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Abstract

The retina is a potential source of biomarkers for the detection of neurodegenerative disease.
Accumulation of phosphorylated tau (p-tau) in the brain is a pathological feature characteristic for
Alzheimer’s disease (AD) and primary tauopathies. In this study the presence of p-tau in the retina in
relation to tau pathology in the brain was assessed. Post-mortem eyes and brains were collected
through the Netherlands Brain Bank from donors with AD (n=17), primary tauopathies (n=8), a-
synucleinopathies (n=13), other neurodegenerative diseases including non-tau frontotemporal lobar
degeneration (FTLD) (n=9), and controls (n=15). Retina cross-sections were assessed by
immunohistochemistry using antibodies directed against total tau (HT7), 3R and 4R tau isoforms (RD3,
RD4), and phospho-epitopes Ser202/Thr205 (AT8), Thr217 (anti-T217), Thr212/Ser214 (AT100),
Thrl81 (AT270), Ser396 (anti-pS396) and Ser422 (anti-pS422). Retinal tau load was compared to p-tau
Ser202/Thr205 and p-tau Thr217 load in various brain regions. Total tau, 3R and 4R tau isoforms
were most prominently present in the inner plexiform layer (IPL) and outer plexiform layer (OPL)
of the retina and were detected in all cases and controls as a diffuse and somatodendritic signal.
Total tau, p-tau Ser202/Thr205 and p-tau Thr217 was observed in amacrine and horizontal cells
of the inner nuclear layer (INL). Various antibodies directed against phospho-epitopes of tau showed
immunoreactivity in the IPL, OPL, and INL. P-tau Ser202/Thr205 and Thr217 showed significant
discrimination between AD and other tauopathies, and non-tauopathy cases including controls. Whilst
immunopositivity was observed for p-tau Thr212/Ser214, Thr181 and Ser396, there were no group
differences. P-tau Ser422 did not show any immunoreactivity in the retina. The presence of retinal p-tau
Ser202/Thr205 and Thr217 correlated with Braak stage for NFTs and with the presence of p-tau
Ser202/Thr205 in hippocampus and cortical brain regions. Depending on the phospho-epitope, p-tau in

the retina is a potential biomarker for AD and primary tauopathies.
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Introduction

There is a growing interest in the eye, and in particular the retina, as a potential source of biomarkers
for Alzheimer’s disease (AD) and other neurodegenerative diseases. The neuropathological hallmarks
of AD — the most common cause of dementia — include neuronal loss, extra-cellular amyloid-beta (AB)
plaques and neurofibrillary tangles (NFTs)[4]. NFTs are primarily composed of intracellular aggregates
of hyper-phosphorylated micro-tubule associated tau protein. The hyper-phosphorylation of tau inhibits
its function in microtubule assemblage, promotes its aggregation into oligomers and fibrils, and
eventually forms filamentous aggregates called NFTs[5]. The phosphorylation and aggregation of tau is
a major constituent of AD and primary tauopathies like frontotemporal lobar degeneration (FTLD)-
tau[16], progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD)[48].
Phosphorylated tau (p-tau) also accumulates in primarily age-related neurodegeneration such as
primary age-related tauopathy (PART)[10] and aging-related tau astrogliopathy (ARTAG)[29].

The retina — embryologically derived from the diencephalon — is an extension of the central
nervous system and shows many similarities with the brain in terms of anatomy and functionality[32].
The axons of retinal ganglion cells form the optic nerve providing a direct connection to the central
nervous system. Retinal neuronal cells have functional properties similar to central neuronal cells[32].
The eye contains a blood-retina barrier similar to the blood-brain barrier, and the agueous humor in the
anterior eye segment shares similarities with cerebrospinal fluid in the brain [26, 32, 42, 45]. In addition,
the retina and the brain undergo similar age-related and hereditary degeneration, which may be caused
by altered expression of neuron-related proteins[31]. Because of these common features and the direct
connection to the brain, changes present in the retina could be indicative of changes in the brain. This
supports the potential of examining the eye with noninvasive imaging techniques aiming to diagnose
neurodegenerative diseases[32].

Similar to the brain, tau is highly expressed in the retina. The presence of tau is primarily
observed in the inner plexiform layer (IPL), outer plexiform layer (OPL), and inner nuclear layer (INL) of
the retina[31]. Accumulation of non-phosphorylated tau has been observed in photoreceptor cells and
retinal ganglion cells[30]. Schén and colleagues[40] were the first to demonstrate disease-associated p-
tau in AD post-mortem retinas, which was confirmed by other studies[12, 18]. In these studies, the
presence of p-tau was observed as a diffuse staining in the IPL and OPL, as well as in retinal ganglion
cells. Overall p-tau is increased in AD retina yet does not show presence of fibrillar tau aggregates or
NFTs[12, 18, 40]. It is important to note that cohorts were small (up to 10 AD cases per study) and there
are also reports that could not observe abnormalities related to tau pathology in the retina[20, 21, 46].

Although previous post-mortem studies described the presence of p-tau in AD retina[12, 40],
some questions remain unanswered. At this moment it is not clear if the presence of p-tau is specific for
AD or if p-tau is also present in the retina of other (primary) tauopathies or other neurodegenerative
diseases. In addition, no data is available on the correlation between tau pathology in the retina and the
brain, and if its presence follows the hierarchical distribution of NFT tau pathology as proposed by Braak
and Braak[4]. Another question that remains unanswered is whether the retina shows a similar presence
of tau phospho-epitopes compared with the brain. Elucidating the above would extend our

understanding in the underlying disease mechanism in the retina and the potential of p-tau in the retina



as biomarker. The aim of this study was to assess the presence of different phospho-epitopes of tau in
post-mortem retina tissue in relation to tau pathology in the brain in a cohort of AD cases, primary
tauopathies and other non-tau neurodegenerative diseases compared to controls with or without

accumulation of p-tau in the brain.



Materials and methods

Post-mortem tissue

Post-mortem brain tissue and eyes of 62 donors were obtained by the Netherlands brain bank (NBB,
Amsterdam, The Netherlands, https://www.brainbank.nl). All donors gave informed consent for the use
of their brain and eyes as well as clinical records for research purposes in compliance with ethical
standards. The VUmc medical ethics committee approved the donor program of the NBB. Extensive
clinical history was available and brain autopsies were performed according to the Code of Conduct of
Brain Net Europe[27]. Subjects were included based on availability from 2009 until 2020 and had a
variety of neuropathological diagnoses.

