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Abstract.

Background: Certain individuals, here referred to as Non-Demented with Alzheimer Neuropathology (NDAN), do not show
overt neurodegeneration (N ) and remain cognitively intact despite the presence of plaques (A+) and tangles (7+) that would
normally be consistent with fully symptomatic Alzheimer’s disease (AD).

Objective: The existence of NDAN (A + T*N™) subjects suggests that the human brain utilizes intrinsic mechanisms that
can naturally evade cognitive decline normally associated with the symptomatic stages of AD (A + T*N™). Deciphering the
underlying mechanisms would prove relevant to develop complementing therapeutics to prevent progression of AD-related
cognitive decline.

Methods: Previously, we have reported that NDAN present with preserved neurogenesis and synaptic integrity paralleled by
absence of amyloid oligomers at synapses. Using postmortem brain samples from age-matched control subjects, demented
AD patients and NDAN individuals, we performed immunofluorescence, western blots, micro transplantation of synaptic
membranes in Xenopus oocytes followed by twin electrode voltage clamp electrophysiology and fluorescence assisted single
synaptosome-long term potentiation studies.

Results: We report decreased tau oligomers at synapses in the brains of NDAN subjects. Furthermore, using novel approaches
we report, for the first time, that such absence of tau oligomers at synapses is associated with synaptic functional integrity in
NDAN subjects as compared to demented AD patients.

Conclusion: Overall, these results give further credence to tau oligomers as primary actors of synaptic destruction under-
scoring cognitive demise in AD and support their targeting as a viable therapeutic strategy for AD and related tauopathies.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-associated
neurodegenerative disorder characterized by the CNS
presence of amyloid-3 (AB) plaques and neurofibril-
lary tau tangles [1, 2] that neuropathologically mark
the terminal decline in cognitive function [3]. AD
is the sixth leading cause of mortality in the United
States with a progressively rising incidence and it
is estimated that, by 2050, nearly 16 million people
would be affected by AD [4]. There is currently no
resolving cure for AD, and with constantly improving
healthcare, the life expectancy of individuals is likely
to increase, further elevating the susceptibility to the
development of AD [5]. It is, therefore, imperative
to develop new therapeutic strategies that effectively
prevent the progression of AD [6-11].

In recent years, several groups, including ours,
have described the existence of individuals who,
despite presenting with A3 plaques and tau protein
tangles in their brain, do not develop the symp-
toms of AD and remain cognitively intact [12-20].
This suggests that these subjects, hereafter referred
to as Non-Demented with Alzheimer’s disease Neu-
ropathology (NDAN), have an inherent mechanism
which protects them from the degenerative effects of
AD pathology that otherwise would lead to cogni-
tive decline. Studying the mechanisms driving this
resistance to cognitive decline would help in devel-
oping effective novel therapeutic strategies for AD
[18]. Although the exact protective mechanism in
NDAN individuals remains elusive, several studies
have addressed their resistance to cognitive decline
[14, 17, 20-22]. One such study reported that, along
with preservation of cognitive function, NDAN indi-
viduals also have larger hippocampal and total brain
volume in comparison to AD patients [14]. Our own
studies revealed that AP oligomers were absent at the
post synaptic density in NDAN hippocampi, which
could support maintenance of normal synapse func-
tion underscoring preserved cognitive integrity [17].
More recently, we linked such preservation of cogni-
tive function in NDAN to greater neurogenesis and
decreased regulatory microRNA expression in the
hippocampal dentate gyrus [20]. Lastly, postsynaptic
density proteome studies identified a unique signature
of 15 genes that significantly set NDAN apart from
both AD patients and control subjects [22]. PAN-
THER analysis of proteomic data revealed significant
effects on proteins involved in actin dynamics and
cytoskeletal regulation, suggesting that the NDAN
subjects may have mechanisms strengthening the

synaptic integrity that promotes resilience against
amyloidogenic oligomers. Notably, ingenuity path-
way analysis (IPA) identified selected micro RNA
as upstream regulators of such proteomic changes
in NDAN synapses that were later reported to af-
ford synaptic resilience to amyloid oligomers when
administered in experimental mouse models [22].

In recent years, a shift in interest has been observed
from the large insoluble forms of tau (neurofibril-
lary tangles, NFTs), to the smaller soluble aggregates,
tau oligomers. Many studies in animal models have
demonstrated that the large metastable NFT's are not
causally linked to tauopathy phenotypes [23-30].
Moreover, studies in humans have demonstrated that
neurodegeneration is independent of NFTs and that
neurons containing NFTs can survive for decades
[31-35]. Several groups have since established that
the oligomers are the true toxic tau species which
form prior to and independent of NFTs and are
ultimately responsible for neurodegeneration in late
stages of AD [21, 36-38].

Based on our previous report that NDAN synapses
are resistant to AR oligomers [39], here we test the
hypothesis that synaptic resilience mechanisms in
NDAN were also effective in preventing the toxic-
ity brought about by tau oligomers. In the present
work, we addressed this question by using fluores-
cence staining and western blot analysis to establish
and evaluate the interaction of tau oligomers at
the frontal cortex and hippocampal synapses of
NDAN subjects as compared to AD patients and age-
matched controls. Additionally, we also provide evi-
dence of preservation of synaptic integrity through
functional studies of the NDAN synapses using
micro transplantation of synaptic membranes in
Xenopus oocytes [40, 41] and fluorescence assisted
single synaptosome-long term potentiation (FASS-
LTP) studies [42, 43]. Our results show that synaptic
association of tau oligomers is significantly reduced
in NDAN subjects as compared to demented AD
patients, resulting in preserved synaptic integrity that
underscores maintenance of cognitive competency in
these resilient individuals.

