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Abstract.

Background: Phosphorylated cytoplasmic tau inclusions correlate with and precede cognitive deficits in Alzheimer’s disease
(AD). However, pathological tau accumulation and relationships to synaptic changes remain unclear.

Objective: To address this, we examined postmortem brain from 50 individuals with the full spectrum of AD (clinically and
neuropathologically). Total tau, pTau231, and AMPA GluR1 were compared across two brain regions (entorhinal and middle

'Deceased.
*Correspondence to: Margaret E. Flanagan, MD, Mesulam
Center for Cognitive Neurology and Alzheimer’s Disease, North- Street, Tarry Building, 8th Floor, Chicago, IL 60611, USA. E-mail:
western University Feinberg School of Medicine, 300 E. Superior margaret.flanagan @northwestern.edu.

ISSN 1387-2877 © 2023 — The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).


mailto:margaret.flanagan@northwestern.edu
https://creativecommons.org/licenses/by-nc/4.0/

242 J. Lilek et al. / Postsynaptic pTau231 in AD

frontal cortices), as well as clinically stratified groups (control, amnestic mild cognitive impairment, AD dementia), NIA-AA
Alzheimer’s Disease Neuropathologic Change designations (Not, Low, Intermediate, High), and Braak tangle stages (1-6).
Significant co-existing pathology was excluded to isolate changes attributed to pathologic AD.

Methods: Synaptosomal fractionation and staining were performed to measure changes in total Tau, pTau231, and AMPA
GluR1. Total Tau and pTau231 were quantified in synaptosomal fractions using Quanterix Simoa HD-X.

Results: Increasing pTau231 in frontal postsynaptic fractions correlated positively with increasing clinical and neuropatho-
logical AD severity. Frontal cortex is representative of early AD, as it does not become involved by tau tangles until late in
AD. Entorhinal total tau was significantly higher in the amnestic mild cognitive impairment group when compared to AD,
but only after accounting for AD associated synaptic changes. Alterations in AMPA GluR1 observed in the entorhinal cortex,
but not middle frontal cortex, suggest that pTau231 mislocalization and aggregation in postsynaptic structures may impair
glutamatergic signaling by promoting AMPA receptor dephosphorylation and internalization.

Conclusion: Results highlight the potential effectiveness of early pharmacological interventions targeting pTau231 accumu-
lation at the postsynaptic density.

Keywords: Alzheimer’s disease, cognitive impairment, phosphorylated tau, PSD-95, Simoa Quanterix, synaptic dysfunction,

synaptophysin, tau

INTRODUCTION

Alzheimer’s disease (AD) is the most common
cause of dementia in the elderly population. Pro-
gressive neurodegenerative changes in the brain lead
to irreversible short-term memory loss and cognitive
impairment [1]. AD is characterized by co-existing
neuropathologic lesions that include diffuse plaques,
neuritic plaques, and neurofibrillary tangles. Extra-
cellular diffuse amyloid-B (AB) plaques are focal
lesions that are comprised of extracellular A3. Neu-
ritic plaques are focal extracellular lesions that are
comprised of both AB and tau immunoreactive
dystrophic neurites. Neurofibrillary tangles are intra-
neuronal cytoplasmic inclusions, that are comprised
of phosphorylated tau [2, 3]. The protein tau is
also known as microtubule-associated protein and is
encoded by the MAPT gene on chromosome 17q21.
Tau’s microtubule-binding domain is where filaments
specifically form through microtubule polymeriza-
tion to create the scaffold for axonal transport [4].
Extensive post-translational modifications such as
phosphorylation, acetylation, and proteolytic cleav-
age, may lead to post-synaptic tau mislocalization
and accumulation in AD [5, 6]. Tau has long been
recognized as an axonal microtubule-associated pro-
tein. However, both soluble (hyperphosphorylated,
misfolded, and mislocalized) and fibrillar tau con-
tribute to neuronal and synaptic malfunction, the
main contributing pathophysiological changes in
AD. Hyperphosphorylated tau accumulates in the
soma, neurites, and dendrites, rendering it inaccessi-
ble to microtubules and disrupting axonal transport
[7]. Soluble oligomeric tau species have been

proposed to precede neurofibrillary tangle forma-
tion in addition to negatively impacting synapses
[8].

Synaptic plasticity and the formation of dendritic
spines are the structural correlates of learning and
memory [9]. Thus, synaptic dysfunction, or “synap-
topathy” [10], plays an important role in memory
impairment [11]. Dendritic spines are small pro-
trusions of neuronal dendrites that receive axonal
input at the synapse through different receptors. N-
methyl-D-aspartate receptors (NMDARS) are ligand-
gated non-selective ionotropic glutamate receptors
(iGluRs). NMDARs along with other iGluRs,
such as «-amino-3-hydroxy-5-methylisoxazole-4-
isoxazopropionic acid receptors (AMPARs), play an
important role in the rapid regulation of synaptic
plasticity. Specifically, activity-dependent long-term
depression weakens synaptic activity by increas-
ing the internalization of surface AMPARs at the
post-synaptic density [12]. Notably, both phospho-
rylation and dephosphorylation of AMPARs can
decrease their density at the postsynaptic mem-
brane [13]. AMPAR internalization and impaired
glutamatergic signaling have been attributed to tau
mislocalizing and accumulating in the postsynaptic
dendritic spines [5]. In the very early stages of AD,
post-translationally modified tau mislocalizes to the
dendrites and soma. This ultimately results in den-
dritic spine loss, synaptic dysfunction, cytotoxicity,
and cell death. The exact cellular mechanisms by
which hyperphosphorylated tau causes early synaptic
dysfunction remain unclear. However, tau mislocal-
ization without post-translational modification (e.g.,
phosphorylation) is not enough on its own to result
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in synaptic dysfunction [14, 15]. Phosphorylation in
tau’s proline-rich region, which includes T231, is
thought to activate a signaling cascade where cal-
cineurin dephosphorylates the subunit GluA1 of the
AMPAR. This dephosphorylation leads to AMPAR
internalization and synaptic dysfunction [16]. Fur-
thermore, it has been shown that region-specific
phosphorylation in the Proline rich region is sufficient
to induce the formation of tau with SDS-resistant
functional domains suppressing tau’s interactions
[17]. Results to date indicate that modifications in the
Proline rich region of tau are sufficient to induce the
tau abnormalities that have been observed in AD. This
has also been supported by previous studies of post-
synaptic tau in animal and cellular neurodegenerative
disease models [15]. Positron emission tomography
radiotracers have additionally shown that pathologic
tau is associated with increased cognitive impairment
in vivo [18, 19]. Mouse models mirroring early tau
phosphorylation and aggregation support the hypoth-
esis that early changes in tau play a key role in
the development of neurophysiological and cognitive
deficits [20]. These concordant mouse model find-
ings suggest a role for phosphorylation-dependent
tau mislocalization and aggregation at the postsy-
naptic density, resulting in synaptic dysfunction and
memory impairment very early in AD. Furthermore,
research has described that hWT-Tau Drosophila lar-
vae have increased pTau231 levels in the nerve cell
bodies when compared to P301 L larvae [21]. Taken
together, these prior studies all support that tau T231
phosphorylation may be one of the earliest changes
in AD pathogenesis.

