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Neurofibrillary tangles (NFT), a neuronal lesion found in Alzheimer’s disease (AD), are composed of fibrillary
aggregates of modified forms of tau proteins. The propagation of NFT follows neuroanatomical pathways sug-
gesting that synaptically connected neurons could transmit tau pathology by the recruitment of normal tau in a
prion-like manner. Moreover, the intracerebral injection of pathological tau from AD brains induces the seeding
of normal tau in mouse brain. Creutzfeldt-Jacob disease has been transmitted after ocular transplants of cornea
or sclera and the scrapie agent can spread across the retino-tectal pathway after intraocular injection of scrapie
mouse brain homogenates. In AD, a tau pathology has been detected in the retina. To investigate the potential
risk of tau pathology transmission during eye surgery using AD tissue material, we have analysed the devel-
opment of tau pathology in the visual pathway of mice models expressing murine tau, wild-type or mutant
human tau after intraocular injection of pathological tau proteins from AD brains. Although these pathological
tau proteins were internalized in retinal ganglion cells, they did not induce aggregation of endogenous tau nor
propagation of a tau pathology in the retino-tectal pathway after a 6-month incubation period. These results
suggest that retinal ganglion cells exhibit a resistance to develop a tau pathology, and that eye surgery is not a
major iatrogenic risk of transmission of tau pathology, contrary to what has been observed for transmission of
infectious prions in prion diseases.

Retina
Tau pathology propagation

1. Introduction formation of new tau aggregates by a “Prion-like” mechanism (Mudher

et al., 2017). Previous studies have shown that the intracerebral injec-

Alzheimer’s disease (AD) is a neurodegenerative disease character-
ized by the presence of neuronal lesions called neurofibrillary tangles
composed of abnormally phosphorylated and aggregated tau proteins.
These aggregated tau proteins found in neurofibrillary tangles form
abnormal filaments called paired helical filaments (PHF). The devel-
opment of tau pathology in brain of Alzheimer’s disease (AD) patients is
graded into 6 stages according to the neuroanatomical localisation and
the density of NFT (Braak and Braak, 1991). Interestingly, the formation
of NFT in the brain is not random but follows neuroanatomical pathways
suggesting that synaptically connected neurons could transmit tau pa-
thology by transcellular transfer of abnormal tau. In vitro and in vivo
studies have suggested that abnormal tau can recruit and seed the

tion of pathological tau proteins (PHF-tau proteins) from AD brains in-
duces the seeding of normal murine and human tau in mouse brain
indicating that pathological tau can recruit endogenous tau to adopt a
pathological form (Clavaguera et al., 2013; Audouard et al., 2016;
Vergara et al., 2019).

The scrapie agent can spread across the retino-tectal pathway along
neuronal pathways via axons emerging from the retina after intraocular
injection of terminally affected scrapie mouse brain homogenates
(Fraser, 1982). Infectious prions have been found in the retina and optic
nerve in Creutzfeldt-Jacob patients and this disease has been trans-
mitted after ocular transplants of cornea or sclera (Duffy et al., 1974;
Heckmann et al., 1997; Mehta and Franks, 2002; Head et al., 2003; Head
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et al., 2005). In Alzheimer’s disease, a tau pathology has been detected
in the inner cell layer and in the inner and outer plexiform layers of the
retina (Schon et al., 2012; Den Haan et al., 2018). Moreover, the pres-
ence of phosphorylated tau has been demonstrated in eye fluids sug-
gesting that all eye tissues could be potentially contaminated by these
tau proteins (Gijs et al., 2021; Romaus-Sanjurjo et al., 2022). However,
it is not known if pathological tau could seed the aggregation of normal
tau after optical surgery or graft. To investigate the ability of PHF-tau
proteins from AD brains to seed murine or human tau and induce
spreading of tau pathology in the brain after an ocular contamination,
we have investigated the formation of tau pathology in the retina, the
lateral geniculate nucleus and the superior colliculus after the injection
of PHF-tau proteins from AD brains in the eye vitreous chamber of mice
expressing murine or human tau.

2. Material and methods
2.1. Human brain tissue

Human brain tissue samples were taken at autopsy from a demented
patient clinically diagnosed as having AD (60 years old, female, post-
mortem delay of 24 h, NFT Braak stage VI and amyloid plaques Thal
stage 4) or from a nondemented control subject (67 years old, male,
post-mortem delay of 24 h). Tissue samples were fixed with formalin
10% and embedded in paraffin for neuropathological examination or
were kept at —80 °C. The neuropathological examination confirmed the
presence of NFT and amyloid plaques in this AD case and their absence
in the control case. This study on postmortem brain tissue was per-
formed in compliance and following approval of the Ethical Committee
of the Medical School of the Free University of Brussels.

