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Abstract

Accumulation of abnormal protein aggregates, detergent-insoluble (DI) proteins and
amyloid in the brain are shared features of many neurodegenerative diseases. Previous
studies correlating DI proteins and cognitive performance are limited. We addressed these
limitations using two sets of autopsy brains, one selected from our Alzheimer’s Disease
Research Center and the other an unselected series from Adult Changes in Thought (ACT), a
population-based study of brain aging. We observed concentrations of 11 proteins and 6
protein variants that can be grouped into three highly correlated clusters: amyloid (A)B, tau
and alpha-synuclein (o-syn). While abnormal proteins from each cluster independently
correlated with cognitive performance in ACT participants, only increased soluble A
oligomers in temporal cortex and increased DI AP 42 and DI ai-syn in prefrontal cortex were
negatively correlated with cognitive performance. These data underscore the therapeutic
imperative to suppress processes leading to accumulation of soluble AP oligomers, DI A}
42 and DI o-syn, highlight an at least partially independent contribution to cognitive
impairment and raise the possibility that the priority for therapeutic targets may vary by
brain region in a typical elderly US population.

INTRODUCTION

Accumulation of abnormal protein aggregates is a shared feature of
many neurodegenerative diseases including common illnesses such
as Alzheimer’s disease (AD), dementia with Lewy bodies (DLB)
and Parkinson’s disease (PD). Indeed, it is just this feature that has
led several to propose that these common neurodegenerative dis-
eases are “protein misfolding diseases” [reviewed in Agorogiannis
et al. (1) and Soto and Estrada (27)]. These abnormal proteins are
thought to share the feature of enhanced hydrophobicity and can
form several abnormal assemblies including soluble aggregates,
forms resistant to extraction with detergents and microscopically
observable inclusions or amyloid deposits. The development of
these protein abnormalities can be mechanistically related in vitro;
however, the mechanistic connections in vivo are less clear but may
be influenced by oxidative stress (23). Recently, we have found that
the repertoire of detergent-insoluble (DI) proteins in late-onset
Alzheimer’s disease (LOAD) and early-onset autosomal dominant
AD from mutations in presenilin 1 and 2 (PS/ and PS2) consists of
about 125 proteins, substantially larger than previously conceived
(33). This suggests that the pathological processes that lead to these
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abnormal proteins may extend far beyond those that form inclu-
sions or amyloids. One possibility is that while many proteins are
altered to DI forms, only a small group of DI proteins has the
necessary intrinsic properties or local environment necessary for
progression to inclusions or amyloids (31, 34, 35, 37, 38). Thus,
while only a few proteins may be capable of progressing from
soluble aggregates to DI forms to amyloid, the number of proteins
that can participate in some proximal aspects of this pathological
biochemistry in vivo may be much larger.

Much debate has surrounded the relative functional significance
of soluble aggregates, DI forms and inclusions to neurodegenera-
tion, especially for AR peptides in AD (25). While this is not
resolved, current evidence supports more prominent roles for
soluble aggregates and DI forms in neuron dysfunction and death
(3, 7, 13, 15, 30) and a less prominent, if not protective role, for
inclusion formation [reviewed in Stefani and Dobson (28)]. Thus, it
is unclear how to interpret the many studies that have associated
histological or immunohistochemical data from these inclusions
with clinical diagnosis or some rating of cognitive impairment. A
few studies have attempted to correlate quantitative biochemical
data on soluble A oligomers (5, 12) or DI forms of A species, tau
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or alpha-synuclein (a-syn) with clinical diagnosis or a ranking of
cognitive impairment (4). There are some limitations to these bio-
chemical studies. First, none have attempted a comprehensive
evaluation of soluble AP oligomers, DI AP species, tau and o-syn;
moreover, none have considered other DI proteins that accumulate
in AD brain (33). Second, none have attempted to put the results
from these restricted analyses of DI proteins into context with other
processes like vascular brain injury (VBI), which is a strong inde-
pendent predictor of dementia in the elderly (26). Third, relatively
few brains from individuals without dementia (<26 individuals)
have been investigated in each of these studies. Fourth, associations
have been drawn between biochemical data and clinical diagnosis
or rating of dementia severity and, as far as we are aware, never to a
continuous measure of cognitive performance. Finally, while some
have evaluated brains from excellent clinicopathologic studies like
the Religious Orders Study (4, 18), these samples may not be
representative of the general population (36). We think this last
point is especially important because the success or failure of
future therapies will be judged on their effectiveness in the general
population.

In this study, we attempted to address each of these points by
quantifying a broad range of DI proteins in multiple brain regions
from 54 individuals (35 not demented) who participated in a Seattle
metropolitan area population-based study of brain aging and inci-
dent dementia, the Adult Changes in Thought (ACT) study, which
provided biennial neuropsychological testing.