However, soluble forms of postsynaptic tau have
not yet been comprehensively quantified in clinically
and neuropathologically characterized postmortem
human brain samples across the AD spectrum. Patho-
logical tau accumulation begins in the brainstem and
entorhinal cortices and subsequently involves the hip-
pocampi and temporal cortices [22]. Over time in later
stages of the disease, the accumulation of patholog-
ical tau extends to involve the entire cerebrum [22].
Leveraging the well-established tau tangle spread-
ing sequence as originally described by Braak et al.
[22] enables the direct comparison of a brain region
that is known to be involved by tau tangles early in
AD (entorhinal cortex) with a brain region that is
known to be involved much later by tau tangles in AD
(frontal cortex). This targeted approach enables the
examination of the chronological sequence of events
relevant to AD pathogenesis involving pathological
tau accumulation.

The primary aim of this study is to quantitatively
assess total tau and pTau231 across the entire clinical
and neuropathological spectrums of AD in enriched
postsynaptic density fractions. We used a validated
mouse brain synaptosomal preparation protocol on
human brain tissue samples [16, 23]. To exam-
ine tau phosphorylation and mislocalization within
neurons, we selected tau phosphorylated at Thre-
onine 231 (pTau231) and total tau as our two tau
species of interest. Phosphorylation at T231 has been
shown to contribute to tau dissociation from micro-
tubules by 26% [24]. For this reason, we specifically
chose to focus on pTau231 for our study. PSD-95, a
post-synaptic density protein, has been described by
others to be both increased [25] or decreased [26] in
advancing AD. Specifically, an increase in PSD-95
expression may suggest a change in NMDA receptor
trafficking and this perhaps may represent a marker
of functional significance for AD pathogenesis [25].
However, as there have been only limited studies
investigating the association between Tau, PSD-95,
and glutamatergic receptors in the human AD brain,
we aimed to address this issue in our current study
as a secondary aim. Here, we specifically examined
the relationships between pTau231, PSD-95, and total
AMPA receptors in the development of AD demen-
tia. To better explore the pattern of neurobiological
marker changes over the course of clinical dementia
progression, brains from individuals who were cog-
nitively intact, brains from individuals with amnestic
mild cognitive impairment (aMCI), and brains from
individuals with AD dementia were assessed.

MATERIALS AND METHODS
Participants, eligibility criteria

Middle frontal cortex and entorhinal cortex post-
mortem human brain samples that were thawed from
being frozen at —80°C, in addition to formalin-
fixed paraffin-embedded (FFPE) tissue sections from
entorhinal cortex and frontal cortex regions were
obtained from the Alzheimer’s Disease Research
Centers at the Mayo Clinic and Northwestern Univer-
sity, in addition to the community-based Mayo Clinic
Study of Aging (MCSA) in Olmstead County, Min-
nesota [27]. Appropriate approval was obtained from
the Mayo Clinic, Olmsted Medical Center, and North-
western Institutional Review Boards. All participants
underwent a review of past medical history, men-
tal status examinations, neurological examinations,
and neuropsychological assessments. This informa-
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Table 1
Study Cohort by NIA-AA Alzheimer’s Disease Neuropathologic Change Designations

NIA-AA Alzheimer’s Disease Neuropathologic

Change Designations

Not Low Intermediate High P
(N=4) (N=16) (N=15) (N=15)
Age at time of death 0.3621!
N 4 16 15 15
Mean (SD) 83 (7.874) 89 (5.852) 89.8 (7.377) 85.5 (8.016)
Median 82.0 88.0 87.0 87.0
Range 73.0,95.0 81.0,99.0 75.0, 102.0 59.0, 94.0
Sex, n (%) 0.3464%
F 1 (25.0%) 11 (68.8%) 7 (46.7%) 7 (46.7%)
M 3 (75.0%) 5(31.3%) 8 (53.3%) 8 (53.3%)
APOE, n (%) 0.16577
2/3 0(0.0%) 1(6.25%) 3(20.0%) 0(0.0%)
2/4 0 (0.0%) 1 (6.25%) 0(0.0%) 1(6.7%)
3/3 4 (100.0%) 12 (75.0%) 5(33.3%) 7 (46.7%)
3/4 0 (0.0%) 2 (12.5%) 6 (40.0%) 7 (46.7%)
4/4 0 (0.0%) 0 (0.0%) 1(6.5%) 0(0.0%)
DIAG group, n (%) <0.0001%
AD dementia 0 (0.0%) 0 (0.0%) 4 (26.7%) 14 (93.3%)
Normal controls 3 (75.0%) 13 (81.3%) 0 (0.0%) 0(0.0%)
aMCI 1(25.0%) 3(23.1%) 11 (73.3%) 1(6.7%)

Cases are stratified by NIA-AA Alzheimer’s disease neuropathologic change designations: Not, Low,
Intermediate, and High. F, female; M, male; APOE, Apolipoprotein E allele; AD, Alzheimer’s disease

dementia; aMCI, amnestic mild cognitive impairment. ! Kruskal-Wallis p-value; 2Chi-Square p-value.

tion was used to determine clinical diagnoses of aMCI
and AD dementia via expert review using established
criteria [28, 29]. Cognitively unimpaired individuals
were those who did not meet the criteria for either
aMCI or AD dementia. Using established criteria,
all postmortem autopsy brains were comprehen-
sively assessed by board-certified neuropathologists
(MEF, QM, DWD, RR) [30, 31]. Neuropathologic
inclusion criteria for this study required a full spec-
trum of National Institute on Aging and Alzheimer’s
Association (NIA-AA) Alzheimer’s disease Neu-
ropathologic Change (Not, Low, Intermediate, and
High) [30, 31], while excluding other clinically rel-
evant co-existing lesions (e.g., Lewy body disease,
pathological TDP43, or greater than one vascular
brain lesion). The median ages for the control, aMClI,
and AD dementia groups were 85.5, 91.5, and 87.5
years respectively. The median postmortem interval
time was 16 h and did not differ by clinical diagnosis.
The median amount of time between the last clinical
assessment and death was 10.9 months. The entire
study cohort is shown in Table 1. The NanoString
Supplemental Cases used for this work were from
the Nun Study which was reviewed and approved by
institutional review boards (IRBs) at University of
Kentucky, University of Minnesota, and Northwest-

ern University. Supplemental Nun Study samples
were specifically approved for use in this study by
the Nun Study approval committee per approved Nun
Study IRB protocol at Northwestern University. Par-
ticipating School Sisters of Notre Dame had agreed
to autopsy prior to death, with final authorizations
provided by the Provincial Leader. Nun Study cases
were age and sex matched and selected to compare
Braak neurofibrillary tangle stage 0 versus 2, while
excluding all other co-existing lesions (e.g., Lewy
body disease, AP plaques).