2.2. Preparation of human sarkosyl-insoluble PHF-Tau fraction

Sarkosyl fractionation of human brain tissue was performed as pre-
viously described (Brion et al., 1991a; Vergara et al., 2019). 0.5 g of
frozen frontal cortex from AD and control cases was homogenized in 10
volumes of ice-cold PHF-extraction buffer (10 mM Tris-HCI (pH 7.4),
0.8 M NaCl, 1 mM EDTA, 10% sucrose). The homogenate was centri-
fuged at 15,000 xg for 20 min at 4 °C. N-lauroylsarcosine sodium salt (L-
5125; Sigma-Aldrich) was added to the supernatant to reach a final
concentration of 1% (w/v). The lysate was incubated at 4 °C overnight
with a mild agitation followed by a ultracentrifugation at 180,000 xg for
30 min at 4 °C. The Sarkosyl soluble supernatant was removed and the
Sarkosyl-insoluble pellet containing PHF was gently rinsed and re-
suspended in 0.25 ml of PBS by vigorous pipetting. The protein con-
centration was determined by Bradford protein assay (Bio-Rad) and
adjusted to 2 pg/pl for the AD case or 1 pg/pl for the control case. These
Sarkosyl fractions were aliquoted and kept at —20 °C. This study on
postmortem brain tissue was performed in compliance and following
approval of the Ethical Committee of the Medical School of the Free
University of Brussels.

2.3. Negative staining of Tau filaments by transmission electron
microscopy

The Sarkosyl-insoluble material was ultrastructurally characterized
by transmission electron microscopy. This material was adsorbed on
formvar-carbon-coated EM grids and negatively stained with potassium
phosphotungstate as reported (Vergara et al., 2019) before observation
with a Zeiss EM 809 T at 80 kV. The average length of sarkosyl insoluble
filaments was measured on 200 filaments with ImageJ software.

2.4. Biosensor FRET cells

The biosensor cellular assay (FRET) used cultured cells expressing a
tau repeat domain (RD) fused to CFP and a tau RD fused to YFP (Furman
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et al., 2015). This bio-assay is based on the uptake of seeds into cells
which induces aggregation of tau-CFP and tau-YFP, producing a FRET
signal. Cells were plated at a density of 400,000 cells per well in a 6-well
plate. Eighteen hours later, cells were transfected with liposomes
preparation by combining Xtremegene HP transfection reagent (Roche)
with sarkosyl fractions from CTL or AD brains in Optimem medium.
Liposome preparation was incubated 20 min at room temperature before
adding to cells. Cells were observed with a Zeiss Axioplan microscope
twenty-four hours after transfection.

2.5. Western blotting

The protein assay was performed with the Bradford method (Biorad).
Sarkosyl insoluble fractions were heated in Laemmli buffer at 100 °C for
5 min and were analysed by western blotting with anti-total tau B19 and
anti-phosphotau PHF-1 antibodies as previously described (Frederick
etal., 2015; Vanden Dries et al., 2017). Fractions (5 pg/lane) were run in
10% Tris-glycine SDS-PAGE gels and transferred on nitrocellulose
membranes. The nitrocellulose sheets were blocked in semifat dry milk
(10% (w/v) in Tris-buffered saline) for 1 h at room temperature and they
were incubated with primary antibodies overnight followed by anti-
rabbit or anti-mouse immunoglobulins conjugated to peroxidase.
Finally, the membranes were incubated in pico substrate (Pierce). The
ECL signal was captured using a Fusion SOLO 4S system equipped with a
DARQ-7 camera and the fusion-capt software (Vilber-Lourmat). Blot
quantitation was performed with ImageJ software (NIH) and data
normalization between blots was performed by placing a standard in
each blot. The standard used is a brain homogenate of a Tg22 mouse.

2.6. Mouse lines

Tg22 mice (also referred to as THY-Tau22 mice) express a 1N4R
human tau isoform mutated at positions G272V and P301S, under
control of a Thyl promoter, and display tau pathology in absence of
motor dysfunction (Schindowski et al., 2006). Gallyas-positive neuro-
fibrillary tangles appear in the cortex and the hippocampus at 6 months
of age in these mice (Schindowski et al., 2006). Only male heterozygous
Tg22 mice were used in this study and male littermates non-transgenic
mice (pooled and named hereafter with C57BL/6 J wild-type mice) were
also used in this study.

hTau mice express the six human tau isoforms, under tau promoter,
in the absence of murine tau (Andorfer et al., 2003). Briefly, it was made
by crossing two mice lines, 8c mice, that produce all human tau isoforms
(Duff et al., 2000) and TauKO mice that do not express murine tau, by
disrupting MAPT gene with a ¢cDNA for enhanced green fluorescent
protein (EGFP) inserted into exon one (Tucker et al., 2001). Only male
heterozygous animals for the hTau transgene were used in this study and
male littermates that do not carry the hTau transgene but are KO for
murine tau and named TauKO were used as controls.