METHODS

Samples and case selection

The first set of participants was individuals who were seen as part
of the Clinical Core of the Alzheimer’s Disease Research Center
(ADRC) at the University of Washington (UW). Assessment of
mild cognitive impairment (MCI) exactly followed published crite-
ria (21). Diagnosis of AD was made by consensus following estab-
lished methods (16). The second set of participants was derived
from the ACT study, which is a large population-based study of
brain aging and incident dementia conducted in Group Health
Cooperative, a well-established HMO in the Seattle metropolitan
area. In this cohort, cognitively normal volunteers are enrolled at
65 years or older and are followed every 2 years with medical
examination and cognitive screen with the Cognitive Assessment
Screening Instrument (CASI) until diagnosis of dementia accord-
ing to Diagnostic and Statistical Manual of Mental Disorders, revi-
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sion IV (DSM-1IV) criteria (14). These two studies have been
approved by the institutional review boards at UW and the HMO.

Two sets of human post-mortem brain tissue collected in the
Neuropathology Core of the UW ADRC were used: first, those
from the Clinical Core of the UW ADRC and subsequently, those
from the ACT study. First, we performed an extensive regional
exploration of changes in protein level using serial extractions
performed on a small number of selected cases from the Clinical
Core of the UW ADRC. These cases were selected for study based
on clinical diagnosis of control, MCI or LOAD, and the lack of
Lewy body disease (LBD) or VBI. Characteristics of people whose
tissue was selected for use in this study are presented in Table 1.

We used our initial analyses of results from the ADRC selected
samples to identify specific regions in which differences were most
prominent. We then sampled these regions from all consecutive
autopsy cases from the ACT study that had frozen tissue through
August 2006. Characteristics of ACT participants whose tissue was
used are presented in Table 2. All autopsies were performed fol-
lowing appropriate informed consent and tissue used in accord
with institutional review board-approved protocols.

In all cases, fresh frozen tissue was weighed and homogenized in
ice-cold Tris/sucrose-containing buffer and was extracted as previ-
ously described (33). Fractions prepared were soluble in buffer,
soluble in buffer +1% triton, insoluble in buffer +1% triton
or were triton insoluble (TI) and insoluble in buffer +1%
N-lauroylsarcosine or sarkosyl insoluble (SI).

Neuropathologic evaluation

Neuropathologic assessment of AD changes was performed
according to National Institute on Aging-Reagan Institute consen-
sus criteria (16, 21). We excluded cases with either (i) LBD as
assessed by a-syn immunohistochemistry of brainstem (including
substantia nigra), amygdala and middle frontal gyrus (MFG) (14
cases); or (ii) VBI as assessed by any grossly observed arterial
territorial infarct, any grossly observed lacunar infarct or any
microvascular infarct (MVI) observed according to our published
scoring system (25 cases).

Protein quantification by Enzyme-Linked
Immunosorbant Assay

All anti-B-amyloid antibodies used [anti-residues 17-24 (4G8),
anti-B-amyloid 1-40 (AP40) (11A50-B10), and anti-B-amyloid
1-42 (AB42) (12F4)] were from Covance (Princeton, NJ, USA).

Table 1. Demographic, clinical and neuropathologic characteristics of selected Alzheimer's Disease Research Center (ADRC) autopsies. Abbrevia-
tions: LOAD = late-onset Alzheimer's disease; MCI = mild cognitive impairment; PMI = post-mortem interval; NP = neuritic plagque; CERAD = Consor-

tium to Establish a Registry for Alzheimer's Disease.

Group n M:F Age (year) PMI (h) Brain wt (g) CERAD NP score* Braak stage**
Control 5 2:3 88+ 6 47 *+038 1184 = 187 Sparse (none—sparse) I (1-1V)

MCI 5 2:3 89 +9 58+ 1.1 1062 *= 136 Sparse (sparse-moderate) IV (I11-1V)
LOAD 4 2:2 814 51+x04 1000 *= 82 Frequent (moderate—frequent) VI (V)

Data are mean = standard deviation (SD) for age, PMI and brain weight (wt); patients were selected from the Alzheimer's Disease Research Center
(ADRC) cohort. CERAD NP score and Braak stage are presented as mode (range). One-way analysis of variance (ANOVA) for age, PMI and brain weight
all had P> 0.05. y? test among the three groups for CERAD NP score had * P < 0.05 and for Braak stage had **P < 0.0005. None of these cases had

Lewy body disease (LBD) or vascular brain injury (VBI).
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Table 2. Clinical characteristics and