Synaptosomal preparation

We applied a well-established mouse postsynaptic
density fractionation protocol in order to isolate post-
synaptic fractions in human brain tissues (Fig. 1) [16,
23]. Frozen human brain tissue was thawed and sub-
sequently homogenized in sucrose buffer. The lysates
were then centrifuged through multiple steps to sepa-
rate postsynaptic (P4) fractions. Cortical tissue from
the middle frontal cortex and entorhinal cortex was
extracted as previously described and stored at —80°C
until used for experiments [32]. Tissue was homog-
enized in sucrose buffer (0.32 mM Sucrose, 25 mM
HEPES, protease inhibitor, a phosphatase inhibitor,
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Fig. 1. Synaptosomal preparation. A fractionation protocol previously used for mouse model brains was adapted for use on human brain
tissue samples. 1) Cortical tissue from the middle frontal gyrus and entorhinal cortex was extracted, homogenized in sucrose buffer, and
centrifuged. 2) The resulting supernatant was transferred to a new tube and re-centrifuged. The resulting supernatant (S2) was transferred to
a new tube for storage. 3) The pellet was resuspended in sucrose buffer, centrifuged, and the resulting supernatant transferred to a new tube.
4) The pellet was resuspended again in HEPES buffer, centrifuged, and the resulting supernatant (S4) transferred to a new tube for storage.
5) The pellet (P4) was resuspended for a final time in PBS and stored at —80°C. Total Tau and pTau231 were quantified using ELISA based
Simoa Quanterix HDX in P4, S4, and S2. PSD-95 was additionally quantified using western blot for P4 fraction and these results were used
for taking AD associated synaptic changes into consideration.
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phenanthroline monohydrate, PMSF) on ice. Lysates
were centrifuged at 3000xg (g Force or relative cen-
trifugal force) for 5min at 4°C, and the resulting
supernatant (S1) was transferred to another tube (P4).
P4 was then centrifuged again (10,000xg for 12 min
at4°C), and the resulting supernatant was transferred
to another tube (S2). P4 pellet was resuspended in
sucrose buffer, vortexed, and centrifuged (10,000xg
for 12min at 4°C). The resulting supernatant was
then transferred to another tube (S3). P4 pellet was
resuspended again in HEPES buffered saline (25 mM
HEPES, 150mM NaCl, 2% Triton), incubated on
ice for 30 min, and centrifuged (10,000xg for 20 min
at 4°C). The resulting supernatant was transferred
to a new tube (S4). P4 pellet was resuspended for
a final time in PBS. Protein concentrations in S2,
S4, and P4 (PSD-95 enriched postsynaptic fraction)
were determined via BCA protein assay (Abcam).
Additional synaptosomal preparation protocol details
are included in Supplementary Tables 1 and 2. Indi-
viduals performing the synaptosomal preparation
experiments were blinded to the research partici-
pants’ demographic, clinical, and neuropathologic
characteristics.

Human brain lysates and immunoblotting

Equal volumes of protein extracts were loaded
in each well of a 4-20% Mini-PROTEAN TGX
Stain-Free Protein Gel (BioRad), separated by
electrophoresis, and transferred onto an FL-PVDF
membrane (Millipore). Nonspecific binding sites
were blocked in Intercept Blocking Buffer (LI-
COR) for 1h. Blots were probed overnight at 4°C.
Bands were visualized by two-channel multiplex
fluorescence (LI-COR Odyssey Fc). Quantification
of western blots was performed using LI-COR
Empiria Studio software. Samples were normal-
ized using Revert Total Protein Stain (LI-COR).
Antibodies used in this study were anti-PSD-95
(Antibodies Inc.), anti-synaptophysin (Abcam), anti-
GAPDH (LI-COR), and anti-beta-actin (LI-COR)
(Supplementary Table 3). Individuals performing
the immunoblotting experiments were blinded to
the research participants’ demographic, clinical, and
neuropathologic characteristics.

Synaptosomal tau measurements using
Single-Molecule Array (Simoa)

Total Tau was quantified using the Quanterix
Simoa HD-X Platform. Quanterix Tau 2.0 and

pTau231 kits (Quanterix, Billerica, MA, USA)
were used according to kit protocols with minor
modifications. Briefly, the Simoa enzyme-linked
immunoassay method uses a combination of a capture
antibody which recognizes amino acid 16-24 and a
detector antibody recognizing amino acids 218-222,
with a digital array technology that allows the mea-
surement of total tau. Serially diluted recombinant
full-length human tau (ON4 R splicing isoform) pro-
tein was used to generate the calibration curve.
Soluble total tau and pTau231 quantifications were
performed within the linear range of the calibra-
tion curve for all samples analyzed. The lower limit
of detection (LLOD) and lower limit of quantita-
tion (LLOQ) for total tau are reported at 0.019 and
0.061 pg/mL, respectively. The pTau231 kits (Quan-
terix, Billerica, MA, USA) were run according to kit
protocol with minor modifications. For the pTau231
Simoa assay, N-terminal to mid-domain forms of
tau phosphorylated at Threonine-231 was measured
and non-phosphorylated forms of tau were not rec-
ognized. The LLOD and LLOQ for pTau231 were
reported at 0.621 and 1.83 pg/mL, respectively. Sam-
ples were tested in duplicate and calibrated. Extracts
of synaptosomal fraction tissue homogenate were
serially diluted in PBS twice at 200x for a total
dilution factor of 40,000x. The total tau samples
were run in “neat” mode on the instrument, mean-
ing no further dilution was performed during the
run, whereas the pTau231 samples were run with
4x online dilution on the instrument, per the man-
ufacturer’s recommendation. Any samples that fell
outside of the calibration curve were retested at higher
or lower dilution factors (as appropriate) until they
could be accurately quantified. Reported values were
adjusted for any online or offline dilutions. Individ-
uals performing the Simoa Quanterix total Tau and
pTau231 assays were blinded to the research partic-
ipants’ demographic, clinical, and neuropathologic
characteristics. All Simoa Quanterix experiments
quantifying the levels of total Tau and pTau231 were
performed in duplicate.

Quantitative Brightfield neuropathologic
evaluations

These evaluations were performed on the cases
included in Table 1. Paraffin-embedded tissue sec-
tions from the entorhinal cortex and frontal gyrus
were cut to a thickness of 5 wm for immunohisto-
chemical staining. First, sections were placed in 3%
H;0; in methanol for 10 min, then washed in dis-
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tilled water. Next antigen retrieval was performed in
the Decloaking Chamber (Biocare Medical, Pacheco,
CA) for 20 min using a citrate buffer, pH 6.0. Follow-
ing washes in distilled water, sections were blocked
in 3% bovine serum albumin at room temperature for
1 h. Sections were then incubated in primary antibody
anti-glutamate receptor 1 AMPA subtype (rabbit
monoclonal, 1:200, Abcam EPR19522, Boston, MA)
overnight at 4°C. Biotinylated secondary antibod-
ies (goat-anti-rabbit, Biocare. Pacheco, CA) were
amplified using avidin-biotin substrate (ABC ELITE
solution, Vector Laboratories), followed by color
development with DAB chromogen (K4007, DAKO)
and counterstained with hematoxylin QS (Vector
Laboratories). The stained tissue sections were dig-
itized using an Olympus VS 200 Slide Scanner
microscope system at 20x magnification. Boundaries
of the hippocampus, entorhinal cortex, and middle
frontal gyrus grey matter were annotated following
the anatomical protocol by Ding and Van Hoesen
[33]. Quantification of the total anti-glutamate recep-
tor 1 AMPA subtype via immunohistochemistry in
the annotated tissue sections was performed using the
percent area quantification module, HALO software
version 3.2 (Indica Labs). Values obtained via the
HALO area quantification module are based on divid-
ing the measured anti-glutamate receptor 1 AMPA
immunohistochemical staining of by the total anno-
tated tissue area for each region of interest. The
software automatically excluded tissue gaps from the
analysis, and settings were optimized to recognize
total positive staining area in addition to annotated
levels of weak, intermediate, and strong staining
intensity. Data were expressed as percent area pos-
itivity based on staining intensity. Figure 2 shows the
digital pathology analysis overlay that was used for
the quantitative total AMPAR GIluR1 data extraction.

