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ORIGINAL ARTICLE

Association of Neuropathological Markers in the Parietal
Cortex With Antemortem Cognitive Function in Persons With
Mild Cognitive Impairment and Alzheimer Disease

Cyntia Tremblay, MSc, Arnaud Francois, PhD, Charlotte Delay, PhD, Laure Freland, MSc,
Miléne Vandal, PhD, David A. Bennett, MD, and Frédéric Calon, BPharm, PhD

Abstract

The associations between cognitive function and neuropathologi-
cal markers in patients with mild cognitive impairment (MCI) and
Alzheimer disease (AD) remain only partly defined. We investigated
relationships between antemortem global cognitive scores and -
amyloid (AP), tau, TDP-43, synaptic proteins and other key AD
neuropathological markers assessed by biochemical approaches in
postmortem anterior parietal cortex samples from 36 subjects
(12MCI, 12 AD and 12 not cognitively impaired) from the Religious
Orders Study. Overall, the strongest negative correlation coefficients
associated with global cognitive scores were obtained for insoluble
phosphorylated tau (2 =—0.484), insoluble Ap42 (+*=—0.389)
and neurofibrillary tangle counts (P =—0.494) (all p <0.001).
Robust inverse associations with cognition scores were also estab-
lished for TDP-43-positive cytoplasmic inclusions (% = —0.476), to-
tal insoluble tau (+* = —0.385) and AP plaque counts (* = —0.426).
Sarkosyl (SK)- or formic acid (FA)-extracted tau showed similar in-
terrelations. On the other hand, synaptophysin (i =+0.335),
pS403/404 TDP-43 (> =+0.265) and septin-3 (> =+0.257) pro-
teins positively correlated with cognitive scores. This study suggests
that tau and AB42 in their insoluble aggregated forms, synaptic pro-
teins and TDP-43 are the markers in the parietal cortex that are most
strongly associated with cognitive function. This further substanti-
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ates the relevance of investigating these markers to understand the
pathogenesis of AD and develop therapeutic tools.

Key Words: Alzheimer disease, Amyloid-f, Mild cognitive impair-
ment, Parietal cortex, Postmortem, Synaptic proteins, Tau.

INTRODUCTION

Alzheimer disease (AD) is characterized clinically by
progressive cognitive impairment, and neuropathologically by
the presence of intraneuronal neurofibrillary tangles and extra-
cellular amyloid plaques (1-8). The effects of the 2 most
robust risk factors for AD, older age and the E4 allele of apoli-
poprotein E (9, 10), are mostly attributed to A deposition and
tangle pathology (11). However, individuals clinically diag-
nosed with mild cognitive impairment (MCI) and AD display
heterogeneous neuropathological profiles (1, 2, 4-6, 8, 12).
These observations suggest either that plaques and tangles
only embody one of the many aspects of A} and tau neuropa-
thologies or that other neuropathologies are involved in cogni-
tive decline in AD. Studies have revealed that the pathogenic
role of AP or tau depends on their quaternary states,
post-translational modifications, oligomerization status and
subcellular localization, which may be better revealed by bio-
chemical separation steps and the use of subtype-specific anti-
bodies (8, 10, 13, 14). In addition to neurofibrillary tangles
and neuritic plaques, other age-related markers such as trans-
active response DNA-binding protein 43 (TDP-43) inclusions
(15-17) and loss of synaptic proteins (18-25) are associated
with cognitive impairment and AD. The identification of
markers that correlate with clinical manifestations will be
instrumental for developing more efficient symptomatic treat-
ments and ultimately, disease-modifying interventions. Never-
theless, in the scientific literature, the heterogeneity of meth-
odologies and brain region used to determine which
neuropathological marker of AD correlates with clinical mani-
festations result in conflicting results. Therefore, there is a
strong need to clarify this issue and compare among all the
postmortem markers studied to date, that is, which one corre-
lates with antemortem cognitive deficit and the clinical diag-
nosis of AD using the same methodology.
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In the present study, we compared correlations between
neuropathological AD markers and antemortem cognitive per-
formance in a single series of subjects from the Rush Religious
Orders Study manifesting no cognitive deficits (NCI), MCI or
AD (3, 5, 12). Biochemical measurements were performed on
samples from the parietal cortex, an associative region impli-
cated in the memory circuitry and affected early during the
evolution of MCI to AD (26-28). Focus was placed on tau,
AP, synaptic, cholinergic and other AD markers. Cytosolic
and extracellular water-soluble proteins were differentiated
from membrane detergent-soluble proteins, whereas
detergent-insoluble proteins, including the AP peptide, were
extracted using formic acid (FA) (8, 29). Because concerns
have been raised about the FA extraction procedures for the
quantification of insoluble tau (30-35), we also performed a
sarkosyl (SK)-based extraction in parallel in order to compare
both protein extraction methods. In additional analysis, the
MCI group was subdivided into 2 groups, that is, individuals
displaying amyloid plaques were included in the MCI-
amyloid pathophysiology (MCI-AP) group and those without
amyloid plaques in the MCI nonamyloid pathology (MCI-
NAP) group. We took advantage of the Rush Religious Order
Study to avoid any predefined hypothesis and to compare all
the markers selected in an objective fashion.

MATERIALS AND METHODS
Study Participants and Handling of Brain Tissue

Brain cortex samples were obtained from participants in
the Religious Orders Study, a longitudinal clinical-pathologic
study of aging and dementia from which an extensive amount
of clinical and neuropathological data are available (5). The
study subjects were classified as MCI (n=12), AD (n=12),
or with no obvious cognitive impairment (NCI, n = 12), based
on detailed clinical evaluation, as previously described (36,
37). Each participant had undergone a uniform structured
baseline clinical evaluation and an annual follow-up evalua-
tion until death. Cognitive abilities were summarized as a
global measure of cognition based on 19 performance tests,
and as 5 domains of cognition: episodic memory, semantic
memory, working memory, perceptual speed, and visuospatial
ability (5, 38). The tests that were performed to examine 5 do-
mains of cognition are detailed in Supplementary Table 1. At
death, each case was assigned a Braak score based on neuronal
neurofibrillary tangle pathology, a neuritic plaque score based
on modified CERAD criteria (excluding age and clinical diag-
nosis), and an AD pathologic diagnosis based on the National
Institute on Aging (NIA)-Reagan criteria by examiners
blinded to all clinical data (39). Table 1 summarizes clinical
data of subjects grouped by the clinical assessment. Individu-
als with AD showed a significant cognitive deficit compared
to NCI and MCI as assessed with mini-mental state examina-
tion (MMSE) and global cognition based on 19 cognitive per-
formance tests (Table 1). Neuritic plaques, diffuse plaques,
and neurofibrillary tangles in the parietal cortex were counted
following Bielschowsky silver impregnation, as previously de-
scribed (40). In additional analyses, we split the MCI group
into 2 groups: one defined by the absence of amyloid plaques

and named MCI-NAP and the second displaying amyloid pla-
ques and named MCI-AP (Table 2).