Brain tissue was collected within 12 hours post-mortem and subsequently formalin-fixed (10%; 4 weeks)
and paraffin-embedded (FFPE). Neuropathological assessment was performed by an experienced
neuropathologist (AR), according to the NIA-AA criteria including Braak stage for NFTs[4] and Lewy
bodies[1], Thal phase for AR [23, 43], and CERAD score for neuritic plague pathology[35]. Based on
neuropathological diagnosis, cases were categorized into the following groups: AD[23] (n=17), primary
tauopathies[13, 15, 29] (n=8), a-synucleinopathies[25, 33] (n=13), other neurodegenerative diseases
(n=9) and controls (n=15). Controls had no clinical cognitive complaints, and were stratified based on
the Braak stage for NFTs in two groups; controls without p-tau in the brain (Braak stage 0; n=6), and
controls with p-tau in the brain (Braak stage | = lll; n=9). Cohort characteristics are shown in Table 1. A
medical history record of ophthalmologic disease was not an exclusion-criterium for this study. Four
cases had posterior segment pathology including retinal detachment (#7, #32), age-related macular
degeneration (#14) and optic neuritis (#49).

Post-mortem retinal tissue preparation

Post-mortem interval of retinal tissue is described separately in Table 1. Post-mortem enucleation of
eyes was sometimes performed after brain autopsy, therefore indicating a longer post-mortem interval.
Eye tissue processing was performed by removing the anterior part of the eye, containing cornea and
lens, and filling the eyecup with tissue-tek O.C.T. compound (Sakura, Tokyo, Japan). Either the eye was
frozen using iso-pentane at -90 °C and stored at -80 °C, or the eye was directly collected in 4%
paraformaldehyde (PFA) and stored for 48 hours before further processing. Frozen eyes were defrosted
at room temperature (RT) in PFA for 48 hours prior to dissection. The eye was dissected through the
horizontal and vertical axis, resulting in temporal-superior, temporal-inferior, nasal-superior and nasal-
inferior quadrants as previously described[12]. Prior to embedding, the quadrants were dehydrated
using the following protocol: 3 hours in 4% PFA at 35 °C, 1 hour in 70% ethanol at 35 °C, 1 hour in 80%
ethanol at 35°C, 1 hour in 96% ethanol at 35 °C, 3 times for 1 hour in 100% alcohol at 35 °C, 3 times

for 1 hour in xylene at 35 °C, and four times for 1 hour in paraffin at 62 °C.

Immunohistochemistry
Tissue sections from FFPE retina at 10 um thickness of the superior quadrant were sequentially
mounted on TOMO glass slides (Matsunami, Osaka, Japan). Brain tissue at 5 um thickness were

mounted on Superfrost plus glass slides (VWR, Pennsylvania, USA). For this study the following brain



regions were separately assessed; the middle hippocampus at the geniculate body, lateral geniculate
nucleus (LGN), superior colliculus, temporal pole, medial frontal gyrus, inferior parietal lobe and occipital
pole V1/V2. Slides were air dried overnight at 37 °C prior to staining. Sections were deparaffinized and
rehydrated using sequential incubations in xylene, alcohol and water. Endogenous peroxidase activity
was suppressed by incubating the slides with 0.3% H20:2 in phosphate buffered saline pH 7.4 (PBS) (30
min). Antigen retrieval was performed in 10 mM/L citrate buffer (pH 6.0) and heated using an autoclave
(20 min. at 121°C). Sections were incubated with primary antibodies against total tau (HT7), 3R tau, 4R
tau, p-tau Ser202/Thr205 (AT8), p-tau Thr217 (anti-T217), p-tau Thr212/Ser214 (AT100), p-tau Thr181
(AT270), p-tau Ser396 (anti-pS396) and p-tau Ser422 (anti-pS422) (Table 2, Fig. 1) diluted in antibody
diluent (Sigma-Aldrich, Saint Louis, USA) overnight at RT. Of each sequential section series of
approximately 20 sections per donor, the first and last section was stained for p-tau in order to confirm
p-tau status. Immunohistochemistry was performed on all quadrants in AD cases negative for p-tau
Ser202/Thr205 or Thr217. Omission of primary antibody was used as a negative control. After primary
antibody incubation the slides were washed in PBS and incubated with anti-mouse/rabbit HRP Envision
(DAKO, Glostrup, Denmark) (30 min) and subsequently washed using PBS. 3,3’-Diaminobenzine (DAB;
DAKO) was used as a chromogen for color development (5 min) at RT. Sections were counterstained
with hematoxylin, dehydrated using alcohol and xylene and mounted using Quick-D (Klinipath; Duiven,
The Netherlands).

Fluorescent double-immunostainings

Colocalization of total tau (HT7), p-tau Ser202/Thr205 and p-tau Thr217 with retinal neuronal cells was
visualized in a subset of cases using antibodies against calbindin D28K and calretinin. Omission of
primary antibody and staining of single antibodies were used as technical controls. Endogenous
autofluorescence was negligible and therefore quenching of autofluorescence was not applied.
Deparaffinization, citrate antigen retrieval using an autoclave and blocking of endogenous peroxidase
activity were performed as described above. For fluorescent double-immunostainings with p-tau
Ser202/Thr205, sections were incubated overnight at RT using with a mix of anti-calbindin D28K + p-
tau Ser202/Thr205 or anti-calretinin + p-tau Ser202/Thr205 diluted in antibody diluent (Sigma). As
secondary step for the mouse antibody (AT8), anti-mouse HRP Envision (DAKO, 30 min. incubation)
was used followed by incubation with fluorescein labeled tyramide (AKOYA, Marlborough MA, USA) (10
min). For the rabbit primary antibodies (anti-calbindin D28K or anti-calretinin), goat anti-rabbit IgG Alexa
Fluor Plus 594 (ThermoFisher, Waltham MA, USA) was used as a secondary step in a 1:250 dilution in
antibody diluent for 1 hour. In between incubations, sections were washed with PBS at RT. To obtain
fluorescent double-immunostainings with total tau and p-tau Thr217 (rabbit/rabbit stainings), sections
were incubated with HT7 or anti-T217 antibodies diluted in antibody diluent (Sigma) and incubated
overnight at RT. As secondary step for the tau antibodies, anti-mouse/rabbit HRP Envision (DAKO, 30
min. incubation) was used followed by incubation with fluorescein labeled tyramide (AKOYA, 10 min.
incubation). Primary and secondary antibodies were removed by cooking the sections using a
microwave for 10 minutes. Subsequently, the sections were incubated with either calbindin D28K or

calretinin diluted in antibody diluent overnight at RT. For the rabbit primary antibodies (anti-calbindin