NanoString GeoMx™ digital spatial profiling

FFPE hippocampal sections from two age and sex
matched Nun Study cases were used to assess differ-
ent pTau species using digital spatial profiling. We
compared Braak neurofibrillary tangle stage O versus
Braak neurofibrillary tangle stage 2 to specifically
isolate and investigate the impact of pathologic tau
in the early stages of AD. The sections were deparaf-
finized and incubated with a cocktail containing
phosphorylated and total tau antibodies of interest
and each antibody was conjugated to a unique UV-
photocleavable oligonucleotide tag. Cells within the
selected regions of interest (ROIs) were marked by

specific fluorescently labeled antibodies (morphol-
ogy markers) [34], according to the manufacturer’s
instructions using a kit and protocols developed
exclusively for digital spatial profiling assays (https://
www.nanostring.com/products/geomx-digital-spatia
l-profiler/geomx-protein-assays/). Neurons, our cell
type of interest, were identified by fluorescently
labeled antibodies against NeuN. We collected data
from each ROI in triplicate to ensure that data was
collected on a high enough number of “masked”
NeuN immunoreactive cells to obtain statistical
significance. We assessed different pTau species of
interest (S404, S214, S396, T231, S199), MAP2,
and total tau in entorhinal cortex, CAl, and dentate
gyrus on FFPE sections. Nuclei were identified by
staining with Sytol3 (ThermoFisher Scientific),
a nucleic acid-binding blue, fluorescent dye. All
ROIs were analyzed using NanoString’s GeoMx™
Digital Spatial Profiler (DSP) system (NanoString
Technologies, Seattle, WA, USA) [35]. The selected
ROIs were illuminated using UV light on the
GeoMx™ DSP, photocleaving the oligonucleotides
from the antibodies. The oligonucleotides were
collected on a 96-well microwell plate. Individual
microwells contain the collected photocleaved
oligonucleotides from each spatially resolved ROL.
These oligonucleotides were then hybridized to
four-color, six-spot optical barcodes. Digital quan-
tification was performed by assessing the distinct
spatially mapped counts for each antibody on the
nCounter® platform. We performed normalization
on the digital spatial protein data by using the signal
to noise ratios, specifically. When performing this
“signal to noise ratio” normalization, two isotype
antibodies (IgG2a and rabbit IgG) are included
within the protein panel of interest to control for
the region of interest background. This signal to
noise normalization approach has been previously
described and specifically suggested by others
as being the most appropriate way to normalize
NanoString digital spatial protein data, as it will
discard any non-biologically based variance [36].

Quantitative immunofluorescence
neuropathologic evaluations

Multiplexed immunofluorescent staining for
pTau214 and PSD-95 were performed and quantified
on all 45 Mayo clinical brain autopsy cases in the
frontal cortex. For immunofluorescence staining,
tissue sections containing frontal cortex were incu-
bated with antibodies against phosphorylated S214
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Fig. 2. Area Quantification analysis of AMPA GluR1 receptor expression in the entorhinal cortex, and middle frontal cortex. A) AMPA GluR 1 immunohistochemical staining in the entorhinal cortex
of normal control, aMCI, and AD dementia cases, respectively. B) AMPA GluR1 immunohistochemical staining in the frontal cortex of normal control, aMCI, and AD dementia cases, respectively.
C) Indica Labs Halo Area Quantification analysis of AMPA GluR1 immunohistochemical staining in the entorhinal cortex of normal control, aMCI, and AD dementia cases, respectively. D) Indica
Labs Halo Area Quantification analysis of AMPA GluR1 immunohistochemical staining in the frontal cortex of normal control, aMCI, and AD dementia cases, respectively. E) % Positive area of
AMPA GluR1 staining in entorhinal cortex stratified by clinical group designations (normal, aMCI, AD). p=0.03. F) % Positive area of AMPA GluR1 staining in the frontal cortex stratified by
clinical group designations (normal, aMCI, AD). aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease dementia.
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Fig. 3. PSD-95 and pTau214 multiplexed immunofluorescent staining quantification in the frontal cortex. Panel 1a demonstrates the red
staining pattern for PSD-95. Panel 1b demonstrates pTau214 staining in yellow. Panel 1c demonstrates both PSD-95 and pTau214 together.
Panel 2a demonstrates HALO Digital Pathology software’s detection of PSD-95 staining. Panel 2b demonstrates HALO Digital pathology
software’s detection of pTau214 staining. Panel 2c demonstrates the object colocalization application from HALO that was applied to detect
and quantify object colocalization for pTau214 and PSD-95. The results shown on the right show PSD-95 and pTau214 colocalization object
count per wm? of tissue increase during AD progression across clinically stratified groups (normal, aMCI, AD) in frontal cortex. Kruskal-
Wallis was performed with Dunn’s multiple comparisons test applied to correct for multiple comparisons. (*p <0.05, ****p <0.0001) aMClI,

amnestic mild cognitive impairment; AD, Alzheimer’s disease dementia.

Tau (pTau214, rabbit monoclonal, 1:1000, Abcam
EPR1884, Boston, MA) and PSD-95 (Antibodies
Inc.) overnight at 4°C. Goat anti Rabbit [gG H&L
(Alexa Fluor®568) and Goat anti Mouse IgG H&L
(Alexa Fluor®594) were added for 1h followed by
1-min incubation with TrueBlack (Biotium #23007).
Slides were then cover slipped with mounting media
containing DAPI (ProLong™ Diamond Antifade
Mountant with DAPI, P36971 Invitrogen). Tissues
sections were then scanned to generate whole slide
images using the Olympus VS 200 Slide Scanner
microscope system at 20x magnification. Object
colocalization module, HALO software version
3.2 (Indica Labs) was then used to detect and
quantify object colocalization for pTau2l4 and
PSD-95 (Fig. 3). Figure 3 demonstrates the red
staining pattern for PSD-95 in panel la. Figure 3
demonstrates pTau214 staining in yellow in panel
1b. Figure 3 demonstrates both PSD-95 and pTau214
together in panel lc. Figure 3 demonstrates HALO
Digital Pathology software’s detection of PSD-95
staining in panel 2a. Figure 3 demonstrates HALO
Digital pathology software’s detection of pTau214
staining in panel 2b. Figure 3 demonstrates the object
colocalization application from HALO that was

applied to detect and quantify object colocalization
for pTau214 and PSD-95 in panel 2c. The results
shown on the right-hand side of Fig. 3 show PSD-95
and pTau214 colocalization object counts per wm?
of tissue increase during AD progression across
clinically stratified groups (normal, aMCI, AD
dementia) in frontal cortex.

Statistical analyses

The demographic and neuropathological charac-
teristics were compared using the Cochran-Armitage
trend test and McNemar’s chi-square test with exact
p-values for binary variables. When continuous
variables were compared, Wilcoxon matched-pairs
signed-ranks test and Kruskal-Wallis were used.
When overall differences were detected between
groups, Post hoc analyses comparing pairs of groups
were also performed to confirm differences between
clinically stratified groups. The P4 fraction tau lev-
els were used to generate a “fractional percentage” of
pTau231 and total tau for the P4 fraction. The frac-
tional percentage of pTau231 is defined as the amount
of pTau231 measured in the P4 synaptosomal fraction
divided by the sum of pTau231 across all frac-
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Fig. 4. Pathological tau accumulation in the postsynaptic (P4) fraction quantified using Simoa Quanterix in clinical AD progression adjusted
to P4 PSD-95 quantified using western blot. A-E) Postsynaptic pTau231 and total tau accumulation in clinical AD. C) Based on our
entorhinal cortex PSD-95 adjusted Simoa Quanterix total Tau and pTau231 postsynaptic (P4) fraction results (A, B). Panel C shows a
piecewise linear regression model comparing pTau231 and total tau in the postsynaptic (P4) fractions across clinical diagnostic groups. P4
tau was modeled using linear regression with a diagnosis of aMCI (versus normal control) and diagnosis of AD dementia (versus normal
control) as covariates. The result is a model where the predicted value is the mean of the dependent variable for each group. Robust standard
errors were used because residuals for these models were heteroskedastic. Pairwise comparisons of all diagnostic categories were performed.
Simple logarithmic regression was also performed to model the changes in pTau231 and total tau with progressing disease. As a sensitivity
analysis, models were estimated with all cases and models were also estimated excluding the five cases with a single co-existing microinfarct.
Postsynaptic pTau231 substantially increases very early in AD pathogenesis and accumulation is thought to result in the development of
aMCI. Postsynaptic total tau also substantially increases with the transition from normal control to aMCI, and subsequently decreases with
the transition from aMCI to AD dementia. Panel D shows similar findings in the entorhinal cortex when P4 pTau231 is normalized to P4 total
tau and adjusted to P4 PSD-95 (p =0.02 normal versus AD). Panel E shows P4 normalized to total tau and adjusted to P4 PSD-95 in middle
frontal cortex. Kruskal-Wallis was performed with Dunn’s multiple comparisons test applied to correct for multiple comparisons. aMCI,
amnestic mild cognitive impairment; AD, Alzheimer’s disease dementia. *p <0.05, **p <0.01. Box plots indicated median and interquartile
range (IQR) of the percent in each fraction.