Mapping of DI Proteins in the Elderly

pathological data from consecutive Adult Not demented Demented Prvalue
Changes in Thought study autopsies through Total* 35 19 —
August 2006. Abbreviations: NS = not Age (year)T 87 +6 89 +5 NS#
significant; CASI = Cognitive Assessment Male* (%) 16 (46%) 7 (37%) NS§
Screening Instrument; PMI = post-mortem Last CASIT 88 +7 61 =16 <0.0001%
interval; NP = neuritic plaque; Last CASI to death (days)t 359 = 162 431 =193 NS#
MVI = microvascular infarct. PMI (h)t 49+09 52 1.1
Brain weight (g)T 1172 = 154 1097 £ 112 NS#
CERAD NP score* None 13 (37%) 2 (11%) 0.049
Sparse 17 (49%) 0 (53%)
Moderate 5 (14%) 4 (21%)
Frequent 0 (0%) 3 (16%)
Braak score (stage)* 0-11 (A) 19 (54%) 5 (26%) 0.0031
-1V (B) 15 (42%) 7 (37%)
V-VI (C) 1 (3%) 7 (37%)
Amyloid angiopathy* None 32 (19%) 11 (58%) 0.0099
1 1 (3%) 4(21%)
2-3 2 (6%) 4 (21%)
Isocortical Lewy body* None 34 (97%) 15 (79%) 0.059
Any 1 (3%) 4(21%)
Gross infarcts* 0 29 (83%) 12 (63%) NS
1 4 (11%) 5 (26%)
2 2 (6%) 0 (0%)
3 0 (0%) 2 (11%)
MVI* None 30 (86%) 9 (47 %) 0.0021
1-2 5 (14%) 6 (32%)
3 or more 0 (0%) 4 (21%)

NS has P> 0.05.
*Number.

tMean * standard deviation (SD).

Ft-Test.
8y test.
Y|Fisher’'s exact test.

Anti-apolipoprotein E, anti-ubiquitin and anti-tau polyclonal anti-
bodies were from Dako Corporation (Carpinteria, CA, USA). Anti-
p181-phosphotau and anti-p212-phosphotau antibodies were from
Pierce (Rockford, IL, USA), and anti-p231-phosphotau and anti-
p396-phosphotau were from Biosource International (Camarillo,
CA, USA). Anti-oi-syn was from Labvision (Fremont, CA, USA).
Anti-glial fibrillary acidic protein was from Novus Biologicals
(Littleton, CO, USA). Anti-N°~(carboxymethyl)lysine (CML) and
anti-malondialdehyde (MDA) were from Academy Biomedical
(Houston, TX, USA). Anti-heat shock protein 70 (HSP70) was
from Sigma (St. Louis, MO, USA). Anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was from Chemicon
(Temecula, CA, USA). Anti-14-3-3 and horseradish peroxidase-
labeled secondary anti-goat antibody were from Santa Cruz
Biotechnology Corporation (Santa Cruz, CA, USA). Horseradish
peroxidase-labeled secondary anti-rabbit and anti-mouse were
obtained from Amersham Biosciences (Piscataway, NJ, USA). All
other reagents were purchased from Sigma.

We selected to study 17 proteins or protein variants that have been
previously described in the DI fraction from patients with AD based
on commercial availability of specific antibodies that could be
adapted to antibody capture assays. Antibody specificity was con-
firmed by Western blot of brain extracts. Antibody capture assays
were carried out as described (6). Formic acid extracts of DI proteins
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were dried by vacuum centrifugation and were resolubilized by
sonication in 20 vol of 5 M guanidine HCI, 100 mM Tris, pH 7.4,
with 0.002% bromphenol blue added to confirm elimination of
formic acid. These were further diluted 64-fold in 100 mM Tris,
pH 7.4 with 0.05% azide and 0.002% bromphenol blue, and 100 uL
was spotted onto 96-well plates and then incubated overnight at
room temperature in a humidified chamber. Subsequently, the plates
were washed twice with phosphate-buffered saline (PBS), blocked
with 1% bovine serum albumin (BSA) in PBS with 0.05% sodium
azide and washed again with PBS. All antibodies were diluted 2000
times from the initial stock concentration before use in the capture
assay. After washing three times, assays were developed using tet-
ramethylbenzidine. Absorbances at 450 nm were determined using
a Spectramax 250 spectrophotometer (Molecular Devices, Sunny-
vale, CA, USA), and results were normalized to a set of standard
extracts from previously characterized brain tissue.

Quantification of soluble Af oligomers

Luminex assays for soluble AP oligomers were performed in S1
and S2 using reagents from Biosource International (catalog entry
NONO0679) exactly according to the manufacturer’s instructions as
we have previously described (35). This assay detects oligomeric
protein with antibody A11 coupled with antibody 7N22 that binds
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to an epitope contained within the amino acids 1-20 of A} pep-
tides. Standards were provided by the manufacturer and standard
curves were generated over 30-2000 pg/mL AB42 oligomers with
a detection limit of 26 pg/mL.