MATERIALS AND METHODS

Human subjects and autopsy brain tissues

We obtained our deidentified frozen brain tis-
sues from the Oregon Brain Bank at Oregon Health
and Science University (OHSU) in Portland, OR,
where donor subjects were clinically evaluated in
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studies at the NIH-sponsored Layton Aging and
AD Center (ADC). As a result, these subjects that
are a part of the brain aging studies had received
annual neurological/neuropsychological evaluations,
complete with a Clinical Dementia Rating (CDR)
assigned by an experienced clinician, testing for cog-
nitive and functional examinations. Subjects were
diagnosed by the clinical team consensus confer-
ence as Alzheimer’s disease only when they met
the National Institute for Neurological and Commu-
nicative Disorders and Stroke-Alzheimer’s Disease
and Related Disorder Association diagnostic crite-
ria for clinical AD, by showing a CDR of greater
than 1.0 and neuropathologic confirmation at autopsy
(after informed consent). In the neuropathologist
assessment that conformed to National Institute on
Aging-Reagan consensus criteria, all brain tissue
was examined for NFTs and neuritic plaques using
standardized CERAD criteria [44, 45]. An amyloid
score based on the deposition of amyloid plaques
in the brain (0=no plaques, 1=sparse plaques,
2 =moderate plaques, and 3 =dense plaques) and a
Braak stage (0-6; with 6 being the most severe)
were assigned to indicate the level and location of
hyperphosphorylated tau tangles [46]. In addition to
the pathological information detailed above, demo-
graphical data were received along with the frozen
tissue. These included age, sex, and Mini-Mental
State Examination (MMSE) score [44] for each case.
Donor subject samples were de-identified by ADC
prior to being provided to UTMB, so that no approval
was required from the UTMB Institutional Review
Board under CFR §46.101. Demographic details of
cases used in this study are shown in Table 1.

Western blot analysis

Hippocampal synaptosomal protein lysates were
prepared following previously published protocol
[47]. Tau5 (Mouse monoclonal Biolegend Tau5
purified azide free anti tau 210-230; 1:5000)
or Tau TTC18 (Rabbit polyclonal 1:5000, Rakez
Kayed’s laboratory) were used as primary anti-
bodies and compared with loading control 3-actin
(Mouse monoclonal A2228, EMD Millipore Sigma,
1:100,000). Secondary antibodies used include Goat
anti-mouse IgG (115-005-003, 1:5000) and Goat
anti-rabbit IgG (115-005-062; 1:5000) from Jack-
son Immunoresearch Laboratories Inc. Pierce ECL
Western Blotting Substrate (#32106, ThermoFisher
Scientific, Waltham, MA) was used to visualize
the bands using standard protocol on X-ray films.

Quantification was done using ImageJ software.
Results were graphed using Graphpad Prism 7 or
8 software. One-way ANOVA followed by Tukey’s
comparison test was used to determine significance
at p <0.05, n=6 subjects per group

Immunofluorescence

For Fig. 2, 10 wm frontal cortex and hippocampal
brain sections from NDAN, AD, and Ctrl samples
were removed from —80°C and equilibrated to —20°C
before embedding in Tissue-Tek O.C.T. compound
(Sakura Finetek, Torrence, CA, USA) and affixed to
Superfrost Plus slides (ThermoFisher Scientific) and
stored for future use at —80°C. For immunostaining,
the slides were taken from —80°C and equilibrated to
room temperature (RT). The sections were thereafter
fixed in ice-cold 4% paraformaldehyde for 30 min.
Sections were then washed 3 times in 0.1 M PBS for 5
min each followed by blocking and permeabilization
for 1 hatRT in 0.1 M PBS containing 5% goat serum,
0.5% Triton-X, and 0.05% tween. Incubation with the
primary antibodies, Tau5 (Biolegend Tau5 purified
azide free anti tau 210-230) used at 1:400 dilution and
T22 (prepared by Rakez Kayed’s laboratory), used at
1:300 dilution in 0.1 M PBS containing 2% normal
goat serum, was carried out overnight in a hydration
chamber at 4°C. The following day, slides were again
washed 3 times in 0.1 M PBS and then incubated with
secondary antibody, goat anti-rabbit IgG Alexa Fluor
568 (1:400) for T22 and goat anti mouse IgG Alexa
Flour 488 (1:400) for Tau5, for 1h in 0.1 M PBS
containing 2% normal goat serum and 0.2% triton.
Slides were rinsed twice in PBS and once in distilled
water before a 10 min incubation with 0.3% Sudan
Black B (EMD Chemicals, Gibbstown, NJ, USA) in
70% ethanol to block lipofuscin auto fluorescence.
After rinsing in distilled deionized water, a coverslip
was mounted on the slides using DAPI fluoromont-G
(Southern Biotech Lab) and sealed with nail polish. It
is important to note here that the staining conditions
used by us in these Tau5 immunofluorescence studies
are sensitive enough to reveal large aggregates of tau
rather than monomers. Therefore, positive staining
with the Tau5 antibody observed here mostly reveals
the presence of aggregated tau protein, as also con-
firmed by co-staining with the tau oligomer-specific
antibody T22.

For Fig. 3, fresh frozen cortical tissue blocks
were removed from storage at —80°C, equilibrated
at —20°C, embedded in O.C.T. compound (Tissue-
Tek, Tokyo, Japan) and sectioned at 10 um onto
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Clinical and demographic data for the subject tissues used in the present study. PMI, postmortem interval;
MMSE, Mini-Mental State Exam