D28K or anti-calretinin), goat anti-rabbit IgG Alexa Fluor Plus 594 (ThermoFisher) was used as a
secondary step in a 1:250 dilution in antibody diluent for 1 hour. In between incubations, sections were
washed with PBS at RT. After completion of the stainings sections were coverslipped with DAPI
Fluoromount-G (SouthernBiotech, Birmingham AL, USA).

Images were obtained using a Leica DMi8 inverted fluorescence microscope equipped with a Leica
DFC300 G camera and illuminated by a mercury light source using LAS AF software (version 1.5).
Single plane images using a HCX-PL-fluotar 40x/0.75 lens were made with DAPI (excitation: 325-375;
emission: 435-485), FITC (excitation: 460-500; emission; 512-542) and Texas-red (excitation: 540-580;
emission: 592-668) filter cubes. Exposure of images was set to a near black image in the negative
control slide (Supplementary fig. 1, online resource) at a resolution of 4 pixels per um. Images of the far
peripheral region from three representative cases were made and analyzed using ImageJ software
(National Institute of Health). All figures were composed with Adobe Photoshop (Adobe Systems
Incorporated, RRID:SCR_014199), version 23.5.

Assessment and quantification of tau immunoreactivity

DAB stained whole-sections were imaged using an Olympus VS200 slide-scanner. Cross-sections of
the retina were assessed at three regions of interest (ROI) with an average size of 26000 um?; the far
peripheral region, mid peripheral region and central region. For selection of the ROIs, points of
orientation were used as follows; 1) the beginning of the far peripheral region was marked based on the
visibility of the INL and outer nuclear layer (ONL) closest to the ora serrata, 2) the mid peripheral region
was identified by thickening of the ONL, 3) the central region was identified closest to the optic nerve,
without inclusion of the macula. Sections were quantified by assessing the percentage DAB positive
surface area (mean surface %) at the best fit threshold using QuPath (RRID:SCR_018257) version 0.2.0
m12[2] (Supplementary fig. 2, online resource). For detection of positive staining, the down-sample
factor was set at 1, Gaussian sigma at 0.25 um and the haematoxylin threshold (‘Negative’) at 1 optical
density (OD) units. DAB threshold was set at 0.1 OD units for total tau, 0.2 OD units for p-tau
Ser202/Thr205, 0.15 OD units for p-tau Thr217, 0.3 OD units for p-tau Ser212/Thr214, 0.8 OD units for
p-tau Thr181 and 0.25 OD units for p-tau Ser396. In brain tissue, p-tau Ser202/Thr205 and Thr217
immunoreactivity was assessed using a semi-quantitative score with an Olympus BX41 microscope in
the grey matter of the whole brain section with total surface areas ranging from 2 to 4 cm?. Positive
staining was scored as none, few, moderate and high (Supplementary fig. 3, online resource).
Assessment of tau pathology in the brain and the retina was performed separately and blinded for

diagnosis.

Statistical analysis

Statistical analysis to study group differences was performed using a one-way ANOVA with post hoc
analysis (Bonferroni) for continuous data and Chi square testing for dichotomous data. Statistical
analysis for group differences of p-tau in the retina, the relation between retinal p-tau Ser202/Thr205
and Thr217 mean surface % and p-tau Ser202/Thr205 and Thr217 in the brain tissue, and the between-
region differences for total tau and the different phospho-epitopes (p-tau Ser202/Thr205, Thr217,



Thr212/Ser214, Thr181 and Ser396) was performed using linear mixed models since it accounts for
repeated regional measures within the same case being related as opposed to regional measures in
other cases. Spearman’s correlation was performed to analyze the correlation between p-tau in the
retina and Braak stage. Statistical analyses were corrected for age at death and gender and was
performed using SPSS Statistics (IBM SPSS Statistics, RRID:SCR_016479) version 26. A P-value of
<0.05 was considered significant.



Results

Cohort description

Individual case details are reported in Table 1 and group demographics are described in Table 3. To
study the clinical relevance of tau in the retina, groups were categorized by neuropathological diagnosis.
Age at death was different between groups (F(5, 56) = 6.92, P < 0.001)). There was a significant
difference in post-mortem interval between controls with Braak stage I-1ll and a-synucleinopathies (F(5,
56) = 3.38, P < 0.05)). No group difference was found for gender (X2 (1, 62) = 0.07, P = 0.80)). Defined
as such, AD cases had significantly higher Braak stages for NFTs, Thal amyloid phase and CERAD
score for neuritic plagues.