All mouse lines were maintained on a C57BL/6 genetic background.
Mice were genotyped by PCR using previously described primers for
human tau, murine tau and GFP on genomic DNA as reported (Andorfer
et al., 2003; Schindowski et al., 2006; Ando et al., 2011). All mice were
maintained on a 12 h light/dark cycle, with food and water ad libitum.
All studies on animals were performed in compliance and following
approval of the Ethical committee for the care and use of laboratory
animals of the medical School of the Free University of Brussels.

2.7. Intravitreal injection

Animals were anesthetized with a solution of xylazine 2% (Rompun,
Bayer) and ketamine (10% v/v) (Nimatek, Eurovet) in physiological
serum by intraperitoneal injection (100 pl/10 g of body weight, final
dose, 10 mg/kg xylazine, and 75 mg/kg ketamine). One drop of oxy-
buprocaine chlorydrate 0,4% (4 mg/ml) (Unicaine, Théa) was applied to
the mouse eye as a topical anesthetic before intravitreal injection.
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Mice were injected into the eye posterior vitreous chamber under a
stereomicroscope with a 33 gauge needle connected to a Hamilton
microsyringue (Hamilton Bonaduz AG, Bonaduz, Switzerland).

Two micrograms of Sarkosyl-insoluble material from AD brain or one
microgram from CTL brain was injected in a volume of 1 pl which cor-
responded to 3,5 mg of AD or CTL brain tissues.

2 pg of cholera toxin subunit B (ThermoFisher) was injected in a
volume of 1 pl in three WT mice as positive control to validate the in-
jection method and to visualize the toxin along the visual pathway as
previously described (Angelucci et al., 1996)

2.8. Stereotaxic injection

Six-month-old WT mice were deeply anesthetized with a solution of
xylazine (2% v/v) (Rompun, Bayer) and ketamine (10% v/v) (Nimatek)
in physiological saline by intraperitoneal injection (100 pl/10 g of body
weight), final dose 10 mg/kg xylazine and 100 mg/kg ketamine). Uni-
lateral stereotaxic injections were performed using a stereotaxic appa-
ratus (Kopf instruments, Tujunga, CA) in the left primary somatosensory
cortex (rostro-caudal-1,46 mm; lateral 40,15 mm; depth — 0,10 mm) as
previously described (Vergara et al., 2019). One microgram of Sarkosyl-
insoluble material was injected in a volume of 1 pl at the concentration
of 1 pg/pl at a speed of 0.1 pl/min with a pump (kdScientific), using a
200 pm diameter needle (ThermoFisher). The needle was gently
removed 5 min after injection.

2.9. Antibodies

The tau antibody (DAKO, A0024) is a rabbit polyclonal antibody
raised to human, mouse and rat tau proteins. The B19 antibody, used to
detect PHF in AD sarkosyl fraction by western blotting (Fig. 2), is a
rabbit polyclonal antibody raised to adult bovine tau proteins. This
antibody reacts with adult and fetal tau isoforms in bovine, rat, mouse
and human nervous tissue in a phosphorylation-independent-manner
(Brion et al., 1991b; Leroy et al., 2000). The BR21 rabbit polyclonal
antibody is specific for human tau (Ando et al.,, 2011). The mouse
monoclonal antibodies AT8 (Thermo Fisher, MN1020) and PHF-1
(kindly provided by Drs. P. Davies and S. Greenberg, New York)
recognize tau phosphorylated at Ser 202 and Thr205 (Goedert et al.,
1995) and at Ser396 and Ser404 respectively (Otvos Jr et al., 1994). The
mouse monoclonal MC1 antibody (generous gift from Dr. P Davis) rec-
ognizes a conformational epitope requiring both an N-terminal and a
C-terminal fragments of tau (Jicha et al., 1997). The antibody raised
against the subunit B of cholera toxin is a polyclonal goat antibody
purchased from Calbiochem (227040).