Case no. Diagnosis Sex Age Braak score Plaque PMI (h) MMSE
767 CTRL F 86 2 0 8 29
785 CTRL M 83 1 0 <14 29
986 CTRL M 83 1 1 2 NA
1013 CTRL M >89 1 0 6 29
1229 CTRL F >89 2 1 12 30
1525 CTRL F 88.7 1 0 3 29
1563 CTRL M 80 1 1 2 30
1731 CTRL F 74 2 1 7.5 29
1874 CTRL F 43 0 0 10 NA
1965 CTRL F >89 2 1 5.5 NA
2467 CTRL F 99 3 NA 45 28
2682 CTRL F 90 3 NA 9 28
2755 CTRL F 95 2 NA 18 29
2953 CTRL F 100 3 NA 2.5 27
995 AD F 81 6 3 12 0
1538 AD M 84 5 3 5.5 6
1678 AD F 76 6 3 25 1
1688 AD M 75 6 2 17 2.2
1774 AD M >89 6 3 3.25 2
1776 AD F >89 6 3 6.25 6
1777 AD F 67 6 3 20.5 9
1756 AD M 68 6 3 11.5 7
1746 AD M 61 6 3 4 2
1811 AD M >89 6 2 18 21
2272 AD F 90 6 NA 5 20
2312 AD F 87 6 NA 2.5 19
2316 AD M 83 5 2 13 NA
2317 AD M 88 6 2 4.5 NA
2374 AD M 91 6 2 24 NA
2543 AD M 95 6 NA 5 21
697 NDAN M >89 5 2 7 29
1016 NDAN F >89 6 3 8 26
1179 NDAN F 89 5 3 2.5 27
1317 NDAN F >89 6 2 45 27
1362 NDAN F >89 4 3 48 27
1578 NDAN M >89 5 3 15.5 27
1686 NDAN F 87 2 3 2.5 29
2322 NDAN F 89 4 NA 14 29
2376 NDAN M 93 4 NA 4 NA
2474 NDAN F 90 4 NA 8 28
2491 NDAN M 82 4 NA 17 27
2980 NDAN F 98 4 NA 4.75 27
3178 NDAN M 93 3 NA 10 29

Superfrost/Plus slides (Fisherbrand, ThermoFisher
Scientific). Prepared slides were stored at —80°C
until use. Slides were fixed in 4% paraformaldehyde
in 0.1 M PBS, pH 7.4 for 30 min at RT. Nonspe-
cific binding sites were blocked with 5% bovine
serum albumin (BSA, Sigma-Aldrich Inc., Saint
Louis, MO, USA)/10% normal goat serum (NGS,
ThermoFisher Scientific) and sections were perme-
abilized with 0.5% Triton X-100/0.05% Tween-20
for 1 h at RT. Slides were incubated with either of the

following primary antibodies, diluted in PBS contain-
ing 1.5% NGS/0.25% Triton X-100 overnight at 4°C:
rabbit anti-PSD95 (1:100, Cell Signaling), mouse
anti-PSD95 (1:100, Abcam), mouse anti-HT7 (1:500,
ThermoFisher Scientific), rabbit anti-T22 (1:300).
Slides were washed in PBS before incubation with the
appropriate Alexa-conjugated secondary antibodies
(goat anti-rabbit, goat anti-mouse, 1:400; Life Tech-
nologies; Carlsbad, CA, USA) in PBS containing
1.5% NGS/0.25% Triton X-100 for 1 h at RT. Finally,
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Fig. 1. Reduced levels of toxic tau oligomers in hippocampus and frontal cortex of NDAN subjects. A) Representative immunofluorescence
images of Ctrl, AD, and NDAN frontal cortex showing Tau5 (green), T22 (red), and merge including DAPI (blue), bar scale: 100 pm.
B) Histogram summarizing quantitation of tau oligomer (T22) immunostaining in Ctrl, AD, and NDAN. T22 expression was significantly
higher in the AD group (****p <0.0001) compared to either Ctrl or NDAN and interestingly, T22 expression was also increased in the NDAN
group (***p<0.0001) compared to Ctrl (n=4 subjects per group, one-way ANOVA, Tukey’s multiple comparison test). C) Histogram
summarizing quantitation of total tau (Tau5) immunostaining in Ctrl, AD, and NDAN. Similar to T22, Tau5 expression was also significantly
higher in the AD group (****p <0.0001) compared to either Ctrl or NDAN and interestingly, T22 expression was also increased in the NDAN
group (****p <0.0001) compared to Ctrl (n=4 subjects per group, one-way ANOVA, Tukey’s multiple comparison test). D) Representative
immunofluorescent images of Ctrl, AD, and NDAN hippocampus showing Tau-5 (green), T22 (red), and merge including DAPI (blue), bar
scale: 100 wm. E) Histogram summarizing quantitation of tau oligomer (T22) immunostaining in Ctrl, AD, and NDAN. T22 expression was
significantly higher in the AD group (****p <0.0001) compared to either Ctrl or NDAN and interestingly, T22 expression was also increased
in the NDAN group (***p <0.0001) compared to Ctrl (n=4 subjects per group, one-way ANOVA, Tukey’s multiple comparison test). F)
Histogram summarizing quantitation of total tau (Tau5) immunostaining in Ctrl, AD, and NDAN. Similar to T22, Tau5 expression was also
significantly higher in the AD group (****p <0.0001) compared to either Ctrl or (****p=0.0001) NDAN and interestingly, T22 expression

was also increased in the NDAN group (****p <0.0001) compared to Ctrl (n=4 subjects per group, one-way ANOVA, Tukey’s multiple
comparison test).
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Fig. 2. Decreased tau oligomer levels in synaptosomes from the hippocampus and frontal cortex of NDAN subjects. Western blots of
crude synaptosomal fractions from six subjects each of control, AD, and NDAN groups obtained from either (A) the frontal cortex or (C)
hippocampus were assessed using Tau 5 antibody. Tau oligomeric species identified in the dotted boxed regions (75 kDa to>250 kDa) were
used to quantify and compare between the three groups. Relative oligomeric tau levels detected by Tau 5 antibody (quantified using 3-actin
loading controls) show significantly lower levels in control and NDAN (B) frontal and (D) hippocampal synaptosomes compared to AD
(***p <0.0003, n =6, Kruskal-Wallis one-way ANOVA, Dunn’s post-hoc).