tions (P4/(S2 + S4 + P4)). Total tau and pTau231 were resultis amodel where the predicted value is the mean
compared across clinical diagnostic group designa- of the dependent variable for each group. Robust stan-
tions (control, aMCI, AD dementia), NIA-AA ADNC dard errors [37, 38] were used because residuals for
designations (Not, Low, Intermediate, High), and these models were heteroskedastic. Pairwise compar-
Braak neurofibrillary tangle stages (1-6). Compar- isons of all diagnostic categories were performed.
isons were also made for synaptosomal ratios (e.g., Simple logarithmic regression was also performed to
P4/S4 + P4). P4 pTau231 in the entorhinal cortex and model the changes in pTau231 and total tau with pro-
middle frontal cortex regions after adjusting to the gressing disease. As a sensitivity analysis, models
PSD-95 in the P4 fraction to account for any potential were also estimated excluding the five cases with a
AD associated synaptic changes. Further compar- single co-existing infarct. For the NanoString DSP
isons were made with the PSD-95 adjusted values analyses, the raw data included expression levels
across clinically stratified groups (control, aMCI, AD of different proteins of interest and 3 IgG controls
dementia), NIA-AA ADNC stratified groups (Not, in multiple ROIs from each of the two Nun Study
Low, Intermediate, High), and Braak neurofibrillary brain autopsy cases: 1) Braak neurofibrillary tangle
tangle stage (1-6) for all cases (n=50). Compar- stage 0 only and cognitively intact versus Braak neu-
isons were also made after the exclusion of the rofibrillary tangle stage 2 only and cognitive intact.
five cases with a single co-existing infarct (n=45) To identify the differentially expressed proteins in
(Fig. 4). Spearman’s Rank-Order Correlation was each comparison for Nanostring proteins of interest,
used with correlation coefficients ranging from —1 within the Braak neurofibrillary tangle only stage 0
to 1, indicating negative and positive relationships, case by itself for confirmation of our pTau214 results,
respectively. Welch’s T-test and Wilcox rank-sum Kruskal-Wallis was used to compare NeuN “masked”
tests were used to assess changes between two diag- cells in CAl, dentate gyrus, and entorhinal cortex
nostic groups. p<0.05 was considered statistically regions. For comparing protein differences in NeuN
significant unless the Benjamini-Hochberg procedure masked cells in hippocampal sections between study
was applied. For the generation of the piecewise lin- groups, Mann Whitney U was used. Additionally,
ear regression model shown in Fig. 4C, P4 tau was Benjamini—-Hochberg was used to adjust for multi-
modeled using linear regression with a diagnosis of ple analyses to confirm results. The heatmap was
aMCI (versus normal control) and diagnosis of AD generated using ComplexHeatmap (Version 2.8.0).

dementia (versus normal control) as covariates. The For multiplex immunofluorescence comparisons of
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Fig. 5. Synaptosomal fraction richness for validation of fraction-
ation protocol. The representative immunoblots of S2, S4, and
P4 fractions from human brains with Not/Low Alzheimer’s Dis-
ease Neuropathologic Change (ADNC), Intermediate ADNC, and
High ADNC show PSD-95 protein richness in postsynaptic density
enriched P4 fractions. S2 contains substantial beta actin, GAPDH,
and a lesser amount of PSD-95. S4 is enriched for synaptophysin
and contains beta actin. Protein normalization was performed using
Revert Total Protein Stain (LI-COR).

PSD-95 and pTau214 in the frontal cortex sections,
Kruskal-Wallis was performed with Dunn’s multi-
ple comparisons test applied to correct for multiple
comparisons.

RESULTS

Confirmation of fractionation protocol and
regional tau comparisons

After completing the synaptosomal fractionation
protocol, each fraction was tested by western blot to
confirm appropriate enrichment of each fraction, as
demonstrated in Fig. 5. Notably, PSD-95 is enriched
in P4 fractions but is almost absent in S4 frac-
tions. Normalization was performed using Revert
Total Protein Stain (LI-COR). GAPDH was used
for S2 enrichment assessment, synaptophysin (SYP)
for S4 enrichment assessment, and postsynaptic den-
sity protein 95 (PSD-95) for postsynaptic enrichment
assessment. After confirming our synaptosomal frac-
tionation protocol efficacy, we compared total Tau
and pTau231 levels in the entorhinal and middle
frontal cortices.

Comparison of demographic and
neuropathologic characteristics across study
groups

Frozen postmortem brain samples from individu-
als with AD dementia, aMCI, and cognitively normal
controls were assessed. Samples were further strati-
fied and compared by the severity of NIA-AA AD

neuropathologic change (Not, Low, Intermediate,
High). First, demographic and neuropathologic fea-
tures of individuals were stratified clinically as AD
dementia, aMCI, and cognitively normal, and com-
parisons were made across groups. There were no
significant differences in age at the time of death,
sex, APOE genotype, postmortem interval time, or
time between the last clinical visit and death between
the clinically stratified groups (Table 1). There were
no significant differences in these variables between
groups when stratified neuropathologically by NIA-
AA AD neuropathologic change designations of
Not, Low, Intermediate, and High designations, nor
by binary neuropathologic stratification of groups
combining NIA-AA AD neuropathologic change
designations of Not and Low, and Intermediate and
High.

Tau mislocalization and accumulation by clinical
group designation, neuropathologic change
group designation, and Braak neurofibrillary
tangle distribution stage