2.10. Histological staining and immunohistochemistry

Mice were sacrificed by cervical dislocation and a sample number
has been given allowing blinded analysis concerning the type of treat-
ments that mice received. Eyes, optic nerves and brains were fixed in
10% formalin for 24 h before embedding in paraffin. Tissue sections (7
pm thick) and immunohistochemical labellings were performed using
the ABC method as previously described (Stygelbout et al., 2014).
Briefly, tissue sections were treated with HpO» to inhibit endogenous
peroxidase and incubated with the blocking solution (10% normal horse
serum in TBS). After an overnight incubation with the diluted primary
antibody, the sections were sequentially incubated with either horse
anti-mouse or goat anti-rabbit antibodies conjugated to biotin (Vector
Laboratories) followed by the ABC complex (Vector Laboratories). The
peroxidase activity was developed using diaminobenzidine (DAB) as
chromogen. Slides were counterstained with hematoxylin and examined
with a Zeiss Axioplan microscope. Digital images were acquired using an
Axiocam HRc camera (Zeiss) and the Axiovision software (Zeiss).
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2.11. Quantification of tau pathology

After immunolabelling with the AT8, PHF-1 and MC1 antibodies, the
density of phospho-tau positive neurons in the lateral geniculate nucleus
and in the superior colliculus was estimated in mice injected with AD or
CTL fractions. Three adjacent sections were used per brain sample. The
Stereo Investigator system software from MBF Bioscience associated to
the Axiolmager microscope (Zeiss) were used to perform automatically
and systematic analyses of the entire geniculate or superior colliculus
areas. The surface of the lateral geniculate nucleus or of the superior
colliculus was measured on each section with the software and phospho-
tau positive neurons were manually tagged. As a result, we calculated a
density of phospho-tau positive neurons expressed as a number of pos-
itive neurons/mm®.

2.12. Statistical analysis

Statistical analysis was performed using the Prism program version
5.0 (Graphpad Software, San Diego, CA). Statistical comparisons were
performed using (two-tailed) Mann-Whitney test to compare two
groups. Values of p < 0.05 were considered significant. Numbers of
samples are indicated in the figure legends and ranges represent means
+ SD.

3. Results
3.1. Localisation and expression of tau in the retina

In this study, experiments have been done in mice that express mu-
rine tau (non-transgenic wild-type (WT) mice), human WT tau (hTau
mice), human mutant tau and murine tau (Tg22 mice) or mice deficient
in tau proteins (TauKO mice). To evaluate the distribution of tau pro-
teins in the retina of these different mice models, an immunolabelling
with anti-total tau or anti-human tau antibodies was performed on the
retina of WT (Fig. 1 A and I), hTau (Fig. 1 B and J), Tg22 (Fig. 1C and K)
and TauKO mice (Fig. 1 D and L). Total tau antibody detected tau pro-
teins in the ganglion cell layer, in the inner plexiform layer, in the inner
nuclear layer and in the outer plexiform layer of WT (Fig. 1 A), hTau
(Fig. 1 B) and Tg22 (Fig. 1C) mice retina. Human tau proteins were
detected in the ganglion cell layer, in the inner and outer plexiform
layers of hTau mice retina (Fig. 1 J). Tau proteins are expressed under
the human tau promoter in this model. In Tg22 mice retina (Fig. 1 K),
human tau proteins, expressed the Thyl.2 promoter, were only present
in the ganglion cell layer. Moreover, human tau proteins were detected
in the cell bodies of ganglion cells (small insets in Fig. 1 J and K).
However, by Western blot analysis tau expression was found to be quite
significantly lower in the retina compared to the brain in the different
mouse models (total tau (WT: p = 0.0022; hTau: p = 0.0079 and Tg22: p
= 0.0022) and human tau (hTau: p = 0.0079 and Tg22: p = 0.0043))
(Fig. 1 Q, R and S), e.g. being up to 10 times lower in the eye compared
to the brain in WT mice. Human tau proteins were not detected in WT
mice retina or brain (Fig. 1 I, M Q and S) and were never detected with
anti-tau antibodies in the retina of TauKO mice as expected (Fig. 1 D, L
and Q).

3.2. Characterisation of human Alzheimer sarkosyl fractions and seeding
abilities

Before the intraocular injection, we have characterized sarkosyl
fractions isolated from non-demented (named control (CTL)) or AD
brains for the presence of tau proteins and the seeding abilities of these
fractions in cultured cells or after stereotaxic injection in the brain (as
positive controls) (Fig. 2). Phosphorylated tau proteins were detected
with total or PHF-1 antibodies by western blotting in AD sarkosyl frac-
tion (PHF-tau proteins) but were absent in CTL sarkosyl fractions (Fig. 2
A). The presence of tau filaments in the form of PHF in sarkosyl fractions
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Fig. 1. Localization and expression of tau proteins in the retina of different mouse models.