slides were washed in PBS, treated with 0.3% Sudan
Black B (in 70% EtOH) for 10 min to block lipofus-
cin autofluorescence, washed again with deionized
water, and coverslipped using Vectashield mounting
medium containing 4, 6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories, Burlingame, CA, USA)

and sealed. All immunoreacted sections were ana-
lyzed by Nikon eclipse 80i (Nikon, Minato, Tokyo,
Japan) using immersion oil 60X objectives. Quanti-
tative analysis was performed using ImageJ software
(NIH, Bethesda, MD, USA). Representative images
were composed in an Adobe Photoshop CC 2020.
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Fig. 3. Decreased co-staining of tau and the post-synaptic marker PSD-95 in the frontal cortex of NDAN subjects. A) Representative
immunofluorescence images of Ctrl, AD, and NDAN frontal cortex showing Tau HT7 (green), PSD95 (red), and DAPI (blue) with merged
schema, bar scale: 100 wm. B) Histogram summarizing intrinsic density of Tau HT7 and PSD95 positive immunostaining in Ctrl, AD,
and NDAN. HT7TPSD95™ expression was significantly higher in the AD group (***p =0.0001) compared to either Ctrl or (***p=0.0001)
NDAN, while no significant difference was observed between Ctrl and NDAN subjects (n =6 subjects per group, one-way ANOVA, Tukey’s
multiple comparison test). C) Histogram summarizing quantitation of DAPI containing Tau HT7 & PSD95 positive immunostaining in Ctrl,
AD, and NDAN. Similar to the above result, HT7*PSD95"DAPI* expression was also significantly higher in the AD group (***p=0.0001)
compared to either Ctrl or (***p=0.0001) NDAN, while no significant difference was observed between Ctrl and NDAN subjects (n=6

subjects per group, one-way ANOVA, Tukey’s multiple comparison test).

Fluorescence assisted single synaptosome long
term potentiation (FASS-LTP)

In two recently published articles [42, 43], a
chemically induced long-term potentiation technique
(cLTP) utilizing synaptosomal induction by glycine
and tracking insertion of glutamate AMPA receptors
(GlIuR1) into the postsynaptic surface was proposed.
These studies reported using freshly prepared synap-
tosomes immediately following euthanasia in mice
or death in human patients. Since our brain sam-
ples are already frozen, we optimized the protocol
to allow for assessment of synaptosomal FASS-LTP
in any frozen brain tissue regardless of postmortem
interval (PMI). Hippocampal synaptosome P2 frac-
tions were obtained by Syn-PER extraction method
as described previously [47]. Briefly, high potassium
chloride concentration depolarizes synaptosomes
releasing endogenous glutamate, which activates
synaptic NMDA receptors in conjunction with the
NMDAR co-agonist glycine. Both glutamate and
glycine, then, open receptor channels, facilitating

calcium influx into synaptosomes, which, in turn,
initiates a cascade of events resulting in the translo-
cation of AMPARSs from internal pools into synaptic
sites. The synaptosomes are then incubated with anti-
bodies specific for extracellular epitopes on GluR1
and neurexin-1B (Nrx13), a presynaptic adhesion
molecule stabilized at the membrane surface by
synaptic activity. GluR1TNrx1B*+ double-labeling
ensures intact synaptosomes that contain both presy-
naptic and post-synaptic elements. Solutions for
FASS-LTP and procedures followed the protocol
published previously [42, 43] with the following
exception - P2 fractions containing 5,000,000 synap-
tosomes were suspended in 200 pL extracellular
solution, one each for extracellular (E), basal (B),
and 200 pL. of cLTP (C) solution containing tubes.
Extracellular solution contains (in mM): 120 NaCl, 3
K(l, 2 CaCl,, 2 MgCl,, 15 glucose, and 15 HEPES,
pH 7.4; whereas cLTP solution is Mg>*-free and
contains (in mM): 150 NaCl, 2 CaCl,, 5 KCI, 10
HEPES, and 30 glucose, pH 7.4. A 30- min incuba-
tion at RT on a slowly oscillating shaker was done
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to recover the prep from the frozen state to respond
to the biochemical steps. This critical step was essen-
tial before adding 0.001 mM strychnine and 0.02 mM
bicuculline methiodide in tube C alone for activation
of the receptors. Equivalent amounts of extracellu-
lar solution were added to control tubes E and B.
For stimulation, 20 pwL of 5mM glycine was added
only to tube C whereas equal volume of extracellular
solution was added to tubes E and B. Following stim-
ulation, synaptosomes in tube C was depolarized with
100 pL of solution containing (in mM) 50 NaCl, 100
KCl, 2 CaCl,, 30 glucose,10 HEPES, 0.5 glycine,
0.001 strychnine, 0.02 bicuculline and incubated at
37°C for 30 min. 100 pL of extracellular solution was
added to tubes E and B and incubated along with tube
C for 30 min at 37°C. Following the incubation, con-
tents in tubes E, B, and C were transferred to 15 mL
centrifuge tubes. In a sequential step, ice-cold solu-
tions of 0.5 mL of 0.1 mM EDTA-PBS and 4 mL of
5% blocking buffer (fetal bovine serum in PBS) were
added to all the tubes E, B, and C to stop the reac-
tion. Tubes were chilled on ice and centrifuged at
2500 g for 5Smin at 4°C. Supernatant was discarded
and 2.5 pg/mL primary antibodies—GIluR1 (Rabbit
polyclonal ABN241, EMD Millipore) and Nrx1f3
(mouse monoclonal N170A/1, Antibodies Inc.)—in
blocking buffer were added only to pellets of tubes
B and C. To pellet E, 100 L of blocking buffer
was added. After incubation on ice with agitation,
tubes E, B, and C were washed twice with 1XPBS at
2500 g for 5 min. Pellets were resuspended in 2.5
L/mL of secondary antibody (anti-rabbit Alexafluor
488 and anti-mouse Alexafluor 647, Invitrogen) in
400 pL were added. After 30 min of incubation at
37°C for 45 min protected from light, synaptosomes
were washed twice at 2500 g for 5 min on each wash.
Supernatant was discarded and at the least 1 ml of
solution of pellets were left undisturbed. 400 wL of
2% paraformaldehyde in PBS was used to resuspend
the pellets. Samples were subjected to flow cytometry
using Guava easycyte™ 8 flow cytometer (Guava-
Soft 2.7 Software). Relative size and granularity was
determined by forward scatter (FSC) and side scatter
(SSC) properties (see Supplementary Figure 4). FSC,
SSC, and fluorescence [Red2 fluorescence (642 nm)
and Green (488-532 nm)] signals were collected by
using log amplification. Identical FSC settings were
used for acquiring data on bead standards and sam-
ples. Synaptosome integrity were routinely assessed
using standard electron microscopy [47]. Two-color
parameter density plots showing Nrx1f and GluR1
surface detection in size-gated synaptosomes before