The S4 fraction is the synaptophysin enriched
presynaptic fraction and the P4 fraction is the PSD-
95 enriched postsynaptic fraction. The ratios of each
synaptosomal fraction pTau231 to the total synap-
tosomal pTau231 level via Simoa Quanterix ELISA
based quantification were compared across clini-
cally and neuropathologically stratified study groups.
The ratio of synaptosomal pTau231 in synapto-
physin enriched presynaptic (S4) fraction to total
synaptosomal pTau231 (S4 fraction + P4 fraction)
was decreased with increasing AD by clinical study
group stratification, increasing NIA-AA neuropatho-
logic change group stratification, and increasing
neuropathologic Braak tangle stage stratification
as shown in Fig. 6. The ratio of synaptosomal
pTau231 in the postsynaptic PSD-95 enriched P4
fraction to total synaptosomal pTau231 (S4 fraction
+ P4 fraction) was also increased with increas-
ing AD by clinical group stratification, increasing
NIA-AA AD neuropathologic change group stratifi-
cation, and increasing neuropathologic Braak tangle
stage stratification as shown in Fig. 6. The ratios
of each synaptosomal fraction total Tau to the total
synaptosomal total Tau level via Simoa Quanterix
ELISA based quantification were compared across
clinically and neuropathologically stratified study
groups (NIA-AA AD neuropathologic change group
stratification and Braak tangle stage) and no sig-
nificant differences were identified between groups
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Fig. 6. Ratios of each synaptosomal fraction pTau231 tau level to total synaptosomal pTau231 level quantified using Simoa Quanterix
across clinical and neuropathologic AD designations. Comparison of the ratio of pTau231 in each synaptosomal fraction across clinical,
NIA-AA AD Neuropathologic Change, and Braak neurofibrillary tangle stage designations. aMCI, amnestic mild cognitive impairment; AD,
Alzheimer’s disease dementia. A) Ratio of synaptosomal pTau231 in entorhinal cortex synaptophysin enriched presynaptic (S4) fraction to
total synaptosomal (S4 + P4) pTau231. B) Ratio of synaptosomal pTau231 in entorhinal cortex postsynaptic PSD-95 enriched (P4) fraction
to total synaptosomal (S4 +P4) pTau231. C) Ratio of synaptosomal pTau231 in middle frontal synaptophysin enriched presynaptic (S4)
fraction to total synaptosomal (S4 + P4) pTau231. D) Ratio of synaptosomal pTau231 in middle frontal postsynaptic PSD-95 enriched (P4)
fraction to total synaptosomal (S4 + P4) pTau231. Median pTau231 ratios were calculated with 95% confidence intervals and Spearman’s
Rank correlation was performed by each designation.
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as shown in Supplementary Figure 1. In summary,
the ratio of pTau231 in the synaptophysin enriched
presynaptic (S4) fraction to the total synaptosomal
pTau231 (S4+P4) decreases with clinical and neu-
ropathologic Alzheimer’s disease progression. The
ratio of pTau231 in the PSD-95 enriched postsy-
naptic (P4) fraction to total synaptosomal fraction
pTau231 increases with clinical and neuropathologic
Alzheimer’s disease progression. The fractional per-
centages of pTau231 and total Tau in the PSD-95
enriched postsynaptic (P4) fraction were additionally
compared across clinically stratified groups (con-
trol, amnestic mild cognitive impairment, and AD
dementia) and NIA-AA AD neuropathologic change
group designations (Not, Low, Intermediate, High),
as shown in Supplemental Figure 2. The fractional
percentage of pTau231 was defined as the amount of
pTau231 measured in a specific synaptosomal frac-
tion divided by the sum of pTau231 in all fractions.
For example, the fractional percentage of postsynap-
tic P4 pTau231 is the amount of pTau231 measured
in the PSD-95 enriched postsynaptic (P4) fraction
divided by the total sum of pTau231 in the P4, S4,
and S2 fractions. No significant differences in the
fractional percentages of total Tau were identified
in postsynaptic (P4) fractions from the entorhinal
and middle frontal cortices across clinically stratified
group designations, NIA-AA AD neuropathologic
change group designations, or Braak tangle stages.
No significant differences in fractional percentages
of pTau231 were identified in the PSD-95 enriched
postsynaptic (P4) fractions from the entorhinal cor-
tex across clinical group designations, NIA-AA AD
neuropathologic change group designations, or Braak
tangle stages. By contrast, the middle frontal cortex
PSD-95 enriched postsynaptic (P4) fraction demon-
strated an increase in the fractional percentage of
pTau231 with increasing clinical disease (P = 0.01)
and increasing NIA-AA AD neuropathologic change
designation (Supplementary Figure 2). In addition,
the middle frontal cortex postsynaptic (P4) fraction
showed an increase in the percentage of pTau231 that
correlated with increasing Braak neurofibrillary tan-
gle stage (P = 0.02), as shown in (Supplementary
Figure 2).

Accounting for potential AD-associated synaptic
alterations in entorhinal cortex

As synaptic changes are expected in the setting
of increasing AD progression, PSD-95 (postsynap-
tic protein) was quantified in the P4 fractions via

western blot as outlined in the Methods section in
each brain region (entorhinal and middle frontal cor-
tices). As human autopsy brain samples show tau at
a set time point (i.e., time of death), the postsynap-
tic (P4) fraction pTau231 and total tau levels were
further adjusted to the corresponding postsynaptic
(P4) fraction PSD-95 level to account for potential
disease-associated synaptic alterations. The entorhi-
nal cortex is involved very early by phosphorylated
tau tangles in AD pathogenesis and may become
involved by tangles in preclinical disease states [39].
Therefore, the entorhinal cortex samples represent
late-stage AD pathogenesis in our study as this region
has a higher neurofibrillary tau tangle burden across
all samples. This is likely accompanied by increased
disease associated synaptic changes. When compar-
ing the P4 PSD-95 adjusted values, total tau in the
postsynaptic (P4) fraction was increased in the aMCI
group when compared to the AD dementia group
(p=0.007), when excluding cases with a single co-
existing infarct (Fig. 4A). Interestingly, in the same
postsynaptic (P4) fraction, pTau231 adjusted to PSD-
95 was increased in the aMCI group when compared
to the cognitively normal group (p =0.03) (Fig. 4B,
D). The hypothetical model of AD progression is
shownin Fig. 4C. As anticipated, no significant differ-
ences were revealed after adjusting P4 pTau231 to P4
PSD-95 in middle frontal cortex (Fig. 4E). Increasing
pTau231 in the entorhinal postsynaptic (P4) frac-
tion was additionally seen with increasing clinical
AD when pTau231 was normalized to total Tau and
subsequently adjusted to P4 PSD-95 as shown in
Supplementary Figure 3 with total PSD-95 levels
additionally highlighted in Supplementary Figure 4.

AMPA receptor GluR1 quantification

To explore the changes in AMPARs in the devel-
opment of cognitive impairment, the current study
also compared quantitative AMRAR GluR1 sub-
unit immunohistochemical staining results across
clinical and neuropathologic group stratifications
in the entorhinal cortex and frontal cortex. Fig-
ure 2A and 2B demonstrates AMPAR GluR1 staining
in the entorhinal and frontal cortices across clin-
ically stratified groups. Percent area quantification
of AMPA GIuR1 immunohistochemical (IHC) stain-
ing (Fig. 2C, D) revealed increased staining in the
entorhinal cortex in the AD dementia group when
compared to the aMCI group (p=0.03) (Fig. 2E).
Percent area quantification of AMPA receptors in the
middle frontal cortex interestingly revealed no signif-
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icant changes when comparing the clinically stratified
groups (Fig. 2F). Taken together, our tau findings
combined with our AMPA GluR1 staining results
suggest that first pTau231 accumulation occurs at
the post-synaptic density before the development of
alterations in AMPARSs occurs in AD pathogenesis.

Comparing earliest phosphorylated tau species
in Braak 0 versus Braak 2 using NanoString
digital spatial profiling

We designed our complementary NanoString study
to assess the earliest pathologic tau changes in FFPE
hippocampal sections from cognitively unimpaired
individuals. We took this approach to screen for other
neuronal tau species in the Proline rich region of tau
that may accumulate within neurons even earlier than
pTau231 in the development of memory impairment.
We compared samples from cognitively unimpaired
individuals without any Tau tangles (Braak Stage 0)
versus cognitively unimpaired individuals with only
limited tau tangles (Braak Stage 2). First, the neuronal
cell population was selected by immunofluorescent
staining using a NeuN antibody. When NeuN positive
neurons in the entorhinal cortex, CAl, and dentate
gryus were compared between the phospho-tau nega-
tive sample (Braak Stage 0, Thal Phase 0, cognitively
intact) versus the phospho-tau positive sample (Braak
Stage 2, Thal Phase 0, cognitively intact), there was
increased pTau214 identified in the phospho-tau pos-
itive sample (p=0.004) in NeuN positive neurons.
Heat map results are shown for tau species in Fig. 7.
Additionally, when comparing pTau species in NeuN
positive neurons between entorhinal cortex, CA1, and
dentate gyrus regions within the phospho-tau posi-
tive (Braak Stage 2, Thal Phase 0, cognitively intact)
sample replicates alone, pTau214 was also found to
differ by region (p =0.04). Interestingly, pTau214 has
a phosphorylation site that is in the same proline
rich region of tau as pTau231. These results further
support that the phosphorylation of tau in the Pro-
line rich region specifically occurs very early in AD
pathogenesis.