A-P: Immunolabelling with anti-total tau antibody (A-H) or with anti-human tau antibody (I-P) on the retina (A-D and I-L) or the hippocampus (E-H and M-P) of WT
(A, E, I, M), hTau (B, F, J, N), Tg22 (C, G, K, O) and TauKO mice (D, H, L, P). Scale bars: L and P: 50 pm, small window in K: 10 pm.

Q: Western blotting of retina or brain homogenates of WT, hTau, Tg22 and TauKO mice with anti-total or anti-human tau antibodies. Actin was used as a control of
charge.

R and S: Quantification of the expression of total tau (R) or human tau (S) proteins in retina and brain homogenates of WT, hTau and Tg22 mice. The results are
presented as a percentage of the standard (which is 100%). The level of tau expression is significantly higher in brains compared to retinas in the different mice
models (WT (n = 6), hTau (n = 5) and Tg22 (n = 6)). Two-tailed Mann-Whitney test, ** = p < 0.01.
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Fig. 2. PHF-tau proteins from AD sarkosyl fraction have the ability to induce the seeding of tau in cultured cells or in the brain of WT mice after stereotaxic injection.
A: Western blotting of sarkosyl insoluble fraction from control (CTL) or Alzheimer’s disease (AD) brains (PHF-tau) with anti-phosphotau antibody (PHF1) or total tau
antibody (B19). Tau immunoreactivity was detected in sarkosyl fraction from AD brain but not in sarkosyl fraction from CTL brain.

B: Sarkosyl insoluble fraction from AD brain contains paired helical filaments (PHF) observed by transmission electron microscopy. Scale bar: 50 nm.

C and D: Detection of FRET signals in biosensor cells treated with CTL (C) or AD sarkosyl fractions. FRET signal is observed in AD treated cells (D) but absent in CTL

treated cells (C).

E — L: Immunolabelling on mouse brains intracerebrally injected by stereotaxy in the primary somatosensory cortex with sarkosyl fraction from CTL (F-H) or AD (E, I-
L) sarkosyl fractions with anti-human tau (E and I), anti-murine tau (F and J), and with anti-phosphotau antibodies (PHF-1 in G and K, AT8 in H and L). Injected
material was detected in the brain 3 days after injection (E) and has disappeared 7 days after injection (I). 3 months after injection, tau positive inclusions were
observed in mice injected with AD fraction (J-L) but not in mice injected with CTL fraction (F-H). Slides were counterstained with Hematoxylin. Scale bar: 20 pm.

from AD brain was confirmed by negative staining by electron micro-
scopy (Fig. 2 B). The seeding ability of PHF-tau proteins in AD sarkosyl
fraction was tested in the biosensor FRET assay cells (Fig. 2C and D). We
have observed a FRET signal in cells treated with AD sarkosyl fraction
(Fig. 2C) but not in cells treated with CTL sarkosyl fractions (Fig. 2D)
suggesting a seeding of recombinant tau by AD sarkosyl fraction in these
cells. Moreover, we have analysed the seeding capacity of PHF-tau
proteins after intracerebral injection in the somatosensory cortex of
WT mice. We have detected human AD PHF-tau proteins (injected ma-
terial) in the brain of WT mice 3 days after stereotaxic injection, but this
material is not anymore detectable 7 days after the injection. 3 months
after intracerebral injection of PHF-tau proteins, we have observed a
seeding of murine tau in a highly phosphorylated state in WT mice
(Fig. 2 J-L) whereas no seeding was observed after injection of CTL

sarkosyl fractions (Fig. 2 F-H). Tau pathology propagated on approxi-
mately 1.2 mm in the anteroposterior axis but also in the contralateral
part of the brain by the corpus callosum indicating that our PHF-tau
proteins have seeding and propagating properties as we previously
described (Audouard et al., 2016; Vergara et al., 2019).

3.3. Detection of the Cholera Toxin subunit B in the visual pathway

To validate our intraocular injection technique, we have first injec-
ted the cholera toxin subunit B in the posterior vitreous chamber of WT
mice (Fig. 3). As previously described (Angelucci et al., 1996), cholera
toxin subunit B was detected 24 h after the injection, in the ganglion cell
layer of the retina, in the geniculate nucleus and the superior colliculus
of the contralateral side of the brain (Fig. 3C-J). We have also observed
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Fig. 3. Detection of the Cholera Toxin subunit B in the retina and in the brain of injected WT mice.

A - D: Immunolabelling of the eyes (A and C) of WT mice injected in the eye vitreous chamber with physiological serum (A) or subunit B of the Cholera Toxin (C) with
anti-Cholera Toxin antibody. B and D are higher magnifications of a part of the retina corresponding to blue inset in A and C respectively. Scale bars: C: 200 pm; D:
20 pm.