and after cLTP. GluR1-Nrx 13 double-positive events
(upper right quadrant) increase after cLTP. For each
experimental sample, the ratio of cLTP (C)/ basal
(B) X 100 provided the percent association of Nrx13
-GluR1 providing a quantifiable measure of the cel-
lular potentiation strength. The greater the ratio, the
better the synaptic integrity of the system. Six sub-
ject per group (AD, NDAN, and Ctrl) were used in
our assessments for frontal cortex and hippocampus.
Depending upon the availability of each of these pre-
cious tissue types, one to three technical repeats were
performed, and the values averaged to obtain mean
and standard error of mean. To accommodate for the
sample numbers, non-parametric one-way ANOVA
(Kruskal-Wallis) followed by Dunn’s post-hoc was
used for statistical significance at p <0.05. 1) The use
of AP5, an NMDA inhibitor, as the negative control to
assess the potentiation state and in addition, 2) the use
of the basal response without the cLTP buffer along
with 3) primary antibody alone and 4) secondary anti-
body alone controls were included per experiment
to exclude false positives and increase the reliability
and quantification of the FASS-LTP experiments (see
Supplementary Figure 4).

Microtransplantation of synaptic membranes

Membrane preparations were isolated from 30 mg
of frozen frontal cortex from each brain donor using
Syn-PER method (Thermo Fisher Scientific) fol-
lowing manufacturer instructions. The resuspended
pellet enriched in synaptosomes (P2 fraction) was
aliquoted and stored at —80°C until further use
for electrophysiology experiments. The amount of
protein was determined using the Qubit protein
assay reagent kit (Thermo Fisher Scientific). Num-
bers of particles within the size of synaptosomes
were counted as described previously [47-49], using
appropriate size standards (Spherotech, Inc), in a
Guava EasyCyte flow cytometer (EMD Millipore)
and analyzed using Incyte software (EMD Milli-
pore). Synaptosomes were sonicated in iced water
3 times for 55, at 1 min intervals between sonica-
tions, to create small proteoliposomes that can fuse
to the oocytes’ extracellular membrane. One day
before electrophysiological recordings the synaptic
membranes were injected into stage V-VI Xenopus
laevis oocytes using protocols previously published
for cellular membranes [40, 41, 50]. Each oocyte
was injected with 50 nL of synaptic proteoliposomes
(2 mg/mL protein concentration) and characterized
18-36 h post-injection.
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Electrophysiological recordings

Ion currents elicited by agonist perfusion were
recorded by the two-electrode voltage clamp (TEVC)
method between 18-36 h post injection [41]. Micro-
electrodes were filled with 3 M KCl and resistance
of the microelectrodes ranged from 0.5-3.0 M.
Piercing and recording took place in a chamber (vol-
ume ~0.1 ml) continuously perfused (6 ml/min) with
Ringer’s solution [115 mM NaCl, 2 mM KCl, 1.8 mM
CaClp, 5SmM Hepes (pH 7.4)] at RT (19-21°C).
Oocytes were voltage clamped to —80 mV. Ion cur-
rents were recorded and stored with WinEDR ver
2.3.8 Strathclyde Electrophysiology Software (John
Dempster, Glasgow, UK). Kainic acid was purchased
from Tocris (Minneapolis, MN). All other reagents
were from Sigma (St. Louis, MO). Working solutions
were made by diluting stock solutions in Ringer’s
solution. Two different membrane preparations from
the same subjects were tested in MSM experiments.
Ion current responses were measured at least in tripli-
cate (three oocytes) in batches of oocytes from three
different frogs. All samples were injected and tested
in each experiment.

Data collection and statistical analysis

Immunohistochemical studies

Quantitative analysis of captured images was per-
formed with ImageJ (NIH) and Image J plugins. A
total of 12 cases, 4 each of NDAN, AD, and Ctrl were
studied. For each case, 4 slides included 2 slides each
of frontal cortex and hippocampus. Twenty images
were randomly chosen from each slide and the total
area of structures labelled with Tau5 was calculated
using ImageJ. To measure tau oligomers, only the
structures that labelled with both T22 and Tau5 were
considered for analysis. Area of tau oligomers was
compared with the area of total tau structures in all
the images taken of cases of NDAN, AD, and Ctrl. To
accommodate potential non-parametric nature of the
data, Kruskal-Wallis one-way ANOVA and Dunn’s
post-hoc analysis was used to calculate statistical
significance. p < 0.05 was considered significant. All
the images were taken using Nikon eclipse 80i flu-
orescence microscope with 60X magnification oil
immersion lens.

Electrophysiological studies

Statistical comparisons to identify the effect of
diagnosis used the mean of each metric, for each
subject, as experimental unit in a one-way ANOVA,

followed by post-hoc Dunnett’s multiple compar-
isons versus control test (JMP, version 14). If
variances across groups were not equal, then a non-
parametric Kruskal-Wallis test was used followed
by Dunn’s comparison vs control test. As a mat-
ter of confirmation, we also implemented a nested
ANOVA mixed model, wherein the subjects were
nested within diagnosis, and subject was tested as
a random effect using the expected mean squares
method. In all cases, p<0.05 was considered sig-
nificant using JMP version 14. We did not observe
significant effects of postmortem interval or age on
the amplitude of the responses.

RESULTS

Reduced tau oligomer levels in the CNS of NDAN
subjects as compared to AD patients

We performed double fluorescence immunostain-
ing on frontal cortex and hippocampus sections
of NDAN, AD, and age-matched control samples
using Tau5 and T22 antibodies. The Tau5 antibody
detects total tau protein, including normal tau pro-
tein, oligomeric and late aggregates of misfolded tau
protein. The T22 antibody stains for tau oligomers
and does not cross-react with tau monomers or late
aggregates of tau protein [51-54].