Protein Fractionation

Postmortem samples (~100 mg) from the parietal cortex
(Brodmann’s area 7, Fig. 1A) from all study volunteers were
homogenized (first in tris-buffered saline [TBS]), sonicated
and centrifuged sequentially to generate (i) a TBS-soluble
fraction (containing intracellular and extracellular soluble pro-
teins), (ii) a lysis, detergent-soluble fraction (containing
detergent-soluble membrane-bound proteins) and 2 detergent-
insoluble fractions (containing insoluble proteins) either (iii)
solubilized in FA or (iv) extracted using SK, based on pub-
lished methodologies (8, 30, 31, 41). The methods used for the
generation of each fraction with protease and phosphatase in-
hibitors are summarized in Figure 1 (8). The TBS-soluble frac-
tion is the supernatant obtained after the first centrifugation
(Fig. 1B). The resulting water-insoluble pellet was resus-
pended in lysis buffer (150 mM NaCl, 10 mM NaH,PO,, 1%
Triton X-100 and 0.5% deoxycholate) and briefly sonicated
(3x for 5x 1-s pulse). Of this homogenate, 100 pl were set
aside for SK extraction whereas the rest was centrifuged
(100,000 x g for 20 minutes at 4 °C) to produce a supernatant,
the detergent-soluble fraction (soluble in lysis buffer) contain-
ing membrane-bound proteins (Fig. 1C). The recovered
detergent-insoluble pellet was homogenized in 100 pl of 99%
FA (Fig. 1D), followed by a short sonication (10 x 1s pulse)
and centrifuged (10,000 x g for 20 minutes at 4 °C). The re-
sulting supernatant was divided before being dried out and sol-
ubilized in either Laemmli’s buffer (for electrophoresis) or
5 M guanidine hydrochloride (for enzyme-linked immunosor-
bent assay [ELISA]) to generate the first insoluble fractions,
those that are FA-soluble. The 100 p collected after the sec-
ond sonication (lysis) were centrifuged (20,000 x g for
20 minutes at 4°C) and the supernatant was adjusted to 1%
SK, rotated over 2hours at 37°C and centrifuged again
(100,000 x g for 1hour at 4°C). The pellet was carefully
washed with 1% SK and solubilized in Laemmli’s buffer to
generate the SK-insoluble fraction. The extraction protocol de-
scribed above is a combination of several previously published
protocols (30,31,41) and adapted with our standard extraction
procedure (8) to measure a full range of biochemical markers
such as AP, tau, and synaptic proteins all in the same sample.

Western Immunoblotting and ELISA

For Western immunoblotting, protein concentrations
were determined using bicinchoninic acid assays (Pierce/
Thermo Fisher Scientific, Waltham, MA). Equal amounts of
proteins per sample (15 pg of total proteins per lane) were
added to Laemmli’s loading buffer, heated to 95°C for
5 minutes and subjected to sodium dodecyl sulfate polyacryl-
amide gel electrophoresis. Proteins were electroblotted onto
PVDF membranes (GE Healthcare, Mississauga, ON, Canada)
before blocking in 5% nonfat dry milk and 0.5% bovine serum
albumin in 10mM phosphate-buffered saline for 1 hour.
Membranes were immunoblotted with the appropriate pri-
mary and secondary antibodies and bands were visualized
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TABLE 1. Characteristics of Subjects From the Religious Order Study With a Clinical Diagnosis of No Cognitive Impairment, Mild
Cognitive Impairment or Alzheimer Disease.

Characteristics NCI MCI AD Statistical analysis

N 12 12 12 -

Men, % 8.4 50 25 C: Pearson test, * = 5.26; p=0.07
Mean age at death 85.0 (6.0) 84.5 (3.8) 86.1 (5.8) A; F(groups), 33 = 0.29; p=0.75
Mean education, y (SD) 17.5 (3.9) 19.6 (2.4) 18.0 (2.8) A; F(groups), 33 = 1.49; p=0.24
Mean MMSE (SD) 27.4(2.0) 26.9 (2.2) 16.2 (8.9)a A; F(group), 33 = 16.57; p < 0.0001
Global cognition score (SD) —0.12 (0.23) —0.43 (0.46) —1.75 (0.96)a A; F(group), 3, = 22.22; p < 0.0001
ApoE €4 allele carriage, % 25 33 50 C; Pearson test, 2= 1.69; p=0.43
Cerebellar pH (SD) 6.36 (0.31) 6.46 (0.21) 6.49 (0.37) A; F(groups), sz = 0.62; p=0.55
Postmortem delay, hours (SD) 7.4 (6.4) 6.0 (4.1) 6.3 (3.9) A; F(groups), 33 = 0.26; p=0.77
pS403/404 TDP-43 inclusion (SD) 0.7 (0.67) 1.0 (0.94) 2.67 (1.22)a A; F(groups), 33 = 3.89; p < 0.001
Hippocampal atrophy score (SD) 2.08 (1.68) 245 (1.51) 2.67 (1.50) A; F(groups), 33 = 0.43; p=0.66
CERAD score 4/3/2/1 (n) 3/3/5/1 6/0/4/2 0/1/3/8 n/a

Braak score I/II/IL/IV/V (n) 2/0/6/4/0 0/0/5/6/1 0/0/5/1/6 n/a

Reagan score 3/2/1 (n) 7/5/0 6/5/1 1/5/6 n/a

Neuropathological data were generated on coronal sections or immunoblots from the temporal and/or parietal cortex; diagnoses were based on clinical evaluation; brain pH was
measured in cerebellum extracts. AD, Alzheimer disease; NCI, no cognitive impairment; MCI, mild cognitive impairment; A, ANOVA; CERAD, Consortium to Establish a Regis-
try for Alzheimer’s Disease; C, Contingency; MMSE, Mini Mental State Examination; SD, standard deviation; TDP-43, transactive response DNA binding protein 43; y, year;

n, number. Values are expressed as mean (SD). Intergroup comparisons: a, p < 0.001 versus NCI and MCL

by chemiluminescence (Luminata Forte, Millipore, Etobicoke,
ON, Canada). Image acquisition and analysis were performed
with a KODAK Image Station 4000MM (Molecular Imaging
Software version 5.3.4, Carestream, Woodbridge, CT) and rela-
tive optical density values were normalized to actin in TBS- and
detergent-soluble fractions for synaptic proteins, cholinergic
markers and other proteins possibly implicated in AD. The fol-
lowing antibodies were used in this study: anti-actin (ABM,
Richmond, BC, Canada), anti-total tau (tau-13, Covance/Biole-
gend, San Diego, CA), anti-unphosphorylated tau at epitopes
S196, S198, S199 and S202 (tau-1, Millipore), anti-
phosphorylated tau at epitopes pS396/404 (PHF-1, gift from Dr.
Peter Davies; Feinstein Institute for Medical Research, Manhas-
set, NY; AD2, Bio-Rad, Marnes-la-Coquette, France), and epi-
topes pT231/S235 (AT180, Pierce/Thermo Fisher Scientific),
anti-phosphorylated TDP-43 at epitopes pS403/404 (Cosmo
Bio, Carlsbad, CA), anti-synaptophysin (SVP-38) and anti-
SIRT1 (Millipore), anti-septin-3 and anti-syntaxin 3 (Novus
Biological, Oakville, ON, Canada), anti-PAK1/2/3 (Cell Signal-
ing Technology, Danvers, MA), anti-VAchT (OSV00002G) and
anti-GSTP1 (Pierce/Thermo Fisher Scientific), anti-X11 alpha
(H-265, Santa Cruz Biotechnology, Dallas, TX), anti-SNAP25
(SMI 81, Covance/Biolegend), anti-VILIP-1 (Visinin-like 1,
GeneTex, Irvine, CA), anti-ChAT (Proteintech, Rosemont, IL),
anti-drebrin (M2F6, MBL, Woburn, MA), and anti-PSD-95
(K28/43, UC Davis/NIH NeuroMab Facility, Davis, CA).