E — J: Immunolabelling of the brain of WT mice injected in the eye vitreous chamber with subunit B of the Cholera Toxin (E and F) with anti-Cholera Toxin antibody.
G, H, I and J are higher magnifications of the contralateral (G) and ipsilateral (H) lateral geniculate nucleus and of the contralateral (I) and ipsilateral (J) superior
colliculus. Scale bars: F: 200 pm; J: 40 pm.

K - L: Schematic illustrations of coronal brain sections (antero-posterior localization shown in K) used to analyze the formation of tau pathology in the lateral
geniculate nucleus (L) and the superior colliculus (M). The quantifications of tau pathology have been analysed in these brain areas delimited by a red line for the
contralateral side and by a green line for the ipsilateral side of the brain.

cholera toxin positive axonal fibers in the geniculate nucleus of the 3.4. PHF-tau proteins were internalized in the cytoplasm of the retinal
ipsilateral side of the brain. Analysis in geniculate and superior colli- ganglion cells

culus regions have been further performed in brain areas as defined by

red and green circles for contralateral (red) or ipsilateral (green) sides of Localisation of PHF-tau proteins was examined in the eye at 10 min.,
the brain (Fig. 3 K and L). 30 min., 1, 3, 6, 24 h and 5 days after the intravitreal injection in TauKO

mice (Fig. 4). 3 h after the injection, PHF-tau proteins were detected in
the posterior part of the vitreous in AD injected mice (Fig. 4 A and C) and
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Fig. 4. PHF-tau proteins are detected in the ganglion cells 6 h after injection.

not in CTL injected mice (Fig. 4 B and D). 6 h after the injection, we have tau proteins. These antibodies labelled PHF-tau proteins in the poste-
observed PHF-tau proteins in the cell bodies of ganglion cells (arrows in rior part of the vitreous in AD injected mice 3 h after the injection but did
Fig. 4 G) of AD injected mice (Fig. 4 E and G) but not in CTL injected not detect PHF-tau in the ganglion cells 6 h after the injection.

mice (Fig. 4 F and H). We next performed immunolabelling with AT8 or

PHF1 antibodies to analyze the phosphorylation state of injected PHF-
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3.5. Analysis of the development of tau pathology in the visual pathway

To assess the propagation of tau pathology along the visual pathway
after the internalisation of PHF-tau proteins in retinal ganglion cells, we
have performed immunolabelling with antibodies recognizing phos-
phorylated tau on ser 396/404 (PHF-1 antibody) (Fig. 5 A, D, G, J and
Fig. 6 A-E), on ser 202/thr 205 (AT8 antibody) (Fig. 5 B, E, H, K and
Fig. 6 F-J) and recognizing conformational change (MC1 antibody)

PHF-1

Neurobiology of Disease 174 (2022) 105875

(Fig. 5C, F, I, L and Fig. 6 K-O) on the brain of WT, hTau and Tg22 mice
injected with CTL or AD sarkosyl fraction. We have analysed the pres-
ence of tau pathology along the visual pathway in the geniculate nucleus
(Fig. 5) and in the superior colliculus (Fig. 6) of these injected mice after
6 months of incubation. Tau proteins have been detected in the neuropil
in the geniculate nucleus like in other brain regions but a tau pathology
was never observed in the geniculate nucleus of WT, hTau or Tg22 mice
injected with AD or CTL sarkosyl fraction (Tg22 mice illustrated in

Fig. 5. Analysis of tau pathology spreading in the geniculate nucleus.

Immunolabelling of the geniculate nucleus of Tg22 mice with phosphotau antibodies (PHF-1 antibody recognizing phosphoserine 396/404 (A, D, G, J) or AT8
antibody raised against phosphoSer202/Thr205 (B, E, H, K)) or with conformational antibody (MC1) (C, F, I, L) after intraocular injection of AD (A-F) or CTL (G-L)
fractions. AD (n = 5) and CTL (n = 4). Pictures (D-F) and (J-L) are higher magnifications of the framed areas in pictures (A-C) and (G-I) respectively. Scale bars: I: 200
pm; L: 10 pm.
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Fig. 6. Analysis of tau pathology spreading in the superior colliculus.