On analysis of NDAN frontal cortex sections
(Fig. 1), tau oligomers labelled by T22 represented a
small fraction of total tau, and T22 did not co-localize
with Tau$ in all samples (Fig. 1A). Since we could
not confirm whether the structures stained by T22
(but not Tau5) were tau oligomers, for quantification
of oligomers, we included only those structures that
were marked with both T22 and Tau5. Tau oligomers
(T22/Tau5 co-localized immunostaining) were sig-
nificantly less in NDAN cases in comparison to AD
patients, although still elevated as compared to con-
trol subjects (Fig. 1B). We observed a similar relation
of total tau (Tau5 immunostaining) where it was
increased in AD and NDAN cases in comparison
to control, but the expression of NDAN was signif-
icantly lower than AD (Fig. 1C). Importantly, about
11% of the tau structures across all samples showed
immunoreactivity for T22 but were not stained with
TauS. A possible explanation could be the non-
availability of the Tau5 specific epitope among T22
stained regions. Nevertheless, quantification of the
oligomer levels using T22 alone also showed sim-
ilar differences as above (T22/DAPI quantification
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shown in Supplementary Figure 5), thus validating
our analytical approach.

Upon analysis of the hippocampal sections (repre-
sentative images in Fig. 1D), we observed a similar
pattern of elevated tau oligomers in both AD and
NDAN, along with significantly lower levels in
NDAN as compared to AD (Fig. 1E). Furthermore,
similar to frontal cortex, there was a significant reduc-
tion of total tau in NDAN in comparison to AD, even
though both of them expressed significantly higher
levels of total tau (Fig. 1F). This was very interesting
as the hippocampus, along with the locus coeruleus
[55-57], is one of the earliest brain regions affected
by tau pathology prior to its spread to other brain
regions in AD [58, 59]. In the hippocampus, 23% of
the stained structures across all samples (control, AD,
or NDAN) were T22 positive but Tau5 negative and
were therefore excluded from analysis.

When we compared the levels of tau oligomers
or total tau to MMSE scores for each case (Supple-
mentary Figure 1), we found a significant negative
correlation in both the frontal cortex (Supplementary
Figure 1A) and hippocampus (Supplementary Fig-
ure 1B) for levels of tau oligomers (T22). A similar
trend was also observed for total tau (Tau5) in cortex
(Supplementary Figure 1C) and hippocampus (Sup-
plementary Figure 1D). Taken together, these results
suggest diminished tau oligomers in the cortex and
hippocampus of the NDAN subjects as compared to
AD patients and that such reduction was consistent
with maintenance of cognitive integrity.

Decreased tau oligomers at synapses in NDAN
subjects

Since tau oligomers are strongly implicated in
synaptic dysfunction underlying memory deficits
[54], we quantified tau levels in synaptosomes
isolated from the frontal cortex (Fig. 2A) or hip-
pocampus (Fig. 2C) of AD, NDAN, and age-matched
controls. Western blot analyses allow the detection of
oligomeric species (see dotted box) using Tau 5 anti-
body when bands at the molecular weights higher
than 75 kDa are quantified (Fig. 2). When we assessed
the density of the bands at these molecular weights
to determine the oligomeric species (normalized to
[B-actin loading controls), we noted a significant pres-
ence of TauS-immunoreactive bands in AD cases
as compared to control and NDAN groups, whereas
there was no significant difference between the con-
trol and NDAN either in the frontal cortex (Fig. 2B)
or hippocampal synapses (Fig. 2D). We also verified

that the western blot profile of tau oligomers using the
TTC18 antibody showed similar differences between
Ctrl, AD and NDAN groups as reported above (see
Supplementary Figure 6).

Similar results were obtained when frontal cortex
co-localization of tau and synapses was evaluated by
fluorescence immunohistochemistry using the HT7
and PSD-95 antibodies (Fig. 3A). Compared to age-
matched controls, we observed a significant increase
in the co-localization of PSD-95 with tau in AD cases
but not in NDAN samples (Fig. 3B). Again, when we
assessed the number of HT7/PSD-95 positive cells
using DAPI staining (Fig. 3C), we observed again a
similar trend of increasing co-localization in AD, but
not in NDAN, suggesting that tau oligomer associa-
tion at the synapses is remarkably lowered in NDAN
subjects, despite showing higher levels of total tau
(Fig. 1B) and tau oligomers (Fig. 1C) compared to
controls. We validated our observation by confirming
these results using the T22 tau oligomer specific anti-
body (Supplementary Figure 2). Furthermore, there
was, again, a significant negative correlation between
the levels of tau oligomers (T22, Supplementary Fig-
ure 1E) or total tau (HT7, Supplementary Figure 1F)
associated with the synapses (PSD95) in the cortex
and MMSE scores for each subject.

Lastly, to exclude that the changes we observed
among the different cases and groups were due to
variations in the handling of the human clinical sam-
ples prior to freezing, we determined whether the
variations in the level of the detected antigens (tau,
tau oligomers, PSD95) had any correlation with the
variations in the PMI among all subjects studied here
(see Table 1 for details of PMI). As shown in Supple-
mentary Figure 3, we did not observe any significant
correlation in all of our immunofluorescence studies,
thus excluding this possibility.

Preserved functional integrity of NDAN
synapses

Given the observed lack of tau oligomers asso-
ciated with NDAN synapses, we asked whether
such resilience to engage toxic oligomers would
translate into preservation of synaptic functional
integrity. In order to conduct such studies in post-
mortem human clinical samples, we assessed the
integrity of the functional state of glutamate and
GABA receptors in synaptosomes using two different
approaches—microtransplantation of synaptic mem-
branes [40, 41] and FASS-LTP [42, 43].
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Fig. 4. Differential activation of microtransplanted synaptic AMPA and GABA receptors from the frontal cortex of Ctrl, AD and NDAN
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in the legends for (C) and (D).