AB42 concentrations were determined in TBS-soluble
and detergent-insoluble (FA-soluble, resuspended in guani-
dine) fractions using highly sensitive ELISA tests (The Genet-
ics Company, Schlieren, Switzerland), as described elsewhere
(8). ELISAs were performed with standard curves according
to the manufacturer recommendations and the plates were
read at 450 nm using a Synergy"™ HT multi-detection micro-
plate reader (Biotek, Winooski, VT).
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Neuritic plaques, diffuse plaques, and neurofibrillary
tangles in the parietal cortex were counted following Biel-
schowsky silver impregnation, as previously described (40).

Data Analysis

Levels of each investigated AD marker were first com-
pared between groups (NCI, MCI or AD, or NCI, MCI-NAP,
MCI-AP or AD) (5). As is often the case with human samples,
acquired data did not meet assumptions of normality of distri-
bution and equal variances between groups. Therefore, we
performed nonparametric Kruskal-Wallis ANOVA followed
by Dunn’s multiple comparison tests. Correlations between
the concentrations of each AD marker and antemortem
global cognitive scores were then investigated using linear
regression analysis. Global cognitive scores were analyzed
as a sum or compartmentalized into the 5 domains of episo-
dic memory, semantic memory, working memory, percep-
tual speed and visuospatial ability evaluation. MMSE re-
cords were also included. Associations were adjusted for
the following covariates: age of death, educational level,
gender and APOE genotype. Log transformations of the
data were used when needed to equalize variance and to
provide more normally distributed measures. The level of
significance was at p < 0.05 in all tests. All statistical anal-
yses and additional adjustments were performed using JMP
Statistical Analysis Software or Prism.

RESULTS

Comparison of Total and Phosphorylated Tau
Levels in NCI, MCl and AD Subjects

To have an overview of total and phosphorylated (p) tau
levels in subjects with AD compared to those with no or MCI
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TABLE 2. Summary of Neuropathological Markers Investigated.

Tau Markers NCI MCI-NAP MCI-AP AD Statistical analysis
Total tau (tau 13), ROD (SD) TBS  8289.00 (2525) 9552.00 (2415) 7721.00 (1595) 7714.00 (2814) A; F(groups); 3, = 0.82; p=0.49
FA 42.59 (25.74) 64.01 (33.68) 90.10 (64.49) 107.70 (62.69)°  A; F(groups); 3, = 3.81; p <0.05
SK 0.32(0.34) 0.12 (0.16) 5.40 (11.35) 9.84 (10.82) A; F(groups); 3, = 3.69; p < 0.05
Unphosphorylated TBS  213.70 (39.52) 279.50 (70.68) 244.10 (63.55) 214.20 (48.81) A; F(groups)s 3o = 2.35; p=0.09
tau (tau 1), ROD (SD) FA 287.50 (115.2) 305.50 (161.5) 396.50 (288.7) 232.70 (149.8) A; F(groups)s 3 = 1.24; p=10.31
SK 22.91 (28.16) 43.33 (31.93) 38.42 (37.99) 70.35 (73) A; F(groups)s 3o = 1.85; p=0.16
pT231/S235 tau (AT180), TBS 0.30 (0.33) 0.35 (0.36) 0.58 (0.42) 0.85 (1.04) A; F(groups)s 30 = 1.53; p=0.22
ROD (SD) FA 27.76 (21.74) 78.76 (92.95) 67.27 (139.4)  4633.00 (9549) A; F(groups)s 3o = 1.70; p=0.19
SK 3.95 (3.78) 2.14 (2.50) 87.68 (209) 177.60 (343.2) A; F(groups)s 30 = 1.55; p=0.22
pS396/404 tau (PHF1), TBS 0.44 (0.41) 0.60 (0.32) 2.64 (3.03) 3.95 (4.14)° A; F(groups)s 3o = 2.68; p=0.06
ROD (SD) FA 0.63 (1.85) 0.12 (0.12) 10.14 (20.59) 15.69 (21.65)°  A; F(groups)s 3, = 2.53; p=0.07
SK 0.52 (1.50) 0.20 (0.19) 4.45(9.36) 14.35(21.43)°  A; F(groups); 3o = 2.73; p=0.06
Amyloid markers NCI MCI-NAP MCI-AP AD Statistical analysis
AP42 (SD) TBS  604.10 (785.8) 53.30 (49.22) 937.70 (449) 1026.00 (687.3)°  A; F(groups)s 30 = 2.93 p < 0.05
FA 742.50 (759.5) 254.70 (569.3)  1380.00 (905.1)  1834.00 (1170)>°  A; F(groups)s 32 = 5.00; p < 0.01
Plaque counts (SD) 5.42(7.29) 0.00 (0.00) 11.50 (6.22) 19.75 (17.09)>¢  A; F(groups)s 3, = 5.35; p < 0.01
X11,ROD (SD) 4.73 (3.22) 2.11 (0.86) 2.89 (1.94)d 2.09 (1.19)¢  A; F(groups)s 32 = 3.50; p < 0.05
Synaptic and other markers NCI MCI-NAP MCI-AP AD Statistical analysis
Synaptophysin, ROD (SD) 85.14 (9.31) 71.30 (9.17) 72.82 (4.85) 69.04 (9.61)° A; F(groups)s 30 = 7.12; p < 0.001
Septin-3, ROD (SD) 24.08 (4.61) 23.00 (6.65) 23.11 (3.19) 19.60 (2.42) A; F(groups); 3, = 3.10; p < 0.05
SNAP25, ROD (SD) 145.10 (22.81) 122.50 (22.56) 129.80 (23.86) 125.10 (28.44) A; F(groups); 3o = 1.71; p=10.18
Drebrin, ROD (SD) 4.57 (3.99) 3.56 (4.10) 6.54 (5.83) 2.41(2.79) A; F(groups)s 30 = 1.54; p=0.22
Syntaxin 3, ROD (SD) 115.00 (22.00) 97.17 (21.59) 93.56 (7.12)° 110.40 (16.08) A; F(groups); 3o = 4.78; p<0.01
PSD-95, ROD (SD) 46.87 (17.90) 40.80 (26.14) 33.47 (19.16) 26.09 (11.25)°  A; F(groups); 3o = 2.89; p < 0.05
ChAT, ROD (SD) 12.72 (4.91) 16.97 (9.77) 15.70 (7.33) 9.65 (3.83) A; F(groups)s 3o = 7.04; p < 0.001
VAChHT, ROD (SD) 14.97 (4.70) 14.90 (3.40) 13.40 (3.86) 12.44 (4.03) A; F(groups); 3, = 0.90; p=0.45
VILIP-1, ROD (SD) 78.03 (18.31) 68.96 (84.97) 69.90 (13.14) 65.55 (23.81) A; F(groups); 3, = 0.88; p=0.46
GSTP1, ROD (SD) 27.28 (4.94) 27.65 (2.31) 37.20 (4.40)°° 31.67 (4.65) A; F(groups); 3, = 7.77; p < 0.001
pS403/404 TDP-43, ROD (SD) 385.54 (120.00)  475.98 (230.56)  375.61 (263.62)  243.00 (112.15)  A; F(groups); 3, = 2.95; p <0.05
SIRT1, ROD (SD) 6.97 (5.19) 7.60 (6.70) 5.15 (2.26) 3.84 (1.81) A; F(groups)s 3o = 1.44; p=0.25
PAK1/2/3,ROD (SD) 0.30 (0.11) 0.27 (0.07) 0.24 (0.09) 0.18 (0.06)° A; F(groups)s 3o = 3.39; p < 0.05