Localization of phosphorylated tau and tau isoforms in the retina

Characterization of the antibodies used in this study has been assessed previously [6, 11, 17, 24, 34,
37, 39, 44]. To illustrate immunoreactivity of these antibodies in the brain, immunohistochemistry was
performed on the medial frontal gyrus of representative cases for each group (Fig. 2). Total tau and p-
tau was observed in all AD and tauopathy cases. Tau isoform 3R was observed in AD and tauopathies,
except PSP and CBD cases, and 4R tau was seen in all AD and tauopathy cases in this cohort. P-tau
epitopes showed variably intense immunoreactivity in control Braak stage II-1ll revealing few neuropil
threads, AD revealing many neuropil threads, NFTs and neuritic plaques and PSP revealing tufted
astrocytes. No p-tau immunoreactivity was observed in the medial frontal cortex of control Braak stage
0, FTLD-TDP or PD. The presence and localization of total tau, tau isoforms and p-tau were assessed
in cross-sections of the superior retina (Fig. 3) where, as reported previously, AD-associated pathology
seems consistently and most prominently present[12, 28]. In all cases and controls, total tau assessed
with antibody HT7 was primarily present in the IPL and OPL (Fig. 3, Fig. 4a). This staining pattern was
also observed with antibodies specific for the 3R and 4R isoforms of tau. A similar layer distribution was
observed for tau phosphorylated at Ser202/Thr205, Thr217, Thr212/Ser214, Thrl81 and Ser396.
Presence and intensity of immunoreactivity was variable between cases. Immunoreactivity for p-tau
Ser202/Thr205 and Thr217 showed a difference in presence and intensity between cases and controls,
while Thr212/Ser214, Thrl81 and Ser396 showed intense immunoreactivity in all controls and
neurodegenerative cases. Immunoreactivity for p-tau Thr181 was also observed in the photoreceptor
inner segment (Fig. 4b). A similar distribution was sporadically observed with p-tau Ser396 (Fig. 3).
While AD brain tissue showed a clear presence of p-tau Ser422 (Fig. 2), no immunoreactivity for this
epitope was observed in the retina in any of the control- or neurodegenerative cases.

In general, immunostaining for total tau with HT7 and p-tau antibodies revealed a diffuse staining
of the OPL (Fig. 4a) and distinctive sublaminar layers in the IPL (Fig. 4b). In addition, p-tau and total tau
also revealed intracellular signal in the INL and OPL (Fig. 4d). As reported previously, there were no
structures observed resembling fibrillar inclusions, threads or neurofibrillary tangles[12]. A more
prominent localization of p-tau Ser202/Thr205 was observed in the far periphery as opposed to the mid
periphery (B = -11.76, SE = 1.28, p < 0.001) and the central retina (B =-21.92, SE = 1.44, p < 0.001)
(Fig. 4e). This gradient was also observed for total tau and all other p-tau epitopes (Supplementary fig.

4, online resource). Some cases showed signal for p-tau Ser202/Thr205 and Thr217 in only one of the
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plexiform layers. For example, two CBD (#33, #34), one PSP (#36), one control (#10) and one AD case
(#25) showed immunostaining only in the IPL and scarcely in the OPL (Fig. 4f). Other cases primarily
showed immunostaining in the OPL, namely one PSP (#35), two AD (#23, #32), and one FTLD-TDP
case (#43). In these cases, total tau immunostaining (HT7) was observed in both IPL and OPL.

Total tau, p-tau Ser202/Thr205 and p-tau Thr217 were assessed with calretinin and calbindin
D28K to study their presence in neuronal cells (Fig. 5). While calretinin is a marker specific for amacrine
cells, and calbindin D28K is a marker for horizontal cells[19], the latter is also present in bipolar cells
and cones[38]. Consistent with the literature, calbindin D28K was indeed observed in what are likely to
be horizontal cells and cones, while calretinin was detected in presumably amacrine cells and their
processes. Co-localization with total tau, p-tau Ser202/Thr205 and Thr217 was observed in horizontal

cells and amacrine cells in the INL and the processes of amacrine cells in the IPL.

P-tau in the retinais increased in AD, primary tauopathies and controls with increased presence
of cerebral p-tau

Given the significant predilection of p-tau for the far and mid peripheral region of the retina, its presence
was quantified separately in these regions only (Table 5). P-tau Ser202/Thr205 and Thr217 was
increased in the far periphery in controls with Braak stage I-lll, AD cases and primary tauopathies
compared with Braak stage 0 control cases (Fig. 6). Primary tauopathies showed increased levels of p-
tau Thr217 and Thr181 in both the far and mid periphery, p-tau Ser202/Thr205 in the far periphery and
Thr212/Ser214 in the mid periphery. Total tau was relatively high in all groups, including controls. A
significant increase in total tau was detected in the far periphery in primary tauopathies compared with
Braak stage O control cases. P-tau Ser396 immunoreactivity was also relatively high in all groups but
did not show any group differences. Overall, p-tau Ser202/Thr205 and Thr217 were increased in groups
associated with cerebral tau-pathology, and almost absent in the non-tau associated neurodegenerative
disease groups (a-synucleinopathies and other neurodegenerative diseases) and controls without
cerebral tau (Braak stage 0).

On a group level, p-tau Ser202/Thr205 and Thr217 immunoreactivity was increased in AD and
primary tauopathies. However, 6 out of 17 AD cases (#17, #18, #19, #29, #30, #31) and one FTLD-tau
case (#37, Braak stage Il) did not show immunoreactivity for p-tau Ser202/Thr205 or Thr217 in the
retina. Of these cases, additional sections of all other quadrants were assessed and found negative for
p-tau Ser202/Thr205 and Thr217. Of the 6 AD cases without p-tau Ser202/Thr205 or Thr217
immunoreactivity in the retina, half had an atypical neuropathological presentation of AD showing

predominantly parietal pathology load in the cerebral cortex (#17, #30, #31)[3].

P-tau Ser202/Thr205 in the retina correlates with tau pathology in the brain

Although significant group differences for p-tau Ser202/Thr205 and Thr217 immunoreactivity in the
retina were observed, the variety in controls and AD cases was substantial. Therefore, the relation
between p-tau in the retina and tau pathology in the cerebral cortex was further explored. Retinal p-tau
Ser202/Thr205 and Thr217 correlated with the Braak stage for NFTs, both showing a positive correlation
(p-tau Ser202/Thr205, rs[59] = 0.35, p < 0.01; p-tau Thr217, rs[58] = 0.41, p < 0.01). Retinal
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immunoreactivity for p-tau Ser202/Thr205 and Thr217 was compared with a semi-quantitative score for
p-tau Ser202/Thr205 or Thr217 load in different brain regions (Fig. 7). Immunoreactivity for p-tau
Ser202/Thr205 in the far periphery of the retina correlated with p-tau Ser202/Thr205 immunoreactivity
in the hippocampus (B = 4.69, SE = 2.05, p = 0.02), temporal pole (p = 6.25, SE = 1.85, p < 0.01), medial
frontal gyrus (B =5.93, SE = 2.06, p < 0.01) and the parietal lobe (p = 5.57, SE = 2.04, p < 0.01). No
correlation was found with the occipital pole (B =2.95, SE =2.07, p = 0.15). No correlation was observed
between retinal Thr217 and p-tau Thr217 immunoreactivity scores in the brain. P-tau Thr217 in the retina
correlated with p-tau Ser202/Thr205 in the hippocampus (p = 3.28, SE = 1.22, p < 0.01) and temporal
lobe (B = 2.60, SE = 1.11, p = 0.02), however not in the other assessed brain regions (medial frontal
gyrus; B =2.07, SE =1.24, p = 0.10; parietal lobe; p =1.48, SE = 1.24, p = 0.23; occipital pole; p = 2.03,
SE =1.43,p=0.16).