Assessing integrity of ionotropic glutamate
receptors as a readout of synaptic integrity

To determine whether NDAN, AD, and controls
differed in their amplitude of ion currents elicited by
synaptic AMPA receptors (AMPARs) and GABAA
receptors (GABARSs), we microtransplanted synap-
tosomal membranes from the frontal cortex of each
subject in Xenopus oocytes and measured the agonist-
elicited responses of these excitatory and inhibitory
receptors (Fig. 4). Oocytes microtransplanted with
synaptosomes from each of the three groups, and
clamped at a voltage of —80 mV, exhibited fast acti-
vated currents when perfused with 1 mM GABA
(GABA currents, Fig. 4A) or 100 wM kainate (kainate
currents, Fig. 4B). Kainate is an agonist of AMPARs
that keeps the channel in a non-desensitized state,

allowing steady-state measurement of AMPARSs cur-
rents [60]. GABA responses were larger in NDAN
followed by controls and AD, but these differences
did not reach statistical significance (Fig. 4A; Ctrl:
18+7.9 nA, AD: 13+7.7 nA, NDAN: 254+9.8
nA,n=6;F(2,15)=0.59, p<0.57). Similarly, kainate
responses were the smallest in AD, albeit not signifi-
cantly, as compared to NDAN and control cases, with
one subject not showing detectable levels (Fig. 4B;
Ctrl: 3.6+1.7 nA, AD: 1.4+£0.5 nA, NDAN:
3.3+1.7 nA; n=6 (NDAN & control), n=5 (AD);
F(2,14)=0.71, p<0.5050). However, we found a
robust correlation between kainate and GABA cur-
rents (Fig. 4C), likely due to the strong homeostatic
excitation-to-inhibition balance in the brain. There-
fore, as a within-subject normalization, we measured
the kainate to GABA ratio (Kai/GABA; Fig. 4D) and
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found it to be significantly different across groups
with the AD subjects having a significantly lower
Kai/GABA ratio compared to controls (*p =0.0388,
Kruskal-Wallis one-way ANOVA Dunn’s post-hoc).
Interestingly, the Kai/GABA ratio in NDAN sub-
jects (Fig. 4D) was unaffected, being not statistically
different from control (p>0.99) or AD (p=0.2268)
cases, suggesting an intermediate phenotype. These
results indicate that there is a reduced contribution
of AMPARs, compared to GABA RS, in the frontal
cortex of patients diagnosed with AD, which is in
line with strong synapse loss previously reported in
cortical brain regions affected by AD neuropathology
[61]. Interestingly, the relationship of AMPARSs ver-
sus GABAARs was more variable in NDAN with a
similar range than control and some overlap with AD.
A non-parametric Spearman’s analysis found that the
Kai/GABA ratio in the frontal cortex was associated
with Braak stage (o(17)=-0.579; *p=0.015), indi-
cating that part of the variability across groups was
explained by the extent of tau pathology according to
Braak staging.

Assessment of synaptic function by cellular
long-term potentiation between Ctrl, AD, and
NDAN groups

To conduct these studies, we used our validated
Sfunctional FASS-LTP [42, 43] to quantify synaptic
strength (Fig. 5). Assessment of synaptic function in
live organisms or brain slices measures changes in
the electrical properties. Such direct measurements
are therefore impossible in post-mortem tissues since
electrical properties are not preserved after death.
As an established alternative approach, the status
of synaptic functionality can be assessed by using
flow-cytometry of isolated synaptosomes to study the
integrity of the LTP signaling components such as
GluR1 and Nrx1f, which are known to translocate
at the synaptic membrane to facilitate the expres-
sion of LTP (see review by [62]). When we applied
this method to determine FASS-LTP in frontal cortex
synaptosomes isolated from the frozen human sam-
ples, the age-matched control and the NDAN groups
showed a cLTP that was statistically different com-
pared to AD, which failed to show any potentiation
compared to the basal response (Fig. 5A; Ctrl: 167.1
+29.53; AD: 100.9 £ 1.950; NDAN: 131.4 £ 5.957;
n=6, *p<0.05, Kruskal-Wallis one-way ANOVA
followed by Dunn’s post-hoc). A similar profile was
observed in hippocampal synaptosomes (Fig. 5B;
Ctrl: 151.7 £ 11.44; AD: 100.1 &+ 5.277; NDAN:

142.5 + 8.42; n=6, *p<0.05, Kruskal-Wallis one-
way ANOVA followed by Dunn’s post-hoc). These
results clearly demonstrated that key components
of the synaptic machinery involved with synaptic
strengthening are dysfunctional in multiple brain
areas affected in demented AD cases but preserved
in cognitively intact NDAN subjects.

DISCUSSION

Recent research endeavors convincingly highlight
the presence of abnormal tau species in the human
brain in over 20 neurodegenerative diseases, includ-
ing AD, collectively known as tauopathies [63—
67]. While mutations of the tau protein that pro-
mote abnormal aggregation of tau have been reported
to lead to the clinical development of specific
tauopathies, such as the P301L mutation in fron-
totemporal lobar degeneration [68], there is no
evidence in the literature for such changes in AD
[64]. Nevertheless, compelling evidence supports the
notion that tau oligomers are elevated in the brain of
AD patients [25, 34, 69]. Additional reports demon-
strate that tau oligomers play a key role in onset and
progression of AD dementia by targeting synapses
in synergy with AB oligomers, thereby leading to
the synaptic disruption and dysfunction that under-
score the typical cognitive and memory deficits of
this disorder [54]. In our earlier studies on NDAN
subjects, we have reported preserved levels of synap-
tic functional proteins in the hippocampus [22, 70]
and observed the absence of A3 oligomers in post-
synaptic densities isolated from the hippocampi of
these subjects [17]. Following these initial stud-
ies, here we investigated whether tau oligomers are
also absent from the synapses of NDAN subjects.
We used immunohistochemistry and western blotting
to quantitatively determine levels of tau oligomers,
employing both frontal cortex and hippocampus to
assess whether there are brain regional differences
that we could measure. In using specific antibodies
with different epitope recognition to target either tau
oligomers or total tau, we increased our reliability in
determining that, despite an equivalent load of total
tau in NDAN subjects, tau oligomers were reduced
in these cognitively intact individuals as compared
to AD patients (Fig. 1). Most notably, immunofluo-
rescence co-staining for tau and the synaptic marker
PSD-95 revealed a strong association of tau with the
synapses in AD patients but not in NDAN subjects
(Fig. 3). Absence of tau oligomers at both cortical
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show potentiation above basal levels and was significantly reduced compared to either Ctrl or NDAN group.
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and hippocampal synapses in NDAN subjects was
confirmed by western blot analysis of isolated synap-
tosomes showing a remarkable lack of oligomeric
tau species at the synapses of NDAN subjects as
compared to AD patients (Fig. 2). We were thus
able to ultimately document that oligomeric tau is
absent in the NDAN synapses. This confirms the
existence of inherent synaptic resilience mechanisms
in NDAN as proposed in our earlier studies [17,
20, 22] which are also effective in reducing or pre-
venting tau oligomer association with the synapses,
thereby likely contributing to the cognitive reserve as
reflected by the higher MMSE scores of the NDAN
subjects (Table 1).