Neuropathological data were generated on coronal sections or immunoblots from the parietal cortex but the diagnosis was based on clinical evaluation. A, ANOVA; AD, Alz-
heimer disease; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; ChAT, choline acetyltransferase; C, Contingency; FA, formic acid; GSTPI, glutathione S-
transferase P-1; MCI, mild cognitive impairment; MCI-AP, MCI group with amyloid pathology; MCI-NAP, MCI without amyloid pathology group; MMSE, Mini Mental State
Examination; NCI, no cognitive impairment group; PAK, p21-activated kinase; PSD-95, postsynaptic density protein 95; ROD, relative optical density; SD, standard deviation;
SIRT1, sirtuin 1; SK, sarkosyl; SNAP-25, synaptosomal-associated protein 25 kDa; TBS, tris-buffered saline; TDP-43, transactive response DNA binding protein 43; VAChT, ve-
sicular acetylcholine transporter; VILIP-1, visinin-like protein-1. Values are expressed as mean (SD). Intergroup comparisons:

b p <0.01 versus NCI;
¢, p <0.05 versus NCI;
4, p < 0.05 versus MCI-NAP;
¢, p <0.01 versus MCI-NAP;
f, p <0.05 versus MCI-NAP.

(NCT or MCI), we assessed tau concentrations in TBS-soluble
and in both detergent-insoluble fractions (FA and SK) from
parietal cortex samples (representative immunoblots in
Supplementary Fig. 1). Individuals classified as MCI could
not be differentiated from other groups based on biochemical
assessment of tau in either the soluble or insoluble fractions
(Fig. 2), which is essentially in agreement with previous work
(8, 42—44). There were, however, differences between AD pa-
tients and NCI subjects. In TBS-soluble fractions, levels of to-
tal and phosphorylated tau were comparable between groups
(Fig. 2A—C), except for phosphorylation at epitope S396/404
(PHFT1 antibody), which was increased in the AD group (8-fold
on average, p < 0.05) (Fig. 2D). Moreover, concentrations of

pS396/404 tau were also strikingly increased in detergent-
insoluble fractions from the same subjects, regardless of the ex-
traction method used (FA: 21-fold on average, p < 0.05; and
SK: 27-fold on average, p < 0.01) (Fig. 2H, L). The cortical ac-
cumulation of soluble and insoluble pS396/404 tau in AD pa-
tients remained significant when corrected for total tau levels
(Supplementary Fig. 2C, F). These results obtained with the
PHF1 antibody were all confirmed with clone AD2 that also
targets the pS396/404 epitope of tau (Supplementary Fig. 3A—
O). Furthermore, both total (tau-13; 2.5-fold on average, p < 0.
01) and pT231/S235 (AT180; 167-fold on average, p < 0.05)
tau were significantly increased in FA fractions of AD cortical
samples (Fig. 2E, G). We observed the same tendency in SK
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FIGURE 1. Processing method for biochemical analyses. (A) Coronal section of a human brain parietal cortex at Brodmann area
7 indicated in red (adapted from Biolmage Suite [139]). (B-E) Workflow to generate a tris-buffered saline (TBS)-soluble protein
fraction containing cytosolic and extracellular proteins (B), a detergent-soluble fraction containing membrane-bound proteins
(C€), a formic acid-soluble fraction (D), and a sarkosyl-insoluble fraction (E), the last two consisting of detergent-insoluble
proteins.
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FIGURE 2. Differential expression and phosphorylation of tau in water-soluble and detergent-insoluble fractions of the parietal
cortex and comparison between extraction methods. (A-L) Tau protein levels (Western blot) in tris-buffered saline-soluble
fractions (TBS) (A-D), formic acid-soluble fractions (FA) (E-H), and sarkosyl-insoluble fractions (SK) (I-L), from parietal cortices
of healthy control subjects (NCI) and study participants with either MCI or AD. Individual values are shown and bars represent
the means. Antibodies used for immunodetection are indicated. Levels of pT231/S235 tau are on a log scale. Statistical
comparisons were performed using a nonparametric Kruskal-Wallis test followed by Dunn’s multiple comparison tests. (M-P)
Linear regression analyses assessing the difference in tau levels (Western blot) between FA and SK fractions for each tau species.

fractions for total tau (14-fold on average, nonsignificant) and
for pT231/S235 tau (29-fold on average, p <0.05) (Fig. 2I,
K). Finally, an increase in unphosphorylated S196/S198/S199/
S202 tau (taul) was measured only in SK-extracted AD sam-
ples (3-fold on average, p <0.05) (Fig. 2J), although when
corrected for total tau it was rather found to be decreased in
AD in both FA and SK fractions (Supplementary Fig. 2D, G).
Interestingly, even though detergent-insoluble total tau,
pT231/S235 tau and pS396/404 tau extracted with either the
FA- or SK-based extraction method were well correlated with
global cognitive decline (Fig. 2M-P), group comparisons were
statistically more robust with the FA extraction method. This
is in accordance with our observation that FA extraction gen-
erates a larger amount of total proteins compared to SK extrac-
tion, facilitating the detection of variation between groups.

Indeed, when an equal amount of sample underwent either of
the 2 extraction methods and an equal amount was submitted
to electrophoresis, the Coomassie blue staining was darker
for FA soluble extracts (Supplementary Fig. 4A—C). Despite
the fact that the lower protein content in SK-insoluble ex-
tracts resulted in sharper band migration during electrophore-
sis, it also required pixel binning during chemiluminescence
exposure after Western blotting (Supplementary Fig. 4B;
Fig. 1C). When the MCI-NAP and MCI-AP groups were ex-
tracted from the original MCI group, we observed similar re-
sults concerning the significant increase of total tau (taul3
antibody) and S396/404 (PHF1 antibody) levels (Table 2).
Globally, no significant difference in tau concentrations was
observed when comparing MCI groups with and without am-
yloid pathology in MCI.
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APB42, concentrations were higher in the AD group com-
pared to the MCI-NAP subgroup (7.2-fold higher in aver-
age) (Table 2).

Fittingly, insoluble, but not soluble, cortical AP42
showed a significant inverse relationship (%= —0.389,
p=0.0017) with global cognitive score (Fig. 3B, D), MMSE
as well as with episodic, semantic and working memories
(Table 4). On the other hand, soluble cerebral AB42 concen-
trations were correlated only with episodic memory. In line
with these results, we noticed that amounts of amyloid pla-
ques were also significantly higher (p < 0.05) in individuals
with AD compared to NCI and MCI (3.4-fold and 3.6-fold
higher in average, respectively), as also observed in the analy-
sis including both MCI-NAP and MCI-AP subgroups (Fig. 3;
Table 2) and that they strongly correlated (%= —0.426,
p=0.0006) with antemortem global cognitive scores (Fig.
3F), the 5 cognitive domains subscores and MMSE score
(Table 4). Because it was shown to suppress the generation
of AP through association with amyloid precursor protein
(APP) (45), we also analyzed cortical levels of neuronal
adaptor protein X11. We observed decreased concentrations
of soluble X11 in the AD group (—45%, p < 0.05) compared
to NCI individuals (Fig. 3G; Supplementary Fig. 6A). While
X11 was not correlated with AP concentrations and with
global cognitive score, a significant association (r>=40.
312, p=0.0267) between cortical X11 concentrations and
perceptual speed was detected (Table 4).