To rule out an effect of ophthalmologic pathology on tau load in the retina, all analyses were additionally
performed after exclusion of the cases with posterior segment pathology (#7, #14, #32, #49). The
exclusion of these cases did not change the statistical outcome, i.e. significant differences observed

between groups and the correlations with brain tau load remained the same.

Patterns of p-tau Ser202/Thr205 immunoreactivity in the visual system

To investigate if p-tau in the retina is part of a hierarchical distribution of tau pathology in the brain,
different structures of the visual system were assessed in a subset (N=14) for which brain tissue was
available of the LGN and/or superior colliculus (Table 4, Fig. 8). Immunohistochemistry for p-tau
Ser202/Thr205 revealed few thread-like structures and neuronal cytoplasmic inclusions in the LGN of
all assessed AD and tauopathy cases and was absent in control cases. Of the 8 AD cases in this group,
2 cases (#29, #30) had no p-tau Ser202/Thr205 immunoreactivity in the retina. One control case (#11,
Braak stage Il) showed high levels of p-tau Ser202/Thr205 immunoreactivity in the retina and mild p-tau
Ser202/Thr205 positivity in the occipital pole without the presence of NFTs. The two FTLD-tau cases
showed variable p-tau Ser202/Thr205 signal in the visual system; one without p-tau Ser202/Thr205
immunoreactivity in the retina and with p-tau Ser202/Thr205 load in all three regions (#37), and one with
high levels for p-tau Ser202/Thr205 immunoreactivity in the retina without p-tau Ser202/Thr205 load in
the occipital pole (#38). Although the retina of one FTLD-tau case (#37) did not show p-tau
Ser202/Thr205 in the retina, the superior colliculus showed coiled bodies, diffuse positive neurons and
high glial and neuronal tau load. Within the superior colliculus, moderate (AD, n=5) to many (primary
tauopathies, n=3) p-tau Ser202/Thr205 positive threads, and more sporadically neuritic plaques and
dystrophic neurites were observed. The distribution of p-tau Ser202/Thr205 in the visual system of these

selected cases was variable and no clear hierarchical distribution could be observed.
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Discussion

In this study, increased levels of tau phosphorylated at epitopes Ser202/Thr205 and Thr217 in the retina
were observed in AD cases, primary tauopathies and controls with tau pathology in the brain, as
opposed to other neurodegenerative cases and controls without tau pathology in the brain. There is a
positive correlation between retinal p-tau Ser202/Thr205 and Thr217 with Braak stage for NFTs, and a
statistically significant relation between retinal p-tau Ser202/Thr205 and Thr217 immunoreactivity and
the presence of p-tau Ser202/Thr205 in hippocampus and cortical brain regions. Results from this study
suggest that pathological tau load in the retina mirrors tau pathology in the brain. While the retina is a
potential source of biomarkers for the detection of neurodegenerative pathology in the brain, it is
important to understand the relation between retina and the brain in the pathogenesis of
neurodegenerative diseases. In this study, the presence of p-tau in the retina was assessed in a well-
characterized autopsy confirmed cohort with different neurodegenerative diseases and cognitively
normal controls with and without cortico-cerebral tau pathology.

The observation of p-tau in AD retinas is in concordance with previous studies[12, 40]. We
observed that p-tau and tau isoforms mainly show a diffuse signal in the IPL and OPL, and a
somatodendritic immunostaining in the INL. The distinct tau-positive layers observed within the IPL most
likely represent anatomical sublaminar layers of the IPL made out of the axons and dendrites from retinal
ganglion cells, amacrine cells and bipolar cells[14]. P-tau immunoreactivity in the OPL most likely
derives from horizontal cells located in the INL[19]. Interestingly, the presence of p-tau in the IPL and
OPL varied between cases. For example, a difference in p-tau immunoreactivity between the IPL and
OPL was observed for p-tau Ser202/Thr205 and Thr217 in CBD and PSP, suggesting variable tau
phosphorylation by amacrine and horizontal cells[9]. We found that tau and p-tau was mainly present in
the far periphery of the retina as previously shown by other groups[12, 22]. This finding could be
explained by regional differences in gene expression, structure (i.e. layer thickness and cell type
proportion) and metabolism regarding environmental specific stress response and neurotrophic survival
factors[47].

Intracellular p-tau immunoreactivity was observed in what are assumed to be horizontal and
amacrine cells, using calbindin D28K and calretinin as neuronal markers, respectively. Although
intracellular p-tau staining was detected, these structures did not resemble NFTs, one of the hallmarks
of AD pathology in the brain. The absence of NFTs in the retina is in concordance with previous studies
[12, 40] and supported by the absence of immunoreactivity for p-tau Ser422, which in the brain strongly
associates with late-stage AD pathology and NFTs[7]. The absence of retinal structures resembling
NFTs or neuropil threads, and the predilection in synaptic layers, indicates that disease-associated
retinal p-tau is morphologically different in the retina compared to the brain, and that retina and brain
have different response mechanisms associated with tau pathology. The overall high levels of other p-
tau epitopes such as p-tau Thr212/Ser214, Thr181 and Ser396 indicate a physiological role for tau
phosphorylation in the retina. Group differences found for p-tau Ser202/Thr205 and Thr217 in this study
could indicate a disturbance in this physiological process. Whether the presence of p-tau in the retina
resembles an early stage of tau pathology that does not progress, or is a completely different metabolic