Statistics

Statistical analyses were performed using Stata 9.0 (StataCorp LP,
4905 Lakeway Drive, College Station, TX, USA). Comparisons
between groups were based on analysis of variance (ANOVA) for
continuous variables and the chi-squared or Fisher’s exact test for
categorical variables. One-way ANOVA post hoc tests were per-
formed using the Bonferroni correction. Soluble AP oligomers
were assessed using robust regression. Candidate protein levels
were divided into quartiles and were modeled as indicator variables
using the lowest quartile as the reference group. Quartiles were
used because we also tested for a trend in the association by model-
ing the quartiles of protein levels as a grouped linear variable.
Robust regression by quartiles was also used to examine the asso-
ciation between candidate proteins and last CASI score. Stepwise
robust regression was used to compute final models of the last
CASI score. When referring to levels of significance, modest asso-
ciations are defined as 0.05 > P> 0.01 and strong associations are
defined as P < 0.01.

RESULTS

ADRC cases

Our initial analysis utilized patients’ tissue selected from the Clini-
cal Core of the UW ADRC in an attempt to comprehensively repli-
cate results from other previous studies of AD, validate the perfor-
mance of our assays and expand our observations to multiple brain
regions. Table 1 presents the characteristics of individuals whose
tissue was used in this study. The pathological data are typical of
those observed by us and others for cases from tertiary referral
centers (2, 9, 19). We used Braak stage as the primary means of
stratification: three stage A (transentorhinal) individuals who were
all clinically diagnosed as controls, seven stage B (hippocampal)
individuals who were clinically diagnosed as MCI (n = 5) or con-
trols, and four stage C (isocortical) patients who were all clinically
diagnosed with probable AD and who also met NIA-Reagan neuro-
pathologic criteria for high likelihood of AD (22). We first
determined the anatomical distribution of soluble AR oligomers
(Figure 1). Soluble AP oligomer concentration varied over orders
of magnitude with respect to brain region and Braak stage, and
increased in concentration in association with increasing Braak
stage most closely in the MFG and in the superior and middle
temporal gyri (SMTG) (P < 0.01), modestly related to Braak stage
in inferior parietal lobule (IPL) (P < 0.05), and not related to Braak
stage in occipital cortex (OC), caudate (Cd) or cerebellum (Cb).
Our next series of analyses focused on DI forms of proteins from
the UW ADRC cases. Our experimental approach was to extract
tissue as described above, to solubilize remaining protein with 70%
formic acid (FA) and then to quantify the relative amount of protein
in the FA extract by ELISA. We used ELISAs to quantify 17 differ-
ent proteins or protein modifications (listed in Table 3). It is impor-
tant to emphasize that none of the ADRC cases had LBD or VBI.
Five proteins had DI forms detected in all four cortical regions of
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Figure 1. Data are average =+ standard error of the mean (SEM) concen-
trations (ng/g) of soluble amyloid (A)B oligomers plotted on linear scale
(log scale of the same data in inset) and stratified by Braak stage in six
regions of the brain from 14 individuals who died with no cognitive
impairment, with mild cognitive impairment (MCI) or with late-onset
Alzheimer's disease (LOAD) (n =3 for Braak A, n=7 for Braak B and
n =4 for Braak C); patients were selected from the Alzheimer's Disease
Research Center (ADRC) cohort. Two-way analysis of variance (ANOVA)
had P < 0.0001 for Braak stage and brain region as P < 0.05 for interac-
tion between these two terms. We pursued post hoc one-way ANOVA
for each region across Braak stages. In these analyses, middle frontal
gyrus (MFG) and superior and middle temporal gyri (SMTG) cortex
yielded similar results of P<0.01 for soluble AB oligomers across the
three Braak stages; Bonferroni-corrected repeat paired comparisons had
P < 0.01 for Braak stage A vs. Braak stage C for both regions of the brain,
but Braak stage B vs. Braak stage C only for MFG. One-way ANOVA had
P <0.05 for inferior parietal lobule (IPL), but no significant corrected
repeat paired comparisons, while one-way ANOVA for occipital cortex
(OC), caudate (Cd) and cerebellum (Cb) had P> 0.05.

Braak stage C AD patients (Figure 2): AB40, AB42, tau, ubiquitin
and apoE. All five DI proteins were strongly associated with Braak
stage (P < 0.0001). DI protein levels for ubiquitin and apoE varied
modestly across brain region (P < 0.05). Across brain regions,
AP40 levels did not differ; DI ubiquitin and apoE differed modestly
(P<0.05), and DI AP42 and tau levels varied strongly
(P < 0.0001). Corrected post tests among the four cerebral cortical
regions showed that DI AB40 and AB42 increased successively
from Braak stage A to B and from Braak stage B to C (P < 0.05 for
each), while DI tau, ubiquitin and apoE did not increase signifi-
cantly from Braak stage A to B (with the exception of occipital DI
ubiquitin), but did increase from Braak stage B to C (P < 0.01 for
each). These findings suggest that the four regions of cerebral
cortex had similar distributions of all five DI proteins with respect
to Braak stage, but the Cd and Cb differed from the cerebral cortex
and from each other. Moreover, these ELISA results, which con-
firmed our previous finding from Western blots on extracts from the
temporal lobe (33), demonstrate that cerebral cortical DI AR
species increase significantly from Braak stage A to B, while cere-
bral cortical DI tau increases at late stages of AD progression.