Assessment of Synaptic Marker Levels in the
Parietal Cortex and Correlation With Cognitive
Function

The decrease of any synaptic protein in AD is the rule
rather than the exception (21, 23-25, 46-48), and several re-
ports have linked the loss of synaptic proteins with a decrease
in cognitive performance (18-20, 22, 46, 47, 49-54). To docu-
ment this association further, we measured 6 different synaptic
proteins reported to be implicated in the pathophysiology of
AD: synaptophysin, septin-3, synaptosomal-associated protein
25 kDa (SNAP25), drebrin, syntaxin 3 and postsynaptic den-
sity protein 95 (PSD-95) in detergent-soluble fractions from
parietal cortices. Only reductions in synaptophysin, septin-3
and PSD-95 distinguished AD cases from NCI (—19%,
—18.5% and —44%, respectively), with synaptophysin and
syntaxin 3 being already diminished in MCI compared to NCI
subjects (—44%, and —17%, respectively, p <0.05) (Fig.
4A, I; Supplementary Fig. 6B—G). In the analysis with the
MCI-NAP and MCI-AP subgroups, only synaptophysin and
PSD-95 distinguished AD cases from NCI while the MCI-AP
group displayed significantly lower levels of syntaxin-3 com-
pared to NCI (—19%) (Table 2), likely reflecting a loss of
statistical power. In addition, cerebral concentrations of syn-
aptophysin were positively correlated with performance in all
5 cognitive domains (p < 0.05), while septin-3 was positively
correlated with the global cognitive score, episodic memory,
working memory and MMSE (p < 0.05) (Fig. 4B, D; Table 5).
Among the remaining synaptic proteins, we observed a signifi-
cant decrease in syntaxin 3 in MCI compared to control groups

and a positive correlation between SNAP25 and semantic
memory (p < 0.01) (Fig. 4E-J; Table 5).

Comparison of Cholinergic Marker Levels and
Correlation With Cognitive Decline

We next analyzed the cholinergic markers choline ace-
tyltransferase (ChAT) and vesicular acetylcholine transporter
(VAChHT) in detergent-soluble fractions. Although depletion
of the cholinergic system in AD was reported more than
30 years ago (55), only a few studies have investigated these
markers in MCI subjects or their relationship with cognitive
decline. Our data show that, whereas a significant decrease in
ChAT was observed in AD patients compared to MCI (—44%,
p < 0.01), no significant modifications of VAChT protein lev-
els were observed between groups in parietal cortices (Fig.
5A, C; Supplementary Fig. 6H, I). No significant variations of
ChAT and VAChT were observed when introducing the MCI-
NAP subgroup (Table 2). Interestingly though, NIA-Reagan
criteria were associated with both reduced ChAT (—48%,
p < 0.05 between Reagan score 3 and 1), and VAChT (—37%,
p < 0.01 between Reagan score 3 and 1) protein levels (Fig.
5B, D), indicating that cerebral ChAT and VAChT might be
associated more directly with AP and tau burden than with
cognitive decline. This hypothesis is further supported by the
observation that cortical levels of both ChAT and VAChT
were not correlated with any cognitive performance score
(Table 5), while an inverse relationship was found with plaque
counts and insoluble pS396/404 phosphorylated tau (Table 6).

Other Proteins Possibly Implicated in Alzheimer
disease

We next extended our analysis in TBS-soluble fractions
to other proteins previously associated to AD including
visinin-like protein-1 (VILIP-1), glutathione S-transferase P-1
(GSTP1), transactive response DNA binding protein 43 (TDP-
43), sirtuin-1 (SIRT1) and members of the P21 activated ki-
nase (PAK) family in their respective cortical fractions.
VILIP-1 is a neuronal calcium-sensor protein, which was re-
cently suggested to be associated with AD progression (56). In
the present study, we observed no alterations in VILIP-1 levels
between groups (Fig. 6A, B; Supplementary Fig. 6J).
Although a positive association with working memory was ob-
served (2 =+0.312, p=0.0218), no correlation was found
with any of the other cognitive subdomains or MMSE (Table 5).
Genetic variations in the GSTPI gene have been associated
with increased risk for the development of AD (57, 58).
Accordingly, while we did not observe a significant variation
in expression between AD, MCI and control groups (Fig. 6C,
D; Supplementary Fig. 6K), we noted a negative correlation
between GSTP1 and global cognitive scores, particularly
with the episodic cognitive domain (% = —0.254, p = 0.0407,
and 2 = —0.241, p=0.0364, respectively) (Table 5), and a
positive correlation with plaque counts (*=0.249, p=0.
0343) (Table 6). However, when we consider the MCI-NAP
subgroup, we observed a significant increase of GSTP1 pro-
tein levels in MCI-AP compared to both NCI and MCI-NAP
(+36% and 4+-34%, respectively) (Table 2). Previously, we
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FIGURE 3. Comparison of AB42 peptide levels, plaque counts and X11 protein concentrations in the parietal cortex and correlation to
global cognitive scores. (A-D) Quantitative measurement (ELISA) in the parietal cortices of healthy control subjects (NCI) and study
participants with either MCl or AD and linear regression with global cognitive score of soluble AB42 (A, B) and insoluble AB42 (C, D).
(E, F) Amyloid plaque counts and linear regression with global cognitive score. (G, H) Soluble X11 protein levels (Western blot) and
linear regression with global cognitive score in the parietal cortices of healthy control subjects (NCI) and study participants with either
MCI or AD. Individual values are shown and the bar represents the mean. Statistical comparisons were performed using nonparametric
Kruskal-Wallis test followed by Dunn’s multiple comparison tests.
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TABLE 4. Linear Regression Between Immunohistological B-Amyloid Alterations, Insoluble and Soluble 3-Amyloid and X11 With

Antemortem Cognitive Evaluation.

Neuropathological Global Episodic Semantic Working Perceptual Visuospatial MMSE
markers cognitive score memory memory memory speed ability
r P r P r P r P r P r P r P
Plaque counts —0.426 0.0006 —0.423 0.0005 —0.405 0.0035 —0.302 0.0251 —0.292 0.0428 —0.370 0.0383 —0.402 0.0005
Ap42 FA —-0.389 0.0017 —0.441 0.0003 —0.295 0.0241 —-0.279 0.0431 —-0.267 ns —0.354  ns —0.373 0.0011
TBS —0.209 ns —0.261 0.0232 —0.212 ns —0.175 ns —0.196 ns —0.270 ns —0.144 ns
XI11 TBS 0.241 ns 0.214 ns 0.221 ns 0.243 ns 0.312 0.0267 0.310 ns 0.149 ns

Linear regressions were adjusted by age of death, educational level, gender and APOE genotype. Abbreviations: FA, formic acid; TBS, tris-buffered saline. AB42, B-amyloid.

reported an increase of insoluble cytoplasmic inclusions of
pS403/404 phosphorylated TDP-43 in AD patients, correlat-
ing with the clinical and neuropathologic features of AD in
the same Religious Orders Study cohort as the one used in the
present study (17). Here, strong inverse correlations
(r* = —0.324 to —0.630, p =0.0276-0.0004) were found be-
tween cortical insoluble pS403/404 TDP-43 and global cogni-
tive score, as well as all 5 cognition domains and MMSE
(Table 5). In addition, the evaluation of cytoplasmic pS403/
404 TDP-43 inclusions was positively correlated with plaque
and tangle counts and with the levels of insoluble pT231/
S235 tau (ATI180) (Table 6). Conversely, TBS-soluble
pS403/404 TDP-43 was instead positively associated with
global cognitive score, episodic memory (Table 5) and insolu-
ble pS396/404 tau (PHF1) (Table 6). Decreased cerebral lev-
els of SIRT1 were shown to be associated with CERAD,
Braak and NIA-Reagan criteria (59). We thus assessed SIRT1
concentrations in our parietal cortex samples; however, we
did not observe any correlation with global cognitive score in
the present analysis (Table 5). Lastly, we previously reported
that PAK1/2/3 was downregulated in AD compared to NCI
subjects, correlating with cognitive impairment (60). In the
present study, we observed that PAK1/2/3 correlated with
perceptual speed, visuospatial ability (Table 5) and inversely
correlated with tangle counts and levels of insoluble pT231/
S235 tau (AT180) (Table 6).