mechanism remains elusive and needs to be addressed in future studies.
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A consistent finding of the current study is that controls without tau pathology in the brain do not
show p-tau Ser202/Thr205 or Thr217 signal in the retina. P-tau Ser202/Thr205 and Thr217 was present
in 5 out of 15 controls, however these cases had a Braak stage of | or Il. Similarly, p-tau Ser202/Thr205
and Thr217 signal in the retina was also seen in two neurodegenerative diseases not primarily
associated with tau (FTLD-TDP, #43; PDD, #57) however with extensive AD co-pathology in the brain.
This implies that the presence of p-tau in the retina may mirror p-tau load in the brain in non-symptomatic
individuals with AD pathology, which is supported by studies using AD mouse models showing that p-
tau is present in the retina preceding brain pathology[8, 28, 40]. Interestingly, in this study 35% of AD
cases had no retinal p-tau Ser202/Thr205 or Thr217 signal. This is in line with findings from earlier
studies[12, 18, 21] among which Schén and colleagues[40], who attributed the loss of p-tau
Ser202/Thr205 signal to the high post-mortem interval of 72 hours. However, the post-mortem interval
of the p-tau Ser202/Thr205 negative cases in this study was not different from that of p-tau
Ser202/Thr205 positive cases (7-11 hours), indicating that there might be a different explanation for this
finding. Interestingly, three AD cases with no p-tau Ser202/Thr205 or Thr217 immunoreactivity in the
retina presented with an atypical spreading of tau pathology in the brain, suggesting that the retina might
be differently involved depending on the distribution of tau pathology in the brain[36]. It should be noted
that the subset of AD cases with atypical neuropathology in this study is very small (n = 4), and more
cases will have to be studied to further elucidate a possible relation with atypical AD. To evaluate the
involvement of the retina in the spreading of tau-pathology through the brain along hierarchical pathways
[4], the presence of p-tau was assessed in the visual system encompassing LGN, superior colliculus,
and occipital pole in a subset of cases. All cases with a Braak stage > 0 showed presence of p-tau
Ser202/Thr205 in the LGN and superior colliculus, suggesting that the optic tract is involved in the
pathological spreading of p-tau. However, no clear relation between the presence of p-tau
Ser202/Thr205 in the retina and p-tau Ser202/Thr205 in the visual system was observed. This argues
against involvement of the retina as part of a hierarchical spreading pattern of tau pathology in brain.

Some limitations apply to the current study. Although currently this is the largest post-mortem
cohort analyzed with respect to the combination of retina and brain tissue, the tissue for the assessment
of the visual system was retrieved retrospectively, and therefore the number of cases was limited.
Furthermore, in this study we observed no visual differences for total tau and 3R and 4R tau isoforms.
Interestingly, total tau levels assessed with HT7 showed a significant increase in the far periphery of the
retina in primary tauopathies. Quantitative assessment of 3R and 4R tau isoforms would be of interest
when larger group samples for 3R and 4R tauopathies are available. A technical limitation is the
difference in fixation times for retina and brain tissue (48 hours for retina tissue versus 4 weeks for brain
tissue). This could explain a difference in the detection of p-tau in retina as compared to brain. In
addition, the presence of tau in the retina in this study was assessed in cross-sections, allowing
assessment of the different layers of the retina. Future studies will need to address the spatial
localization of p-tau in flat-mount preparations, as well as potential differences between the left and right
eye. The correlation between retinal p-tau Ser202/Thr205 and age at death indicates an age-effect for
p-tau in the retina. Nonetheless, group differences remained significant after correcting for age at death

as a confounder. Additionally, there was no difference in age at death between controls with Braak stage
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0 and primary tauopathies — including PART and ARTAG — groups between which significant differences
in p-tau levels were observed. The effect of age on the presence of p-tau in the retina needs to be
elucidated in future studies with larger cohorts.

This study contributes to further development of biomarkers in the eye for neurodegenerative
diseases. Our results show that differences in p-tau are predominantly observed in the far periphery of
the retina. This implicates that in-vivo scanning studies should consider measuring the far peripheral
retina using novel ophthalmologic devices with widefield imaging technology. Structural changes
observed with optical coherence tomography [41] could be related to the presence of retinal tau, which
in this study was shown to be variable in AD cases. This stresses the need to obtain pre-mortem in-vivo
imaging data in combination with post-mortem assessment of structural and biochemical changes in the
retina. In addition, future studies should focus on expanding the variety of neurodegenerative diseases,
particularly primary tauopathies, such as PSP, CBD and FTLD-tau (Pick’s disease, Parkinsonism linked
to FTLD-17). Studying more AD cases with atypical neuropathological distribution may shed light on a
possible association between atypical tau pathology in the brain and the presence or absence of p-tau
in the retina. Currently, there is no fluorophore available for in-vivo ophthalmic detection of (non-fibrillar)
p-tau. Development of these fluorophores would require extensive neuropathological investigation

before they can be used in clinical practice.

Conclusion

Depending on the epitope, the retina shows increased p-tau in AD and primary tauopathies at group
level. Elevated levels of p-tau at epitopes Ser202/Thr205 and Thr217 in the retina correspond with tau
pathology in the brain. Cognitively normal controls without cerebral p-tau do not show retinal p-tau at
epitopes Ser202/Thr205 and Thr217. This study indicates that when there is p-tau in the retina, there is
p-tau in the brain. These results support the development of in-vivo retinal imaging techniques for
neurodegenerative diseases. The retina could be a source of biomarkers that helps identify people with

presymptomatic stages of neurodegenerative diseases associated with brain tau pathology.
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Tables and figure legends

Table 1 Characteristics of post mortem brain and eye tissue used in this study. Age at death is shown

in years.

Table 2 Primary antibodies used in this study.

Table 3 Group demographics of cases used in this study.
Data are shown as mean = SD or median and interquartile range (IQR); Age at death is shown in years.

The post-mortem interval of eyes is shown in hours.

Table 4 Cases assessed for tau pathology in the visual system.

Table 5 Results of the statistical analysis with a linear mixed model to study the difference between
controls with Braak stage 0 and other groups.

For total tau mean surface %, a total of 103 datapoints was available for analysis (60 cases, 22 missing
values), for p-tau Ser202/Thr205 mean surface %, a total of 116 datapoints was available for analysis
(62 cases, 8 missing values), for p-tau Thr217 mean surface % 111 datapoints (58 cases, 13 missing
values), for p-tau Thr212/Ser214 mean surface % 98 datapoints (56 cases, 14 missing values), for p-
tau Thrl81 mean surface % 91 datapoints (55 cases, 19 missing values), and for p-tau Ser396 mean

surface % 109 datapoints (57 cases, 14 missing values).