In summary, our results from relatively “pure” AD cases
obtained through a tertiary referral center closely agreed with those
previously published by others (4, 18). Concentrations of soluble
AP oligomers paralleled the extent of tissue involvement by AD;
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Table 3. Robust regressions for quartiles of protein levels in middle frontal gyrus (MFG) and superior and middle temporal gyri (SMTG) from
consecutive Adult Changes in Thought study autopsies through August 2006. Abbreviations: NA = not applicable; NS = not significant; A= amyloid;
Tl= triton insoluble; S| = sarkosyl insoluble; CML = Nt-(carboxymethyl)lysine.

Soluble AB oligomers Tl tau Tl o-syn
Protein Region Fxn
AB (4G8) MFG Tl et NS NS
Sl ¥ NS NS
SMTG Tl T e +
Sl R o +
AB42 MFG Tl R NS NS
Sl R NS NS
SMTG Tl ¥ HH+* NS
Sl R e R i ++
AB40 MFG Tl - * NS NS
Sl -+ NS NS
SMTG Tl +* NS NS
Sl NS NS NS
apoE MFG T - NS NS
Sl -+ NS NS
SMTG Tl i ++* NS
Sl NS NS NS
Tau MFG T NS NA NS
Sl + NA NS
SMTG Tl NS NA +
Sl NS NA NS
Tau-P181 MFG Tl NS +* +
Sl NS NS NS
SMTG Tl +* + A
Sl NS NS NS
Tau-P212 MFG Tl NS NS NS
Sl NS +* NS
SMTG Tl A H** e
Sl NS + NS
Tau-P231 MFG Tl NS ++ NS
Sl NS +* NS
SMTG T +* e et
Sl NS * NS
Tau-P396 MFG Tl +* NS NS
Sl +* +* NS
SMTG Tl + R i ++
Sl NS i NS
Ubiquitin MFG T NS NS NS
Sl NS NS NS
SMTG T NS NS ++¥
Sl NS NS NS
a-Syn MFG Tl NS NS NA
SMTG Tl + ++* NA
14-3-3 MFG Tl NS NS X
SMTG T NS NS R
HSP70 MFG T NS NS ¥
SMTG Tl H*¥ ++ A
CML MFG Tl NS NS ¥
SMTG Tl NS NS -
GAPDH MFG Tl NS NS ++*
SMTG Tl NS + NS
MDA MFG Tl NS NS +++*
SMTG T NS NS H* ¥
GFAP MFG Tl NS NS NS
SMTG T NS + NS

Results are from robust regressions for quartiles of 17 protein concentrations in Tl or Sl fractions (Fxn) from the MFG or SMTG cortex (rows) vs.
quartiles for soluble AB oligomers, Tl tau and Tl alpha-synuclein (a-syn) in the corresponding brain region (columns). Sl a-syn, S| 14-3-3, S| HSP70, SI
CML, SI GAPDH, SI MDA and S| GFAP were all below the limit of detection (BLD) in MFG and SMTG, and so only Tl data are presented for these
proteins. P-values for interquartile comparison are represented with “~" for P> 0.05, “+" for P<0.05, “"++" for P<0.01, “+++" for P<0.001 and
"++++" for P< 0.0001. P-value for trend across all quartiles: *<0.05 or **<0.01.
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Figure 2. Data are average *+ standard error of the mean (SEM) relative
amounts of five proteins measured by ELISA immunoreactivity (IR) in
the sarkosyl-insoluble (Sl) fraction from six regions of the brain: middle
frontal gyrus (MFG) (F), inferior parietal lobule (IPL) (P), superior and
middle temporal gyri (SMTG) (T), occipital cortex (OC) (O), caudate (Cd)
nucleus and cerebellum (Cb). Fourteen people were selected from the
Alzheimer's Disease Research Center (ADRC) cohort who died without
cognitive impairment, mild cognitive impairment (MCI) or late-onset
Alzheimer's disease (LOAD). Note that data are plotted on a log scale.
Two-way analysis of variance (ANOVA) for all five S| proteins had
P < 0.0001 for Braak stage. S| AB40 was not significantly related to brain
region (P> 0.05); S| ubiquitin and apoE were modestly related to brain
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region (P < 0.05 for each), and SI AB42 and tau were strongly associated
with brain region (P < 0.0001 for each). Interaction between Braak stage
and brain region also segregated into these same three groups: P> 0.05
for AB40, P < 0.05 for ubiquitin and apoE, and P < 0.0001 for AB42 and
tau. One-way ANOVA post tests with Bonferroni-corrected repeat paired
comparisons in each of the four cerebral cortical regions showed that SI
AB40 and AB42 increased successively from Braak stage A to Braak
stage B and from Braak stage B to Braak stage C (P< 0.05 for each
repeat paired comparison). In contrast, Sl tau, ubiquitin and apoE did not
increase significantly from Braak stage A to Braak stage B (with the
exception of occipital SI ubiquitin, P< 0.01), but did increase from Braak
stage B to Braak stage C (P < 0.01 for each repeat paired comparison).
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concentrations of DI AP species increased early in the course of
AD, and concentrations of other DI proteins increased in later
stages of AD. In addition, we extended our analysis to other regions
of the brain not usually considered in the pathogenesis of AD (Cd
and Cb) and showed that these regions also are characterized by DI
protein accumulation, but at a lower level than cerebral regions.