Immunolabelling of the superior colliculus of Tg22 mice with phosphotau antibodies (PHF-1 antibody recognizing phosphoserines 396/404 (A-E) or AT8 antibody
recognizing phosphoSer202/Thr205 (F-J)) or with conformational antibody (MC1) (K-O) after intraocular injection of AD (B-C, G-H, L-M) or CTL (D-E, I-J, N-O)
fractions. Cells in (C,E,H,J,M,0) come from the framed areas in a part of the superior colliculus in pictures (B,D,G,I,L,N) respectively. The number of neurons showing
phosphotau or conformational change of tau proteins is not significantly different between AD or CTL injected mice (AD (n = 5) and CTL (n = 4) (A: PHF-1 antibody,
F: AT8 antibody, K: MC1 antibody). Two-tailed Mann-Whitney test. Scale bars: N: 200 pm; O: 10 pm.
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Fig. 5). In the superior colliculus of Tg22 mice, a tau pathology was
detected with PHF-1, AT8 and MC1 antibodies (Fig. 6C, E, H, J, M and O)
but the quantification of tau pathology with the different antibodies did
not show any differences between AD or CTL injected mice (PHF-1: p =
0.8286; AT8: p = 0.6334 and MC1: p = 0.6965) (Fig. 6 A, F and K).

4. Discussion

Alzheimer’s disease is the most frequent cause of dementia repre-
senting a health challenge for our ageing societies. In this disease,
intraneuronal lesions called neurofibrillary tangles are characterized by
the misfolding and the accumulation of tau proteins in neurons leading
to neuronal dysfunction and cognitive deficits. These lesions spread
progressively between synaptically connected brain regions during the
evolution of the disease. Previous studies have shown that the intrace-
rebral injection of pathological tau proteins recruit and seed the ag-
gregation of normal endogenous tau proteins suggesting that
pathological tau proteins could share some common properties with
prions (Clavaguera et al., 2013; Audouard et al., 2016; Vergara et al.,
2019). It was previously observed that prions propagate in the retino-
tectal pathway after corneal or sclera grafts in humans (Duffy et al.,
1974; Heckmann et al., 1997; Mehta and Franks, 2002; Head et al.,
2003; Head et al., 2005) or even after intraocular injection of prions in
experimental models (Fraser, 1982). Pathological prion proteins have
been observed in the plexiform layers of the retina of CJD patients (Head
et al., 2003; Head et al., 2005) and intracerebral injection of eye ho-
mogenates from CJD subjects into non-human primates has shown
transmission of the disease (Brown et al., 1994). To assess the ability of
pathological tau (PHF-tau) to propagate tau seeding in the retino-tectal
pathway we have analysed the formation and propagation of tau pa-
thology along this pathway in several mice models expressing murine or
human tau, after intraocular injection of PHF-tau isolated from AD
brain.

In the retina, tau proteins have similar functions to those found in the
brain such as stabilizing microtubules and regulating axonal transport
(Ho et al., 2012) but are also implicated in axon development during
retinal ganglion cells differentiation (Wang et al., 2000; Lieven et al.,
2007) and in visual plasticity in adult mice (Rodriguez et al., 2020). Tau
proteins are mainly expressed in a dephosphorylated form in all layers of
the human retina (Loffler et al., 1995; Leger et al., 2011). In AD, tau
proteins are hyperphosphorylated in all layers of the retina except the
ONL (Loffler et al., 1995; Schon et al., 2012; Den Haan et al., 2018;
Grimaldi et al., 2019) but never in a fibrillated (Den Haan et al., 2018) or
an aggregated form (Schon et al., 2012). Moreover, the typical struc-
tures formed by tau proteins in the AD brain (tangles, neuritic plaques
and neuropil threads) are not found in the retina (Den Haan et al., 2018).

We first validated our intraocular injection procedure using the
cholera toxin subunit B that as expected (Angelucci et al., 1996) was
rapidly transported along the retino-tectal pathway.

We observed the internalisation of injected PHF-tau into the retinal
ganglion cells a few hours after intraocular injection. In a recent study
using similar time points as us, a retinal uptake of fibrils made of trun-
cated human K18 tau fragments after their intravitreous injection in WT
mouse eyes was not observed (Veys et al., 2021). The discrepancy with
our results showing an internalisation of PHF-tau in retinal ganglion
cells could be explained by the nature of injected material, since Veys
et al. injected fibrils composed of recombinant K18 whereas we injected
native PHF-tau proteins isolated from AD brains. Our injected material
exhibits many post-translational modifications found in AD such as
conformational and phosphorylated epitopes which can play an
important role in their ability, not only to form aggregates, but also to be
internalized into cells (Alonso et al., 2001; Despres et al., 2017; Carlo-
magno et al., 2021). For instance, tau proteins phosphorylated by
glycogen synthase kinase-3beta were observed to be internalized into
cortical cells ten times more easily than the low phosphorylated ones
(Wauters et al., 2016). These observations suggest that the absence of
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retinal uptake of K18 tau fragments could be due to the absence of
phosphorylation, and potentially other post-translational modifications,
of these recombinant peptides.