There is compelling recent evidence submitting
oligomeric tau as the toxic species that promotes
synaptic dysfunction [25, 51, 54,71, 72] as well as the
continued onslaught resulting in neuronal degenera-
tion. Cellular studies demonstrate that tau is required
for AB-associated neurotoxicity [73]. The toxicity
of tau oligomers and their role in cognitive deficits
has been demonstrated previously in mice [23, 25].
Importantly, reducing mouse endogenous tau is suf-
ficient to prevent A-associated memory deficits in
the J20 Tg mouse model, which expresses a human
amyloid precursor protein (hAPP) minigene with
the Swedish (K670M/N671L) and Indiana (V717F)
familial AD mutations under control of the PDGF
promoter [74]. In conjunction with Fyn, a kinase
important for glutamatergic signaling at the synapses,
and AP, tau drives the hyperexcitability leading to
excitatory/inhibitory imbalance that results in epilep-
tiform activity in the hAPP mouse model of AD
[75]. Removing endogenous tau also prevented such
epileptiform activity in mice [75] and neuronal net-
work hyperexcitability in Drosophila [76].

Tau has been associated with early loss of GABA-
ergic signaling and hyperexcitability followed by
a strong loss of excitatory synapses at late stages
[75, 77]. Our MMSE results indicate that the frontal
cortex in severe AD is characterized by deficits in
postsynaptic glutamatergic signaling that exceed the
GABAergic deficits, an imbalance which could lead
to network hypoexcitability. Since tau oligomers have
been implicated in hyperexcitability, one could argue
that the mechanisms that promote synaptic resili-
ence in the NDAN subjects involve effective compen-
sation of the excitatory/inhibitory balance, thereby
allowing for the observed better cognitive perfor-
mance (MMSE scores, Table 1). This asymmetric
loss is in line with previous studies showing stronger
reduction of synaptic glutamatergic transporters

compared to GABAergic ones [78, 79], and with the
hypometabolism of the frontal cortex in imaging stud-
ies at late stages of AD [80]. Therefore, we chose to
evaluate possible functional outcomes of the absence
of tau oligomers at the NDAN synapses by perform-
ing essential studies to test the functional integrity
of the synapses that were spared in the NDAN sub-
jects by the toxic tau oligomeric species. Specifically,
we utilize innovative functional measures following
microtransplantation of human synapses in Xenopus
oocytes to assess their receptor levels (Fig. 4) and by
subjecting the isolated synaptosomes to FASS-LTP
(Fig. 5) that assessed the ability of the synapses to
show cellular potentiation in NDAN subjects. These
compelling substitutes for functional analysis in
human clinical systems provided corroborating evi-
dence showing that the excitatory/inhibitory ratio of
NDAN subjects were maintained at levels compara-
ble to synapses from healthy control subjects (Fig. 4).
Indeed, the NDAN synapses in the hippocampus
(Fig. 5B) or the frontal cortex (Fig. 5A) showed
proper transmembrane movement of key molecular
elements of potentiation, suggesting that the under-
lying synaptic resilience involves preserved AMPA
receptor integrity to facilitate early LTP responses
[81-83], an important aspect that was lost in the AD
samples that we tested (Fig. 4A, B). Thus, our results
reflect the synaptic imbalance at late stages of AD,
where, in addition to the time-dependent tau effects
on synaptic dysfunction, differential vulnerability
across cortical brain regional suggests that different
patterns of synaptic remodeling can be present in the
AD brain regions that account for the distinct clinical
presentation of AD [84].

In summary, here we report, for the first time
in human clinical samples, that the absence of tau
oligomers at synapses is associated with preserved
functional synaptic integrity and cognitive compe-
tency in NDAN subjects, who retain cognitive ability
despite the presence of amyloid plaques, neurofib-
rillary tangles and Braak staging consistent with
symptomatic AD. Importantly, we support our con-
clusion through the use innovative functional studies
in the postmortem human brain to measure the func-
tional integrity of the synapses and their ability to
modulate essential LTP components, thereby increas-
ing the validity of our findings. Therefore, our results
support the hypothesis that, in humans, the oligomers
are the main toxic species of the misfolded tau protein
and are responsible for the synaptic injury ultimately
leading to the clinical development of dementia
in AD. In addition, given our previous published
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observation that NDAN are devoid of synaptic A3
oligomers [17], we propose that the NDAN synapses
show overall intrinsic resilience to oligomer inter-
action, that prevents the insult by either AR or tau
oligomers and thus substantially contributes to the
observed maintenance of cognitive competency in
this subjects. At the same time, we acknowledge
the fact that there may be additional physiologic or
molecular mechanisms concurring to render NDAN
resilient to development of dementia. Many groups
including ours are making considerable efforts to
explore the reason behind such resistance, includ-
ing hippocampal volume, preserved neurogenesis,
unique synaptic proteome and modulated synaptic
zinc metabolism, among others [14, 16, 17, 19, 21,
22]. Understanding of the collective contribution of
these mechanisms to synaptic resistance to toxic tau
and A oligomers will be key for the development
of future innovative therapeutic concepts centered
on promoting cognitive resilience in the face of AD
neuropathology.

In addition to fostering such future therapeu-
tic developments, our study strongly supports the
importance of targeting tau oligomers for the devel-
opment of new therapeutic strategies against AD.
Many studies have shown the efficacy of passive
immunotherapy targeting tau oligomers [85, 86] and
as we move toward the goal of developing treat-
ment for AD, the present results encourage the
notion that tau oligomers must be recognized as an
important potential target to curb a primary cellular
mechanism (i.e., synaptic disruption) underscoring
AD dementia in humans [87-92].
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