ACT cases

Our next series of analyses applied this same analytic plan to all
autopsies with frozen tissue obtained from a population-based
study of brain aging and dementia in the metropolitan Seattle
region through August 2006 (Table 2). As our anatomical map in
the ADRC cases pointed to the MFG and SMTG as the most infor-
mative regions, we focused on these two regions of the brain in the
ACT series. As expected, this is a more complex sample with a
dominant presence of AD pathological changes, but is now accom-
panied by commonly comorbid conditions that also are correlated
with dementia: VBI and LBD (26).

We first analyzed our data for interrelationships among DI
proteins or soluble AR oligomers with the idea that unexpected
associations may point us toward new mechanistic hypotheses
(Table 3). Our analysis identified three clusters. We termed the first
cluster the “Ap cluster.” Here we used soluble A oligomers as the
principal variable and observed moderate to strong correlations
with DI AP species and DI AB42, as well as weak to moderate
associations with AB40 and apoE. All of these proteins are associ-
ated with amyloid plaques and may be anticipated from published
reports that describe other mechanistic and biochemical associa-
tions between AP and apoE [reviewed in Holtzman (8)]. Our
second cluster was the “tau cluster,” with TI tau as the principle
variable. Here we observed correlation of DI tau with especially
p231- and p396-phosphotau. These mid- to late-stage phosphory-
lated epitopes were present predominantly in the SMTG and may
correlate with higher levels of pretangle and neurofibrillary tangle
burdens. Our third cluster was called the “o-syn cluster” as it had
TI a-syn as its principle variable. We identified associations
between a-syn and early- to mid-stage phosphorylated epitopes of
tau in the SMTG, but not in the MFG. In distinction to DI tau and
AR species, we observed strong correlation of o-syn with 14-3-3
protein, HSP70 and CML immunoreactivity as well as weak corre-
lation with GAPDH and MDA immunoreactivity in both SMTG
and MFG, suggesting specific hydrophobic interactions among
pathologic forms of o-syn and these other proteins or protein
modification.

Next, we examined the possible association between abnormal
protein levels from each of the above clusters in MFG or SMTG
and last CASI score regardless of clinical diagnosis (Table 4).
There are limitations to this type of analysis including the screen-
ing nature of CASI and the unknown effects of the interval
between last evaluation and death. Despite these imperfections,
this approach offers the opportunity to compare biochemical data
with a systematic evaluation of cognitive function. Our results
showed that concentration of pathologic AP species in the MFG
and SMTG were inversely associated with the last CASI score. As
expected, this relationship appeared stronger for pan-AP species
and AB42 than AP40. Interestingly, these associations differed
between cerebral regions. For example, soluble AP oligomers
were more strongly associated with the last CASI score in the
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Table 4. Robust regression of last Cognitive Assessment Screening
Instrument (CASI) score by quartiles of protein concentration from con-
secutive Adult Changes in Thought study autopsies through August
2006. Abbreviations: A =amyloid; a-syn = alpha-synuclein; ND = not
detected; NS =not significant; TI=triton insoluble; Sl =sarkosyl
insoluble; MFG = middle frontal gyrus; SMTG = superior and middle
temporal gyri.

Protein Fraction MFG SMTG
AB species Soluble oligomers + TS

TI(4G8) P e

Sl (4G8) FE L

Sl NS ¥
AB40 Tl NS NS

Sl + NS
Tau T NS NS

Sl PR NS
Tau-P181 T NS +*

Sl +* NS
Tau-P212 Tl e NS

Sl NS NS
Tau-P231 Tl o NS

Sl NS NS
Tau-P396 T A NS

S| NS "
o-Syn T R ¥ +*

Sl ND ND

Results are from robust regression of last CASI score vs. 10 Tl or SI
proteins in different fractions from the MFG and the SMTG. P-values for
third quartile to fourth quartile are represented with “—=" for P> 0.05, “+"
for P<0.05, “++" for P<0.01, "+++" for P<0.001 and "“++++" for
P <0.0001. P-values for all other interquartile comparisons were NS.
P-value for trend across all quartiles: *<0.05 or **<0.01.