Despite the internalisation of PHF-tau in retinal ganglion cells, we
did not observe aggregation of endogenous tau proteins expressed by
these cells, either wild-type murine tau (WT mice), wild-type human tau
(hTau mice), or aggregation prone human tau (THY-tau22 mice).

A previous study showed that the expression of human tau in mice
significantly accelerates propagation of AD brain-derived pathological
tau compared to mice expressing murine tau suggesting increased
seeding abilities of human tau versus murine tau (Saito et al., 2019). We
could however not detect tau aggregation in retinal ganglion cells even
in our mice expressing human tau. The absence of tau seeding in the
retinal ganglion cells could be due to the biochemical/conformational
properties of the pathological fibrillar tau aggregates used in our study.
However, the seeding ability of our PHF-tau fibrillar aggregates has been
demonstrated in this study and previous ones (Audouard et al., 2016;
Vergara et al., 2019) after intracerebral injection that induced aggre-
gation of murine tau. Our results suggest rather that the absence of
seeding in the retinal ganglion cells is not due to the absence of seeding
activity of our injected PHF-tau fibrillar aggregates but is rather due to a
resistance of these cells to develop a tau pathology. A previous study has
shown that dephosphorylation of tau derived from AD brain reduces the
seeding activity of tau (Wu et al., 2021). In our study, PHF-tau proteins
internalized in ganglion cells are dephosphorylated for AT8 and PHF1
epitopes suggesting that phosphatases activity in ganglion cells could
protect the cells against tau seeding. Indeed, in retina of AD patients, tau
proteins accumulate in cell bodies of retinal ganglion cells (Schon et al.,
2012; Den Haan et al., 2018) but these tau proteins are not aggregated
supporting the hypothesis that these cells are resistant to induction of
tau seeding.

Contrary to what has been observed for prions in Creutzfeldt-Jacob’s
disease, the presence of tau pathology has never been described in
cornea or sclera of AD patients. However, studies in mice have shown
the presence of phosphorylated tau in the cornea suggesting that corneal
grafts could be at risk (Zhao et al., 2013; Li et al., 2022). Absence of
transmission of AD after transplantation of corneal tissue has not been
reported to our knowledge. Our comparative analysis of tau expression
level in the eye and the brain, showed a significantly lower expression
level of tau in the eye compared to the brain of the different mouse
models used in this study; a concentration-dependent kinetic of tau
aggregation could be a factor explaining the resistance of retinal gan-
glion cells to induction of tau seeding. Indeed, increasing the level of tau
expression favours tau aggregation in transgenic models and in human
tauopathies. Eg an increased level of tau expression due to MAPT gene
duplication causes the formation of a tau pathology (Le Guennec et al.,
2017).

Prion propagates rapidly (Gibbs Jr et al., 1994; Zobeley et al., 1999)
but contrary to what has been observed for prions in previous studies,
we did not observe a tau pathology propagation from the eye to the brain
in our mice models even after 6 months of incubation. Tau pathology
was not observed at the level of the two synaptic relays of the retino-
tectal pathways, ie the geniculate nucleus and the superior colliculus
in WT and htau mice. The absence of tau pathology propagation is not
due to disturbances in the axonal transport in mice overexpressing tau
proteins as it was shown that the absence or the overexpression of tau
did not affect axonal transport in ganglion cells (Yuan et al., 2008).Tau
pathology was present in these brain areas in THYtau-22 mice, but was
not quantitatively different between mice injected with PHF-tau or
control fractions, suggesting that this tau pathology is part of the
phenotype of THY-tau 22 mice expressing an aggregation prone mutant
tau under control of the Thyl.2 promoter.

We can not exclude that longer incubation times would lead to tau
protein aggregation and propagation. Also, we cannot exclude that
another form of pathological tau, such as tau oligomers, could be more
efficient to induce tau aggregation and spreading in the visual pathway.
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5. Conclusion

We evidenced for the first time that pathological tau proteins isolated
from AD brains can enter into retinal ganglion cells after intraocular
injection. We did not demonstrate a transmission of tau pathology to the
brain after an ocular contamination in our mice models. We cannot
exclude however that there is no risk of transmission by the retino-tectal
pathway in human in whom longer incubation time should be possible,
but our results suggest that eye surgery is not a major risk of trans-
mission of tau pathology.

Immunolabelling with anti-human tau antibody of the eye of AD (A
and G, E and G) or CTL (B and D, F and H) injected TauKO mice, 3 h (A-
D) or 6 h (E-H) after the intraocular injection. 3 h after injection, PHF-
tau proteins were detected near the posterior part of the lens (C)
whereas this injected material was detected in the ganglion cells of the
retina 6 h after the injection (G). Scale bars: B, D and F: 50 pm; H: 10 pm.
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