DISCUSSION

Utilizing highly sensitive total tau and pTau231
ELISA assays in combination with quantitative tradi-
tional and multiplexed staining, and complementary
experiments with NanoString Digital Spatial Profil-
ing for further tau biomarker discovery, we attempted
to answer the following critical question—when does
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Fig. 7. Heatmap showing quantitative NanoString protein Digital
Spatial Profiling results in hippocampus with Braak Stage 0 (blue)
versus Braak Stage 2 (green) without co-existing brain lesions.
Both samples are from individuals who were confirmed to be cog-
nitively intact within three years of death. Different pTau species of
interest (S214, T231, S199), MAP2, and total tau in entorhinal cor-
tex, CAl, and dentate gyrus on formalin-fixed paraffin-embedded
sections. We specifically analyzed NeuN immunoreactive cells in
the hippocampal sections Although pTau231 did not significantly
differ between Braak 0 and Braak 2, this is expected as both indi-
viduals were confirmed to be cognitively normal during life and
our Simoa data suggests that postsynaptic pTau231 increases with
the onset on clinical memory impairment.

the phosphorylation of tau in the Proline rich region
result in abnormal tau accumulation at the postsy-
naptic density in AD pathogenesis? Taken together,
the ratio of pTau231 in the synaptophysin enriched
presynaptic (S4) fraction to the total synaptosomal
pTau231 decreases with clinical and neuropatho-
logic AD progression in the entorhinal cortex but
increases with clinical and neuropathologic AD pro-
gression in the middle frontal cortex (Fig. 6). The
ratio of pTau231 in the PSD-95 enriched postsynap-
tic (P4) fraction to the total synaptosomal fraction
pTau231 also decreases with clinical and neuropatho-
logic AD progression in the entorhinal cortex but
increases with clinical and neuropathologic AD pro-
gression in the middle frontal cortex (Fig. 6). Our
results suggest that tau phosphorylated in the Pro-
line rich region accumulates at the postsynaptic
density in parallel with the onset of clinical mem-
ory impairment in AD pathogenesis and raise the
possibility that this may specifically occur before
alterations in AMPARs occur. Our comprehensive
clinicopathologic approach enabled us to examine the
chronological sequence of events involving pTau231
in the postsynaptic compartment in human AD pro-
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gression. As we used human autopsy brain samples,
we measured changes in tau and synapses at a set post-
mortem time point. The entorhinal cortex is involved
very early by phosphorylated tau tangles in AD patho-
genesis, and often contains tau neurofibrillary tangles
in preclinical AD [39]. Therefore, the entorhinal
cortex samples represent late Alzheimer’s disease
pathogenesis in our study as this region has a higher
neurofibrillary tau tangle burden across all samples.
The presence of increased neurofibrillary tau tangles
in this region is likely accompanied by increased dis-
ease associated synaptic changes. By contrast, the
middle frontal cortex region does not develop patho-
logic tau tangles until much later in AD pathogenesis
in humans (e.g., Braak neurofibrillary tangle distri-
bution stage 5). Therefore, the middle frontal cortex
region samples represent early AD pathogenesis in
our study.

Previous studies on neurons cultured from P301 L
tau transgenic mice [40, 41], and directly in P301 L
tau mouse brain [42] also support our findings.
Phosphorylation mimicking tau mutants expressed in
cultured neurons have additionally been specifically
shown to reduce the number of AMPARS at synapses
[14]. However, it is important to remember that the
p.P301 L MAPT mutation used to create AD mod-
els is known to cause non-AD tauopathies in humans
(e.g., progressive supranuclear palsy, globular glial
tauopathy) which instead typically present with fron-
totemporal dementia clinically [43]. In humans, such
non-AD tauopathies do develop granular appearing
phosphorylated tau accumulations within neurons
that are commonly 4R tau isoform predominant.
These 4R isoform predominant neuronal tau inclu-
sions differ from the mixed 3R and 4 R isoforms of
tau that form the characteristic fibrillary phospho-
rylated neuronal tau inclusions that develop in the
setting of AD neuropathologic change. Additionally,
in a cohort of 8§ patients confirmed to have a MAPT
P301 L mutation, the highest reported Braak tangle
stage was 3 with the majority (5 of 8 patients) hav-
ing a Braak tangle stage of O [43]. For these reasons,
potential limitations must be taken into consideration
whenever interpreting findings involving the tau pro-
tein in MAPT mutation-based model systems when
studying human AD. Alternatively, this proposed
sequence of tau phosphorylation may not be specific
to AD pathobiology. Thus, future work using clini-
cally, and neuropathologically characterized human
brain samples should encompass other less common
tauopathies, such as progressive supranuclear palsy
and corticobasal degeneration, for further clarifica-

tion of potential tau differences in disease progression
in the setting of non-AD tauopathies.

It should also be noted that although the fraction-
ation protocol utilized in this study is efficient for
specifically isolating a P4 synaptosomal fraction that
is enriched for postsynaptic elements, it does have
limitations to consider. For example, the S2 fraction
contains both cytosol and light membranes and there-
fore cannot be considered a purely cytosolic fraction;
this unfortunately limited our S2 fraction analyses.
Additionally, although the S4 fraction is enriched for
synaptophysin, it should also not be considered as a
purely presynaptic fraction. However, this fractiona-
tion protocol is robust, and the enrichment of PSD-95
in the postsynaptic (P4) fraction, and lack of synap-
tophysin, confirm a more successful separation of
the postsynaptic (P4) fraction when compared to the
other fractions. Therefore, it is necessary for future
studies to further investigate pathologic tau changes
in presynaptic and cytosolic fractions derived from
human brain tissue samples using more rigorous frac-
tionation protocols that are optimized for the refined
separation of the presynaptic and cytosolic fractions,
specifically. Our study was further limited by the
scarcity of frozen postmortem human brain samples
with a Braak Stage 0 neurofibrillary tangle stage,
making our comprehensive assessment of tau mislo-
calization and phosphorylation changes in preclinical
AD particularly challenging. However, we addressed
this issue by assessing synaptic tau changes in the
middle frontal cortex. The middle frontal cortex is
known to become involved by pathologic tau tangles
later in AD, making it an ideal region for studying
the earliest pathologic tau changes in AD patho-
genesis. Our study groups were stringently selected
based on clinical and neuropathologic criteria, result-
ing in a relatively low number of cases for each
study group. As multiple co-existing neuropathologic
lesions are the norm and not the exception in human
disease [44—46], autopsy brains with so-called “pure
AD” (i.e., only plaques and tangles without other
co-existing pathologic lesions) were scarce. This con-
tributed to the low number of cases in our study.
As this study included such a rare composition of
cases, future studies must extend our approaches to
larger longitudinal cohorts to comprehensively assess
underlying tau disease progression in the setting of
mixed lesion late-life dementia.

