https://doi.org/10.1002/cne.902070204
https://doi.org/10.1016/j.celrep.2022.111646
https://doi.org/10.1016/j.celrep.2022.111646
https://doi.org/10.1093/jnen/nlaa153
https://doi.org/10.1038/nn.4328
https://doi.org/10.1038/nn.4328
https://doi.org/10.1084/jem.20131685
https://doi.org/10.1016/0304-3940(90)90028-8
https://doi.org/10.1016/0304-3940(90)90028-8

	Early and selective localization of tau filaments to glutamatergic subcellular domains within the human anterodorsal thalamus
	Abstract
	Introduction
	Materials and methods
	Human samples
	Fluorescent immunohistochemistry
	Brightfield immunohistochemistry
	Initial electron microscopic assessment of brain sections
	Single- and double-labeling pre-embedding immunohistochemistry for combined light and electron microscopy
	Data collection
	Light microscopy
	Electron microscopy

	Data analysis
	Pixel classification

	Imaging
	Data and materials availability

	Results
	The anterodorsal thalamic nucleus shows early and consistent vulnerability to tau pathology
	Calretinin-expressing neurons accumulate ptau in the rostral thalamus
	Subcellular distribution of ptau in the anterodorsal thalamus
	Subcortical vesicular transporter 2-expressing presynaptic terminals preferentially contain ptau
	The distribution of presynaptic and postsynaptic ptau suggests transsynaptic spread

	Discussion
	Significance of ADn tau pathology
	Propagation of ptau involving large subcortical vGLUT2-containing terminals
	Selective vulnerability of different cell types

	Acknowledgements 
	References