SMTG than in the MFG. In contrast, overall tau and P-taus were
more strongly associated with last CASI score in the MFG than in
the SMTG.

Given this apparent difference between cerebral regions, in our
final analysis, we performed stepwise robust regression of our
biochemical end points with the last CASI score for both the
MFG and SMTG (Table 5). We observed that the optimal model
for MFG included DI AB42 and DI o-syn, which were strongly
associated with the last CASI. In contrast, the optimal model for
SMTG included soluble AP oligomers, but none of the DI
proteins.

Table 5. Optimal models for middle frontal gyrus (MFG) or superior and
middle temporal gyrus (SMTG) cortex using stepwise multivariate robust
regression of last Cognitive Assessment Screening Instrument (CASI)
score from consecutive Adult Changes in Thought study autopsies
through August 2006. Abbreviations: A =amyloid; o-syn = alpha-
synuclein; DI = detergent insoluble.

Region Protein t statistic P-value

MFG DI Ap42 -4.2 <0.0001
Dl a-syn -3.6 <0.001

SMTG Soluble AB oligomers -3.9 <0.0001
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DISCUSSION

A dominant theory for the molecular pathogenesis of dementia in
the elderly is that these diseases are characterized by the accumula-
tion of protein aggregates [reviewed in Agorogiannis ef a/ (1) and
Soto and Estrada (27)]. While genetic associations from rare
autosomal dominant forms of neurodegenerative diseases have
highlighted a central role for abnormal forms of A, tau and o-syn,
proteomic studies have shown the participation of many more
abnormally hydrophobic proteins, at least in AD. Moreover, to our
knowledge, investigations of diseases characterized by these DI
proteins have utilized tissue from patients referred to tertiary
medical centers, individuals from a religiously oriented nursing
home or from a Roman Catholic clergy (4, 18, 19). These limita-
tions to generalizablility highlight potentially critical gaps in our
knowledge as they undermine confidence in extrapolation of
results that support the DI protein theory of neurodegeneration to
the general population of elderly for whom prevention and treat-
ment is ideally targeted (29).

In this study, we used two sets of autopsy brains to compare
directly a large subset of the DI proteins that characteristically
accumulate in common dementing illnesses and to apply this new
knowledge to a population-based series. Our results confirmed and
extended the findings of others when restricted to cases selected
from our ADRC (4, 18, 19). Our initial experiments examined a
large series of proteins commonly invoked in the AD literature in
cases selected from our ADRC. Our principal goal here was to test
the reproducibility of others’ findings (4, 5, 18, 19) and in doing so,
to validate our approach. Similar to others, we observed that
soluble AP oligomers and DI forms of AB42, tau, ubiquitin and
apoE all increased as AD progressed (4, 5, 18, 19), although abnor-
mal AP species increased significantly earlier in the course of AD
than did these other DI proteins, as we observed previously (33).
We also observed that the processes of AD, as assessed by the
accumulation of these abnormal proteins, involve Cd and Cb,
although at lower levels than in the cerebral cortex. These results
are consistent with biochemical and histological data from us and
from others (32) showing that these regions are involved by AD.
Overall, these data served to validate our methods.

We applied our validated methods to an unselected series of
brain autopsies from ACT, a population-based study of brain aging
and dementia. Here, we observed that the concentrations of 17
different proteins or protein variants can be grouped into three
highly correlated clusters: AP, tau and o-syn. Moreover, while
proteins from each of these clusters independently correlated with
the last CASI score in our population-based series, only soluble AR
oligomers in the SMTG and DI AB42 and o-syn in the MFG were
significantly correlated with cognitive impairment when assessed
by multivariate analysis. These data underscore the therapeutic
imperative to suppress processes leading to the accumulation of
soluble A oligomers as well as DI AB42 and DI o-syn.