Comparing Markers: Which Ones Correlate Best
With Cognitive Performance?

Overall, the strongest negative correlation coefficients
with global cogmtrve scores were obtained for neurofibrillary
tangle counts (% = —0.494, p < 0.0001), insoluble phosphory-
lated tau (AT180: r*=—0.463, p=0.0003 and PHF-I:

?=-0.39, p=0. 0014) (Table 3), TDP-43-positive cyto-
plasmic 1nclusrons (* =—0.476, p=0.0015) (Table 5), AB
plaque counts (r*=—0.426, p=0.0006), insoluble AP42
(I —0.389, p=0.0017) (Table 4) and total insoluble tau
(I —0.385, p=0.0019) (Table 3). Other inverse associa-
tions with global cognitive scores were observed for soluble
phosphorylated tau (PHE-1: *= —0.314, p= 00427 AT180:
—0.281, p=0.0219) (Table 3) and GSTP1 (1 =—0.254,
p 0.0407) (Table 5). Frnally, synaptophysin (> = +0.335,
p =0.0066) and septin-3 (* = +0.257, p = 0.0254) were the 2

synaptic proteins positively associated with cognitive scores
(Table 5).

DISCUSSION

After decades of research on AD, clinicopathological
studies not only have established the importance of neuritic
plaques, synaptic markers and neurofibrillary tau pathology in
AD, but have also revealed imperfections in their correlation
with the clinical expression of the disease (61). In the present
work, we provide a comparison between the concentrations of
biochemically assessed key AD markers in the parietal cortex
in relation with antemortem cognitive symptoms, focusing on
the same series of subjects.

Our main finding is that phosphorylated tau and AP42,
found in detergent-insoluble fractions, stand as the strongest
postmortem correlates of cognitive impairment, at least in the
parietal cortex. More specifically, insoluble pS396/404 and
pT231/S235 tau were strongly correlated with coigmtlve de-
cline followed by insoluble AB42 (¥ = —0.485, r* = —0.463
and r*=—0.389, respectively). Also immunohistochemical
assessment demonstrated that neurofibrillary tangles, pS403/
404 TDP-43 inclusions and amylo1d plaques were strongly
correlated with cognitive decline (2 = —0.494, 1> = —0.476
and r* = —0.426, respectively). Lastly, while tau and AB42 re-
main the strongest inverse markers for global cognitive de-
cline, synaptophysin, followed by soluble pS403/404 TDP-43
and septin-3, were identified as the best positive correlates
(* = +0.335, > = 4+0.265 and r* = +0.257, respectrvely)

We analyzed a brain region impacted early in AD,
the parietal cortex. One advantage of the Religious Orders
Study is the assessment of multiple cognitive abilities in
the same series of volunteers. Some of these cognitive abili-
ties are associated with the parietal cortex, particularly epi-
sodic memory, visuospatial abilities, and some task tests re-
quiring attention (Supplementary Table 1). The parietal
cortex is implicated in multiple cognitive circuitry (27): it
is fundamental in controlling spatial aspects of motor be-
havior (62, 63), voluntary attention (64, 65), mental imag-
ery tasks (66) and episodic memory, the latter being partic-
ularly impaired in AD (28, 67-69).

Tau Pathology
The present study provides further arguments for a
strong relationship between tau and cognitive manifestations
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FIGURE 4. Alterations of synaptic markers in the parietal
cortex of MCI or AD subjects and correlations with global
cognitive score. (A-L) Synaptophysin (A, B), septin-3 (C, D),
SNAP25 (E, F), drebrin (G, H), syntaxin 3 (I, J), PSD-95
(K, L) protein levels (Western blot) from detergent-soluble
fractions and linear regression analysis with global cognitive
score in the parietal cortices of healthy control subjects (NCI)
and study participants with either MCl or AD. Individual values

80

of AD. More particularly, the strongest 7> and p values were
obtained with tangle counts, as well as pS396/404 and pT231/
S235 tau concentrations in insoluble fractions from the parie-
tal cortex. Insoluble total tau also correlated with cognitive
scores independently of its phosphorylation index. In contrast,
total soluble tau and unphosphorylated S196/S198/S199/5202
tau levels in AD brain were comparable to NCI controls, an
observation consistent with our previous data (8). The results
of our study thus support the notion that the pathogenic role of
tau is based on its insolubility and phosphorylation state (8,
70-72). This hypothesis is in agreement with previous post-
mortem studies assessing the correlation between tau neuropa-
thology and clinical expression of the disease. Indeed, despite
different methodological designs, statistics or sample size,
most studies based on immunohistochemistry report an in-
crease in neurofibrillary tangles correlating with dementia se-
verity scores (3—6, 8, 44, 73-76).

In the present study, we performed biochemical assess-
ment of detergent-insoluble tau using 2 protein extraction pro-
cesses, one with FA and the other with SK, the latter having
been suggested to better preserve antigenic epitopes for tau im-
mune detection (30, 77, 78). In our hands, these 2 extraction
methods led to very similar correlations between tau and cogni-
tive performance scores. Thus, both methods are suitable for
analysis of tau insoluble forms, as initially suggested (30, 31,
41), although the FA method had 2 major advantages: it gener-
ates a higher amount of proteins available for subsequent analy-
sis and it allows the analysis of insoluble Af in the same sample.
Besides comparing extraction techniques, we also compared
antibodies PHF1 and AD2, both of which target tau pS396/404.
We observed comparable results among group comparisons,
correlations to cognitive decline (at least in the soluble fraction),
and very strong correlations between the signals obtained with
both antibodies (Supplementary Fig. 3G-I) indicating that both
antibodies are interchangeable when assessing tau pathology.

In summary, our data support the idea that tau is the
most informative postmortem marker of AD in relation to
cognitive decline. However, our results also point out that
methodological approaches allowing finer discrimination of
specific subtypes, classified over solubility and phosphory-
lated epitopes for example, is probably essential to pinpoint
pathogenic forms of tau most closely associated with AD
pathogenesis.

Ap Pathology

AP deposition in the brain is one of the most studied
pathological features of AD. However, in the light of the fail-
ure of recent clinical trials with AB-modifying compounds
(79, 80), unraveling the link between AP and cognitive decline
has become even more pressing. In the present cohort of indi-
viduals, concentrations of insoluble AB42 and AP plaque

FIGURE 4. Continued

are shown and the bar represents the mean. Statistical
comparisons were performed using a nonparametric Kruskal—
Wallis test followed by Dunn’s multiple comparison tests.
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TABLE 5. Linear Regression Between Immunohistological TDP43 Alterations and Other Known Markers With Antemortem Cognitive Evaluation.