Phosphorylated tau S214 was shown to be one of
the earliest significantly increased forms of neuronal
phospho-tau in our NanoString results when com-
paring Braak neurofibrillary tangle stage 0 versus
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Braak neurofibrillary tangle stage 2 in cognitively
unimpaired individuals. Of note, pTau214 has a phos-
phorylation site (Ser214) that is within the same
Proline rich region of tau as pTau231. This find-
ing further supports that phosphorylation of tau in
the Proline rich region specifically occurs very early
in AD pathogenesis. Staining results for pTau214
and PSD-95 co-localization in the frontal cortex on
a larger number of clinically stratified cases high-
light the presence of increased co-localized pTau214
and PSD-95 with increasing clinical disease severity
(Fig. 3).

In the middle frontal cortex, the average pTau231
P4 postsynaptic fractional percentage was 12.37%
for all Braak Stage 1 cases versus 21.43% for all
Braak stage 6 cases. By contrast, the average pTau231
P4 postsynaptic fractional percentage for all Braak
Stage 5-6 cases in the entorhinal cortex region was
15.54% and the average pTau231 P4 postsynaptic
fractional percentage for all Braak stage 0-2 cases in
the entorhinal cortex region was 13.98%. Therefore,
we propose that the accumulation of tau phospho-
rylated in the Proline rich region that was observed
in the middle frontal cortex (representing earlier
tau pathogenesis) had not yet accumulated enough
postsynaptically to initiate the upregulation of cal-
cineurin in this later involved brain region (Fig. 2).
Notably, the accumulation of tau phosphorylated
within the Proline rich region is thought to initi-
ate the dephosphorylation of AMPA receptors via
the upregulation of calcineurin which dephosphory-
lates and internalizes the functional AMPA receptors
at the postsynaptic density. After the postsynaptic
tau mislocalizes and accumulates at the postsynap-
tic density initiating the internalization of AMPA
receptors, it is thought that a subsequent increase in
cytosolic pTau231 occurs (i.e., pre-tangle formation),
and that pTau231 also decreases at presynaptic ter-
minal. Our results support the notion that pTau231
mislocalization and accumulation at the postsynap-
tic density is followed by a subsequent increase in
cytosolic pTau231 (i.e., pre-tangle formation), and
decreased pTau231 at presynaptic terminal. However,
whether pTau231 accumulation at the postsynap-
tic density occurs before pre-tangle formation in
human AD pathogenesis remains unclear and should
be explored further in future comprehensive stud-
ies. Plasma pTau231 levels have additionally been
shown to successfully differentiate individuals across
all Braak neurofibrillary tangle stages, including the
earliest stages (0-2) [47]. Levels of pTau231 have
also been found to be increased in the cerebrospinal

fluid of cognitively normal individuals with negative
A positron emission tomography scans [48]. This
all points to an early role for pTau231 in AD patho-
genesis and highlights its potential as a peripheral
biomarker [48].

Of note, plasma total tau levels were previously
measured from a subset of Mayo Clinic Study of
Aging (MCSA) research participants [49]. However,
plasma pTau231 data was not collected on these
samples [49]. It is important to note that the subset
of MCSA participants included in the 2017 Mielke
et al. publication differs from the cohort that was
used for our brain autopsy study [49] as subset of
MCSA participant plasma samples were used that
were specifically collected from research participants
within recent years (versus plasma samples that were
collected from the same individuals included in our
current brain autopsy study) [49]. Moving forward,
we plan to prospectively perform a comprehensive
study that will enable us to directly compare synap-
tosomal and cytosolic pTau231 and pTau214 levels in
the brain versus plasma at different time points dur-
ing disease progression during life while also making
simultaneous comparisons with other brain autopsy
end points (e.g., Braak tangle stage, Thal AR distri-
bution phase).

Our results raise the possibility that pTau231 ini-
tially becomes mislocalized and accumulates at the
postsynaptic density at the onset of memory impair-
ment, and that neuronal pTau214 may be an even
earlier from of pathologic tau phosphorylated in the
Proline rich region that accumulates prior to memory
impairment. Memory impairment appears to initially
develop when pTau231 mislocalizes to accumulate
at the postsynaptic density (Fig. 4). Interestingly,
increased AMPA GluR1 was also observed in the
entorhinal cortex in the AD dementia group when
compared to the aMCI group. However, no signif-
icant differences in AMPA GluR1 were identified
across clinically stratified groups in the frontal cortex.
AMPAR trafficking from the plasma membrane at
the synapse to the intracellular compartments mainly
occurs via clathrin-mediated endocytosis [50, 51].
Aftera AMPAR is internalized from the plasma mem-
brane, it is trafficked to early endosomes and may
1) be recycled back to the plasma membrane [52];
2) matured into late endosomes that become lyso-
somes to subsequently degrade the AMPARSs [53]; 3)
undergo further posttranslational modifications [54].
Interestingly, in 12-month-old APP/PS1 mice, a sig-
nificant reduction in AMPAR density at synapses has
been previously described in both pyramidal neu-
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rons and interneurons when compared to wild-type
mice of the same age [54]. Like the increase in total
AMPARs that was observed in the AD dementia
group in our study shown in Fig. 5, the reduction of
AMPARs observed in dendritic spines in APP/PS1
mice was also reportedly accompanied by a signif-
icant increase in AMPAR subunit proteins within
intracellular compartments [54]. Therefore, our find-
ings of increased total AMPA GluR1 staining in the
entorhinal cortex may potentially be explained by
similar changes occurring in the human brain in AD
pathogenesis. However, future studies are necessary
for mechanistic clarity.

Taken together, our results support the hypothesis
that pathologic accumulation of pTau231 at the post-
synaptic density occurs early in AD pathogenesis as
clinical impairment develops. Our results also raise
the possibility of synaptic dysfunction resulting from
the increased internalization of dysfunctional AMPA
GluR1 receptors via de-phosphorylation. However,
this is just one of many mechanistic considera-
tions. Our results further raise the possibility of
a compensatory increase in AMPA GluR1 recep-
tors occurring in AD pathogenesis, and this may
explain why we observed increased AMPA GluR1
staining in the entorhinal cortex. It is important
to note that our AMPA receptor studies were per-
formed using immunohistochemical staining on the
same brain regions and same brain autopsy cases
that were used for our Simoa Quanterix tau assess-
ments. Unfortunately, as frozen tissue was exhausted
from a large subset of the cases, we instead per-
formed quantitative immunohistochemical staining
to assess AMPA receptors as an alternate approach.
Regardless, our findings support the potential effec-
tiveness of pharmacological interventions that target
increased phosphorylated tau at the postsynaptic den-
sity early in AD pathogenesis. For example, it has
been shown in a tau mouse model that the activation
of the pituitary adenylate cyclase-activating polypep-
tide (PACAP) type 1 receptor enhances synaptic
proteasome activity and reduces tau in postsynaptic
compartments [55]. Our results also raise the possibil-
ity of calcineurin inhibition (e.g., Tacrolimus) serving
as either a separate or complementary effective ther-
apeutic target in AD as calcineurin inhibition may
prevent AMPAR alterations in the human brain. How-
ever, additional studies are necessary to further clarify
calcineurin’s specific role (s) in AD pathogenesis.

Multiple prior studies in humans have reported that
the phosphorylation of pTau231 and pS396/pS404
precedes the detection of conformationally modified

MCI tau [56-58]. Intriguingly, this has not been the
case in certain transgenic mouse studies in which the
MCI1 conformational modification precedes tau phos-
phorylation in the neuropil. One possible explanation
for this is that the specific sequence of tau events
may differ among specific mouse models and neu-
ronal populations, which is an additional important
consideration.
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