Soluble oligomeric species of AP are now considered likely
candidates for early changes of AD (5, 12, 20). Others have quan-
tified relative differences in soluble AB42 oligomers using dot blot
immunoassays that detect AD diffusible ligands (ADDLs) in the
frontal cortex from five individuals with AD and in five controls
(5). These investigators showed an average 12-fold greater ADDL
concentration in AD patients and a maximum spread between
individuals from these two groups of approximately 70-fold. In a
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subsequent series of experiments, this same group used the same
approach and observed an average 11-fold increase in the frontal
cortex that was statistically significant and an average 2.7-fold
nonsignificant increase in the Cb between AD patients and con-
trols (12). Our completely different assay that uses internal stan-
dards and is commercially available is in good agreement with
these results. We observed in the frontal cortex an average of
93 ng/g soluble AP oligomers in Braak stage A individuals and
1941 ng/g soluble A oligomers in Braak stage C individuals; this
21-fold difference was statistically significant. Our results in the
Cb were somewhat different from these other investigators, but
still are in broad agreement. As we used an authentic standard, we
were able to set a lower limit of detection for our assay. Cb in both
Braak stage A and B groups had soluble AP oligomers below the
limit of detection (BLD). However, soluble AB oligomers were
detectable in the Cb of patients with AD (Braak stage C). In our
work, we have extended the anatomic map of soluble AB oligo-
mers to four other brain regions and have shown that concentra-
tions of this AP species are highly related to brain region. In addi-
tion, we have, for the first time we are aware, quantified brain
levels of soluble AB oligomers in an intermediate stage of AD
pathologic change and have shown that the concentration of these
pathogenically important aggregates was highly associated with
Braak stage. The latter is an important discovery because it firmly
associates extensive accumulation of soluble AP oligomers
throughout the cerebral cortex in individuals with early pathologic
changes of AD without clinical dementia.

Our next step was to investigate a large series of consecutive
autopsies from a population-based study of brain aging and inci-
dent dementia in the Seattle area. These cases provide a unique
opportunity to evaluate the potential functional significance of
AD- and LBD-associated DI proteins in typical urban and subur-
ban US populations. Our results show that the concentrations of
11 proteins and 6 protein variants correlated with each other
within three clusters: AP, tau and o-syn clusters. Our results from
the AP cluster serve to further validate our approach because we
identified correlated proteins already known to interact mechanis-
tically, that is, AP species and apoE. The o-syn cluster was some-
what unexpected, although some biochemical and immunohis-
tochemical data have shown interaction among HSP70 or 14-3-3
with o-syn in LBD (10, 11, 24). The very strong association
between DI o-syn and CML was surprising and raises the possi-
bility that advanced glycation end products may contribute to the
generation of DI o-syn (17, 33). There were only weak associa-
tions among members of the three clusters and so these data did
not illuminate possible shared processes that lead to formation of
DI AB, tau and o.-syn.

While these data showed that accumulation of these abnormal
proteins in the brain is characteristic of commonly occurring neu-
rodegenerative disease in the general population of elderly indi-
viduals, our ultimate goal was to estimate the relative functional
significance of these DI protein-related diseases. We performed
univariate robust regression analyses to assess the association
between last CASI score and 10 abnormal proteins (soluble AP
oligomers and 9 DI proteins) in MFG or SMTG. We observed
that soluble AP oligomers and each of the DI proteins in either
MFG or SMTG correlated to varying degrees of significance with
last CASI score. Our final analysis sought to determine the rela-
tive significance of these several significant univaritate correla-
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tions to the last CASI score by entering them into a stepwise mul-
tivariate logistical regression model. In this model, the abnormal
proteins that remained independently associated with the last
CASI were reduced to DI AB42 and DI o-syn in MFG and
soluble AP oligomers in SMTG. None of the other DI proteins,
including tau, were associated with cognitive performance in our
multivariate analysis, perhaps a reflection of their appearance
later in the course of AD and possibly derivative role in these
most common forms of cognitive impairment in the elderly.
While DI tau concentration in these cerebral cortical regions was
not associated with cognitive performance, it is important to note
that the Braak stage for neurofibrillary tangles (NFTs) is a strong
correlate of dementia in this group (26), perhaps highlighting sig-
nificant differences between DI and NFT tau as well as the
importance of anatomical distribution outside of these cerebral
cortical regions. These data suggest an unexpected regional sig-
nificance of abnormal AP and o-syn accumulation between
frontal and temporal cortex, raising the possibility that these
abnormal proteins have varying pathophysiological significance
in these different regions of the cerebrum.

There are limitations to our study. One concern could be that our
autopsy cohort does not reflect the ACT cohort. However, we have
already shown that other than being older and therefore more likely
to be demented, the autopsy cohort analyzed here does not differ
significantly from the ACT cohort with respect to gender, educa-
tion, apoE allele or marital status (26). Another limitation of our
study is the use of CASI to screen for cognitive abilities. Like any
large population-based study, ACT has struck a balance between
quantity and measurement precision, that is, the size of the cohort
and the need to avoid excessive subject burden which could lead to
dropout, and a less representative sample practically limits the
amount of cognitive testing that can be performed. So, while there
are limitations to the CASI, it is nevertheless a widely used instru-
ment to gauge cognitive function in large populations that is sys-
tematically applied to members of ACT.

Despite these limitations, our approach provides a unique per-
spective on the molecular pathogenesis of cognitive impairment
and dementia in a typical population of US urban and suburban
elderly individuals. The most parsimonious interpretation of our
data is that the molecular targets for preventing and treating
cognitive impairment and dementia in the general population of
elderly individuals include those processes that lead to soluble
AP oligomer formation, DI AB42 accumulation and DI o-syn
accumulation.
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