Figure 1 lllustration of the tau protein with phospho-epitopes assessed.
This visual representation of the tau protein depicts the epitopes (black) and their primary antibodies

(gray) used for immunohistochemistry to study tau and p-tau in the retina.

Figure 2 Total tau, tau isoforms and phosphorylated tau in the medial frontal gyrus of different groups.
Total tau (HT7), 3R and 4R tau isoforms, and different phospho-epitopes of tau were assessed using
immunohistochemistry on the medial frontal gyrus. Shown are representative cases from all different
groups: control Braak stage 0, control Braak stage I-lll, Alzheimer’s disease, Progressive supranuclear
palsy, Frontotemporal lobar degeneration-TDP and Parkinson’s disease.

Scale bar: 100 um (applicable to all images). Immunostaining shown with DAB (brown) and nuclei are

counterstained with hematoxylin (blue).

Figure 3 Total tau, tau isoforms and tau phospho-epitopes in the retinas of different groups.

Total tau (HT7), 3R and 4R tau isoforms, and different phospho-epitopes of tau were assessed using
immunohistochemistry on the far periphery of the superior retina. Shown are representative cases from
all different groups: control Braak stage 0, control Braak stage I-1ll, Alzheimer’s disease, Progressive
supranuclear palsy, Frontotemporal lobar degeneration-TDP and Parkinson’s disease.

Scale bar: 50 um (applicable to all images). Immunostaining shown with DAB (brown) and nuclei are

counterstained with hematoxylin (blue).
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Figure 4 Localization of p-tau in the retina.

a Total tau assessed with HT7 is present in the IPL and the OPL (control case, #1). b Detection of p-tau
Thrl81 in a cross-section of the retina shows the different retinal layers and the different anatomical
sublaminar layers of the IPL (AD case, #16). ¢ A schematic overview of the retinal layers, including the
retinal neuronal cells. d Intracellular p-tau assessed with p-tau Ser202/Thr205 was observed localized
in the INL with branching extended in the OPL of the retina (primary tauopathy, case #39). e
Immunostaining with p-tau Ser202/Thr205 reveals a prominent localization of p-tau in the far periphery
as opposed to the mid periphery and central region. The box-plot shows the distribution of the mean
surface % of p-tau Ser202/Thr205 immunoreactivity (n=62) in the far periphery, mid periphery and
central region. f Some cases show a different distribution of p-tau presence in the IPL and OPL. Shown
are examples of p-tau Ser202/Thr205 and Thr217 present in the IPL in CBD (#33), whereas the PSP
case (#35) mainly shows immunoreactivity in the OPL. Total tau (HT7) in these cases is present in both
the IPL and OPL.

Scale bar: 50 um (applicable to all images). Immunostaining shown with DAB (brown) and nuclei are
counterstained with hematoxylin (blue). Abbreviations: CBD, corticobasal degeneration; PSP,
progressive supranuclear palsy. Statistical analysis was performed using linear mixed model; *P value
< 0.001.

Figure 5 Fluorescent double-immunostainings for total tau, p-tau Ser202/Thr205 and p-tau Thr217 with
calbindin D28K and calretinin.

Shown from top to bottom are fluorescent double-immunostainings of calbindin D28K and calretinin with
total tau (a, b), p-tau Ser202/Thr205 (c, d) and p-tau Thr217 (e, f) on the far periphery of the superior
part retina. a, ¢, e Calbindin D28K (red) is detected in cones, horizontal cells and bipolar cells.
Colocalization of total tau (a) p-tau Ser202/Thr205 (c) and Thr217 (e) with calbindin D28K is observed
in what presumably are horizontal cells in the INL (yellow). b, d, f Calretinin (red) is detected in amacrine
cells in the INL and their processes in the IPL. Fluorescent double-immunostaining for total tau (b), p-
tau Ser202/Thr205 (d) and calretinin (f) revealed colocalization of p-tau with amacrine cells (yellow).
Scale bar: 50 um (applicable to all images). Nuclear staining with DAPI (blue). Abbreviations: INL, inner

nuclear layer.

Figure 6 Total tau and p-tau levels in the far and mid periphery of the superior retina.

Shown are the overall differences between groups for total tau (a), p-tau Ser202/Thr205 (b), p-tau
Thr217 (c), p-tau Thr212/Ser214 (d), p-tau Thrl81 (e) and p-tau Ser396 (f) in the far periphery (dark
green) and mid periphery (light green) of the superior retina. Groups consist of control cases without tau
pathology (Braak 0) or low-moderate tau pathology (Braak I-1ll), Alzheimer’'s disease cases (AD),
primary tauopathies (Tauopathies), other neurodegenerative diseases (OND), or a-synucleinopathies
(a-syn). Immunoreactivity was quantified as mean surface % area immunoreactivity in the far and mid
periphery of the retina. Violin plots depict the median (solid line) and inter quartile range (dashed line)

of all cases (n=62). Abbreviations: AD, Alzheimer’s disease; OND, other neurodegenerative diseases;
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a-syn, a-synucleinopathies. Statistical analysis was performed using linear mixed model; *P value <
0.05; **P value < 0.005; ***P value < 0.001.

Figure 7 Relation between retinal p-tau immunoreactivity and cerebral cortical p-tau among different
brain regions.

Shown is the mean surface % area immunoreactivity in the far periphery of the superior retina for all
cases (n=62) for p-tau Ser202/Thr205 and p-tau Thr217 along the scores for p-tau load in the brain.
Scores for brain p-tau load Ser202/Thr205 or Thr217 are depicted as follows; -, none; +, few; ++,
moderate; +++, high (for score examples see supplementary fig. 3, online resource). P-tau in the retina
was compared with p-tau load in the hippocampus (a,b), temporal pole (c,d), medial frontal gyrus (e,f),
inferior parietal lobe (g,h), and occipital pole (i,j). The violin plots depict the median (solid line) and inter

quartile range (dashed line) of all cases (n=62).

Figure 8 Patterns of p-tau Ser202/Thr205 immunoreactivity in the visual system.