MMSE

Working memory Perceptual speed Visuospatial ability

Episodic memory Semantic memory

Global cognitive score

Neuropathological

markers

0.327 0.0213 0.395 0.0250 0.205 ns

0.242
0.248

0.0202 0315 0.0344
0.0255

0.307
0.286

0.0066 0.259  0.023

0.0254

0.335
0.257

Synaptophysin

Septin-3

Synaptic markers

0.193 0.0475

0.133
0.105
0.075

0.302 ns

ns

0.305
0.210

ns
0.0325

0.0431

0.190
0.124
0.118

ns

ns

0.357

ns

ns

0.283

ns

ns

0.190
0.141
0.132
0.160
0.155
0.137
0.190
—0.254
—0.476

SNAP25
Drebrin

ns

ns

0.271

ns

0.197
0.165
0.242
0.207
0.193
0.194
—0.238
—0.544

ns

0.179
0.186
0.171

ns

0.158
0.200
0.162
0.152
0.179
0.213
—0.247
—0.324

ns

ns

ns

ns

0.321

ns ns ns ns

0.110

ns

Syntaxin 3
PSD-95

Cholinergic markers ChAT

ns 0.128 ns
0.119

0.268

ns

ns

ns

ns

0.155
0.151

ns

ns

0.275 ns

ns

ns

0.134
0.168
0.312
—0.231

ns

ns

ns

ns

0.100
0.118

ns
—0.175

0.276

ns

ns
0.0218

ns

ns

0.132

0.128
—0.241
—0.43

ns

VACHT
VILIP-1

ns

ns

0.343
—0.278
—0.630

ns

ns

ns
0.0364
0.0055

ns
0.0407
0.0015

Other markers

ns

ns
0.0004

ns ns
0.0005

0.0173

ns
0.0276

GSTP1

—0.513 0.0004

0.363

Cytoplasmic pS403/404

TDP-43 inclusions
pS403/404 TDP-43

SIRT1

ns

0.150
0.085

0.203 ns 0.308 ns

ns

0.244
0.180

0.219

0.0105 0.188 ns
0.219

0.296
0.152

0.219

0.0316

0.265

ns

0.279 ns
0.0348

ns
0.0463

Linear regressions are adjusted by age of death, educational level, gender and APOE genotype. TDP-43 data used for this linear regression analysis were previously published [104]. ChAT, choline acetyltransferase; VAChT,
vesicular acetylcholine transporter; VILIP-1, visinin-like protein-1; GSTP1, glutathione S-transferase P-1; TDP-43, transactive response DNA binding protein 43; SIRT1, sirtuin 1; PAK, p21-activated kinase; SNAP-25, synapto-

somal-associated protein 25 kDa; PSD-95, postsynaptic density protein 95.

0.253

ns

ns

ns

ns

0.179
0.239

ns

0.365 0.159

0.287

0.209 ns ns

ns

ns

PAK1/2/3

counts in postmortem tissue were comparable between con-
trols and MCI, but significantly higher in AD subjects, in
agreement with previous reports (3, 5, 8). This is in line with
the lower cortical concentrations of X11 we observed in the
same patients. Indeed, X11 is a well-characterized neuronal
adaptor protein that regulates the trafficking and metabolism
of APP (81). Many reports indicate that X11 binds to APP and
suppresses A generation in vitro and in vivo (45, 82-85). Our
observations thus suggest that the increased concentrations of
AP in AD patients could be, at least partially, related to the
loss of X11 in AD.

Next, we evaluated the correlations between cognitive
performance and X11 or AB. X11 was only positively associ-
ated with perceptual speed and soluble AP42 only negatively
with episodic memory. However, we detected strong correla-
tions between insoluble AB42, AP plaques and multiple ante-
mortem cognitive indices, even though we observed occa-
sional accumulation of AP in brains of neurologically and
cognitively normal individual. These observations are in line
with previous reports, including immunohistochemistry re-
sults from the Rush Religious Orders Study (6, 8, 11, 86). Neu-
roimaging findings in a large population-based study with
more than 400 normal older participants showed that 34% pre-
sented increased ratios of Pittsburgh compound B binding,
which were correlated with memory performance, language,
attention, and visuospatial processing (87). Accordingly, we
also report a negative association between visuospatial ability
and plaque counts. Lastly, we observed a significant inverse
correlation between insoluble AB42 or plaques and perfor-
mance in episodic, semantic or working memory. The present
data indicate that AP levels in the parietal cortex are markers
for cognitive impairment, particularly when insolubility is
taken into account.

Synaptic Markers

A wealth of converging evidence indicates that syn-
apse loss is an early event in the pathogenesis of AD (21,
24, 46, 47, 50, 88-92). In this study, we analyzed the levels
of 6 different synaptic proteins in detergent-soluble fractions
of parietal cortices. Our analysis failed to show any correla-
tion with memory loss for drebrin, syntaxin 3 and PSD-95,
but there was a positive correlation with semantic memory
for SNAP2S5. Previous publications have shown decreased
levels of SNAP25 protein and mRNA in postmortem AD
brain samples (48, 93, 94), but we did not observe any signif-
icant variations of SNAP25 concentrations in the parietal cor-
tex between groups. On the other hand, syntaxin 3 levels were
surprisingly reduced only in MCI subjects, which contrast with
previous studies (22, 48, 54, 95). Interestingly, reduced syn-
taxin mRNA levels were previously observed in the CAl hip-
pocampal brain region from MCI subjects of the Religious
Orders Study (22). However, in contrast to our observations in
the parietal cortex, the authors reported a correlation with
global cognitive performance score (22). Thus, it is important
to consider which brain region is analyzed when comparing re-
sults from different studies.

The next synaptic marker found to correlate with antemor-
tem cognitive performance was septin-3. Septin-3 is a neuronal
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(NCI, MCl or AD) (€), or Reagan score (D). Individual values are shown and the bars represent the mean. Statistical comparisons
were performed using a nonparametric Kruskal-Wallis test followed by Dunn’s multiple comparison tests.

member of the septin subfamily of GTPase-domain proteins,
which is involved in vesicle trafficking, neurite outgrowth, and
neurofibrillary tangle formation (96, 97). Here, we established a
positive correlation between septin-3 and MMSE, global
cognitive score, episodic memory and working memory perfor-
mances. Moreover, septin-3 levels were significantly downregu-
lated in AD but not in MCI. Taken together with the genetic as-
sociation of septin-3 with AD (98), our data suggest that this
protein might be related to cognitive decline.