Shown are different regions of the visual system of three AD cases with Braak stage V or VI: from left
to right the far periphery superior retina (a, e, i), superior colliculus (b, f, j), LGN (c, g, k) and occipital
pole (d, h, I) are shown. a-d AD case (#29) showing no p-tau Ser202/Thr205 immunoreactivity in the
retina (a), mild to moderate p-tau Ser202/Thr205 load in the superior colliculus (b) and LGN (c) and high
p-tau Ser202/Thr205 load in the occipital pole (d). e-h AD case (#25) showing moderate p-tau
Ser202/Thr205 immunoreactivity in the retina, and mild p-tau Ser202/Thr205 presence in the superior
colliculus (f), LGN (g) and occipital pole (h). i-l AD case (#28) showing a relatively high presence of p-
tau Ser202/Thr205 in the far periphery of the retina, and mild to high p-tau Ser202/Thr205
immunoreactivity in the superior colliculus (j), LGN (k) and occipital pole (l).

Scale bar: 50 um (applicable to all images). Immunostaining shown with DAB (brown) and nuclei are

counterstained with hematoxylin (blue).

Supplementary figure 1 Threshold determination of DAB positive surface area for p-tau Ser202/Thr205
immunoreactivity

a The best fitting threshold for each immunostaining was determined by assessing the spread of mean
surface % datapoints using a scatter dot plot. b In Qupath, the best fitting threshold derived from the
scatter dot plot was reviewed to verify accurate inclusion of DAB positive surface area (in red) within the
ROI (in yellow). For p-tau Ser202/Thr205 a threshold of 0.2 optical density units was chosen as best

fitting the accurate inclusion of immunopositivity.

Supplementary figure 2 Score examples for p-tau Ser202/Thr205 immunoreactivity in the brain.
Mid-hippocampal region is depicted and semi-quantitatively scored as none (a), few (b), moderate (c)
and high (d). Scale bar represents 50um (applicable for all images). Immunostaining shown with DAB

(brown) and nuclei are counterstained with hematoxylin (blue).

Supplementary figure 3 Distribution of p-tau in the retina.
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Immunoreactivity for tau and p-tau was assessed in the superior retina in the far periphery, mid periphery
and central region.

a Analysis with a linear mixed model indicates that the immunoreactivity levels of total tau, p-tau
Ser202/Thr205, Thr217, Thr212/Ser214, Thrl81 and Ser396 are significantly increased in the far
peripheral region compared with mid periphery and central region (n=62). As the far peripheral region
is used as a reference variable, it is not shown in the table. b Boxplots show the distribution of the
average values of all cases (n=62) for total tau, p-tau Ser202/Thr205, Thr217, Thr212/Ser214, Thr181

and Ser396. Statistical analysis was performed using linear mixed model; *P value < 0.001.

Supplementary figure 4 Signals after omission of primary antibody. DAPI signal is shown for reference.
Filter cube wavelengths (excitation/emission) are depicted in the figure per dye: DAPI (excitation: 325-
375; emission: 435-485), FITC (excitation: 460-500; emission: 512-542) and Texas-red (excitation: 540-
580; emission: 592-668).
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Figure 5
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DAPI FITC Texas-red
\: 325-375nm/435-485nm (ex/em) A\: 460-500nm/512-542nm (ex/em) A: 540-580nm/592-668nm (ex/em)

Supplementary Figure 1 Signals after omission of primary antibody. DAPI signal is shown for
reference. Filter cube wavelengths (excitation/emission) are depicted in the figure per dye: DAPI
(excitation: 325-375; emission: 435-485), FITC (excitation: 460-500; emission: 512-542) and Texas-red
(excitation: 540-580; emission: 592-668).
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Supplementary Figure 2 Threshold determination of DAB positive surface area for p-tau
Ser202/Thr205 immunoreactivity.

a The best fitting threshold for each immunostaining was determined by assessing the spread of mean
surface % datapoints using a scatter dot plot. b In Qupath, the best fitting threshold derived from the
scatter dot plot was reviewed to verify accurate inclusion of DAB positive surface area (in red) within the
ROI (in yellow). For p-tau Ser202/Thr205 a threshold of 0.2 was chosen as best fitting the accurate

inclusion of immunopositivity.
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Supplementary Figure 3 Score examples for p-tau Ser202/Thr205 immunoreactivity in the brain.
Mid-hippocampal region is depicted and semi-quantitatively scored as none (a), few (b), moderate (c)
and high (d). Scale bar represents 50um (applicable for all images). Immunostaining shown with DAB

(brown) and nuclei are counterstained with hematoxylin (blue).

PAauepitope  Retinalregion  Coefficient SE Pvalue [95% CI]
Total tau Mid periphery 828 313 <0.001* -14.42 214
Gentral 4693 334 <0.001* 53.48 -40.36
Ser202/Thr205  Mid periphery -11.76 1.28 <0.001* -14.28 -9.24
Central 2192 144 <0.001* -24.73 -18.10
Thr217 Mid periphery 848 0.74 <0.001" 993 -7.02
Central -13.22 0.74 <0.001" -14.67 -11.78
Thr212/Ser214  Mid periphery -16.76 163 <0.001" 19.95 -13.57
Central 4971 203 <0.001* -53.69 4573
Thr181 Mid periphery 3134 143 <0.001" -34.13 -28.55
Central -65.08 168 <0.001* -68.38 -61.78
Serdgh Mid periphery -24.50 1.30 <0.001* 27.05 2194
b Gentral -49.97 134 <0.001* -52.60 4734
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Supplementary Figure 4 Distribution of p-tau in the retina.

Immunoreactivity for tau and p-tau was assessed in the superior retina in the far periphery, mid periphery
and central region.

(a) Analysis with a linear mixed model indicates that the immunoreactivity levels of total tau, p-tau
Ser202/Thr205, Thr217, Thr212/Ser214, Thrl81 and Ser396 is significantly increased in the far
peripheral region compared with mid periphery and central region (n=62). As the far peripheral region
is used as a reference variable, it is not shown in the table. (b) Boxplots show the distribution of the
average values of all cases (n=62) for total tau, p-tau Ser202/Thr205, Thr217, Thr212/Ser214, Thr181

and Ser396. Statistical analysis was performed using linear mixed model; *P value < 0.001.
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