Lastly, the synaptic marker that best correlated negatively
with cognitive decline was synaptophysin. Indeed, we observed
strong positive correlations between synaptophysin levels and
all cognitive domains, which is in line with previous reports (18,
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19, 22). Interestingly, we noticed a significant decrease in synap-
tophysin levels in AD but also in MCI subjects. Consistently,
synaptophysin losses in presynaptic terminals from AD patients
have persistently been reported by several groups using immu-
nochemistry, immunoblotting, mRNA in situ hybridization or
microarray (18-22, 25, 48, 51-54, 92, 99, 100). This synapto-
physin loss in MCI parietal cortices is in agreement with previ-
ous assessments performed in the cingulate gyrus (21), but not
in the hippocampus (23) or other cortical regions (19). Taken to-
gether, these observations highlight that, at least in the parietal
cortex, the decrease in synaptophysin or syntaxin 3 might be
good early markers of cognitive decline, whereas the loss of
septin-3 might occur after conversion to AD.
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FIGURE 6. Comparison of protein levels of VILIP-1 and GSTP1 in the parietal cortex and correlation to global cognitive score.
(A-D) VILIP-1 (A, B) and GSTP1 (C, D) protein levels (Western blot) in TBS-soluble fractions and linear regression analysis with
global cognitive score in the parietal cortices of healthy control subjects (NCI) and study participants with either MCI or AD.
Individual values are shown and the bar represents the mean. Statistical comparisons were performed using a nonparametric

Kruskal-Wallis test followed by Dunn’s multiple comparison tests.

Cholinergic Markers

An impaired cholinergic neurotransmitter system has
long been recognized as a hallmark of AD and forms the ra-
tionale of approved treatments (55, 101, 102). Intriguingly,
our observations confirmed that ChAT and VAChT concen-
trations in the parietal cortex were lower in advanced AD, as
indexed with the Reagan criteria, but they were not associ-
ated with antemortem cognitive scores. Multiple approaches
including biochemical assessment, mRNA hybridization
and imaging analysis have also demonstrated decreased lev-
els of these cholinergic markers in AD brains (103-107);
these alterations could be correlated with disease severity
(104) or amyloid plaque numbers in preclinical AD (106).
However, no analysis of cognitive performance was carried
out in those reports. Supporting our observation, in the Reli-
gious Orders Study, previous analysis reported an increase
of hippocampal ChAT activity only in MCI subjects (107)
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and a markedly depleted hippocampal ChAT levels in AD
cases (107, 108).

The time point at which those cholinergic alterations ap-
pear in AD is still debated. Some groups have reported that
lower cortical presynaptic cholinergic markers occurred only
in later clinical stages (109-113), whereas others published
that part of cortical and/or basal cholinergic markers in the
forebrain were altered prior to the onset of MCI (114-117).
Imaging studies of the cortical cholinergic system in living hu-
man subjects generally support early involvement of the def-
icit, that is, at the stage of MCI or mild dementia (105, 106,
118, 119). Our results and those of the Religious Orders
Study on the other hand support a relatively weak link be-
tween cholinergic markers and early cognitive symptoms;
they rather suggest that the decrease in cortical ChAT and
VAChT takes place when AP and tau neuropathology be-
comes extensive (108).
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Other AD Markers

Numerous other neuronal proteins, which are not exclu-
sively present in synapses, are suspected to be implicated in the
pathogenesis of AD. However, among the additional markers
studied in this paper, only GSTP1 and cytoplasmic inclusions
of pS403/404 TDP-43 were inversely correlated with global
cognitive score whereas levels of soluble pS403/404 TDP-43
were positively associated. Accordingly, previous studies indi-
cate that TDP-43 pathology is strongly associated with clinical
phenotypes in AD (17, 120, 121), supporting our observations
in the parietal cortex. Interestingly though, cytoplasmic pS403/
404 TDP-43 inclusions also correlated negatively with all sepa-
rate cognitive domains, while nonphosphorylated TDP-43 in-
clusions were previously inversely associated only with episo-
dic and working memory in the same cohort (15, 16).

Lastly, we demonstrate for the first time that GSTP1, a
detoxification enzyme that should protect from oxidative
stress, is negatively correlated with cognitive performance,
positively correlated with tau and AP pathologies and signifi-
cantly increased in the MCI group. This observation is in ac-
cordance with recent comparative analysis of the proteome
from AD and nondemented patients showing a significant in-
crease of GSTP1 in AD (95). Taken together, these results
suggest that GSTP1 and TDP-43 (phosphorylated at S396/
404) might be good markers for the progression of cognitive
impairment during AD.

The Concept of MCI-NAP

In recent years, the concept of ‘“suspected non
Alzheimer disease pathophysiology” (SNAP) has gained
growing interest. It is a biomarker-based concept relying on
the presence or absence of Af evidenced by PET scan and/or
CSF measurements (122-125). The SNAP concept catego-
rizes NCI individuals without amyloid loading and no cogni-
tive impairment but with a “brain injury/neurodegeneration”
evidenced by hippocampal atrophy estimated with MRI,
probably compensated by cognitive reserve (122—125). As in
others cohorts, we observed heterogeneity among subjects in
NCI and MCI groups with and without amyloid plaques
whereas all AD subjects had amyloid plaques (Fig. 4). Thus,
we applied the SNAP concept by analyzing hippocampal at-
rophy in the NCI group but found no significant differences.
Slower pathology progression (as assessed with neuroimag-
ing) has been reported in MCI individuals without amyloid
pathology (MCI-NAP) (126, 127). MCI-NAP individuals
could represent a mix of several different types of amyloid-
unrelated pathologies that may resemble AD clinically, in
line with the fact that a non-negligible minority of patients do
not meet neuropathologic criteria for AD histopathology
(126, 128). Here, the MCI-NAP subgroup had low concentra-
tions of soluble and insoluble AB42, consistent with the ab-
sence of plaques; however, tau as well as cholinergic and syn-
aptic markers in the parietal cortex were similar to the MCI-
AP group. Interestingly, however, GSTP1 levels were signifi-
cantly higher in MCI-AP individuals, possibly reflecting the
presence of abnormal oxidative stress associated to amyloid
pathology. Assessment of GSTP1 concentrations could there-
fore be useful to subcategorize MCI.

Limitations of This Study

Although the Rush Religious Orders Study is one of the
best-characterized cohorts used for clinicopathological stud-
ies, we used a limited number of subjects to conduct this study
for technical reasons. This limitation must be taken into con-
sideration and further analysis in a larger cohort is needed to
confirm our results. In addition, it is important to acknowledge
the limitations of correlative analyses to avoid using them as
evidence of cause-effect relationships. Regression analyses
tell us that 2 variables are associated without inferring a causa-
tive link (129). Moreover in AD, numerous alterations were
reported with multiple putative causes adding a complexity
level to decipher causative links between these alterations and
cognitive decline. Different brain changes can be related only
through a common cause. Highly significant correlates of AD
symptomatology might just be a beneficial compensatory
mechanism and could even display detrimental consequences
if targeted (130-137). For example, it has been argued that re-
moval of AP plaques or tau tangles from the aged diseased
brain could rather disrupt an ongoing compensatory mecha-
nism and be harmful (137, 138). The failure of anti-amyloid
treatments late into clinical development only added more fuel
to this counterargument (136, 137). Nevertheless, a strong cor-
relation remains a crucial clue of clinically significant ongoing
pathogenic processes.

CONCLUSION

In conclusion, we set out to help harmonize the patho-
logical and clinical diagnosis of AD. We performed an exten-
sive correlation study between biochemically-determined AD
markers in the parietal cortex and antemortem cognitive symp-
toms. Our main finding is that insoluble phosphorylated tau,
(and tangle counts), as well as insoluble AB42 (and plaque
counts) stand as the strongest postmortem correlates of cogni-
tive impairment. Moreover, our data also highlight that inclu-
sions of phosphorylated TDP-43 and loss of synaptic proteins
such as synaptophysin are associated with cognitive decline,
thus justifying further investigations on their role(s) in AD
pathogenesis. Hence, all these markers are potential drug tar-
gets or, at the very least, may be useful surrogate biomarkers.
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