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Clinico-pathological correlation studies and positron emission tomography amyloid imaging studies have shown that some

individuals can tolerate substantial amounts of Alzheimer’s pathology in their brains without experiencing dementia. Few details

are known about the neuropathological phenotype of these unique cases that might prove relevant to understanding human

resilience to Alzheimer’s pathology. We conducted detailed quantitative histopathological and biochemical assessments on

brains from non-demented individuals before death whose brains were free of substantial Alzheimer’s pathology, non-demented

individuals before death but whose post-mortem examination demonstrated significant amounts of Alzheimer’s changes (‘mis-

matches’), and demented Alzheimer’s cases. Quantification of amyloid-b plaque burden, stereologically-based counts of neuro-

fibrillary tangles, neurons and reactive glia, and morphological analyses of axons were performed in the multimodal association

cortex lining the superior temporal sulcus. Levels of synaptic integrity markers, and soluble monomeric and multimeric amyloid-

b and tau species were measured. Our results indicate that some individuals can accumulate equivalent loads of amyloid-b

plaques and tangles to those found in demented Alzheimer’s cases without experiencing dementia. Analyses revealed four main

phenotypic differences among these two groups: (i) mismatches had striking preservation of neuron numbers, synaptic markers

and axonal geometry compared to demented cases; (ii) demented cases had significantly higher burdens of fibrillar thioflavin-S-

positive plaques and of oligomeric amyloid-b deposits reactive to conformer-specific antibody NAB61 than mismatches; (iii)

strong and selective accumulation of hyperphosphorylated soluble tau multimers into the synaptic compartment was noted in

demented cases compared with controls but not in mismatches; and (iv) the robust glial activation accompanying amyloid-b and

tau pathologies in demented cases was remarkably reduced in mismatches. Further biochemical measurements of soluble

amyloid-b species—monomers, dimers and higher molecular weight oligomers—in total brain homogenates and synaptoneur-

osomal preparations failed to demonstrate significant differences between mismatches and demented cases. Together, these

data suggest that amyloid-b plaques and tangles do not inevitably result in neural system derangement and dementia in all
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individuals. We identified distinct phenotypic characteristics in the profile of brain fibrillar and soluble amyloid-b and tau accrual

and in the glial response that discriminated demented and non-demented individuals with high loads of Alzheimer’s pathology.

Amyloid-b deposition in the form of fibrillar plaques and intimately related oligomeric amyloid-b assemblies, hyperphosphory-

lated soluble tau species localized in synapses, and glial activation emerged in this series as likely mediators of neurotoxicity

and altered cognition, providing further insight into factors and pathways potentially involved in human susceptibility or

resilience to Alzheimer’s pathological changes.
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Introduction
Increasing evidence suggests that there can be dissociation between

occurrence of Alzheimer’s disease pathology and clinical symptoms

of dementia. In the Nun Study, where individuals volunteered for

autopsy regardless of symptoms, 12% of participants with intact

cognition at time of death had abundant amyloid-b plaques and

neurofibrillary tangles, the two chief pathological hallmarks of

Alzheimer’s disease, at post-mortem examination (Riley et al.,

2005). Consistent with these observations, data from the Religious

Orders Study and the Memory and Aging Project showed that one-

third of brains from older people without cognitive impairment

demonstrated enough Alzheimer’s disease lesions to meet patho-

logical criteria for Alzheimer’s disease (Schneider et al., 2009).

Amyloid neuroimaging has made it possible to identify amyloid de-

position in vivo (Klunk et al., 2004) and recent studies have sug-

gested that Pittsburgh compound B binds to fibrillar amyloid-b
deposits (Lockhart et al., 2007; Ikonomovic et al., 2008). Elevated

Pittsburgh compound B retention has been reported in 420% of

clinically unimpaired elderly volunteers (Lopresti et al., 2005;

Mintun et al., 2006; Rowe et al., 2007; Aizenstein et al., 2008).

Altogether, the above data suggest that some individuals can

remain asymptomatic for dementia while alive despite having sub-

stantial amounts of Alzheimer’s disease pathology in their brains.

Little is known about these unique cases that may prove valu-

able to identify factors and pathways responsible for human resili-

ence to Alzheimer’s disease and help guide the design of novel

neuroprotective therapies. In fact, fundamental questions remain

unanswered. Why do they not get demented? Are their neurons

and synapses truly preserved? Is the form of amyloid-b or tau (the

two main components of plaques and tangles, respectively) accu-

mulated in the brain e.g. soluble amyloid-b/tau species versus

fibrillar plaques/tangles; what determines structural damage and

impaired cognition in Alzheimer’s disease?

It has been recently proposed that soluble amyloid-b, and spe-

cifically soluble oligomeric forms of amyloid-b, rather than plaques

themselves, could play a larger role in synaptic and neuronal

damage and cognitive impairment in Alzheimer’s disease (Selkoe,

1991; Shankar et al., 2008; Mc Donald et al., 2010). Favouring

this possibility, recent data in humans suggested that soluble amyl-

oid-b oligomers strongly correlate with cognitive impairment in

Alzheimer’s disease (Tomic et al., 2009; Mc Donald et al.,

2010). Alternatively, or in addition to soluble amyloid-b, forms

of soluble tau could also play a substantial role in neural system

disruption and altered cognition in Alzheimer’s disease. Supporting

this notion, two recent studies identified potentially neurotoxic

soluble tau species that correlated with memory loss and neuronal

cell loss in the absence of tangles in the brain of mouse tauopathy

models and patients with Alzheimer’s disease and frontotemporal

dementia and parkinsonism linked to chromosome 17 (FTDP-17)

(Berger et al., 2007; Hampton et al., 2010).

The present study was designed to test the idea that amyloid-b
plaques and tangles do not inevitably result in neural system de-

rangement and dementia in all individuals, and that a differential

profile in brain accrual of potentially neurotoxic soluble amyloid-b
and/or tau species may explain human resilience to Alzheimer’s dis-

ease pathology. To confirm or refute these hypotheses, we con-

ducted detailed quantitative neuropathological and biochemical

assessments on post-mortem brain samples containing the banks

of the superior temporal sulcus from (i) non-demented individuals

before death whose post-mortem examination demonstrated

absence of substantial Alzheimer’s disease pathology; (ii) non-

demented individuals before death but whose post-mortem examin-

ation demonstrated abundant Alzheimer’s disease pathology (we

refer to them as ‘mismatches’); and (iii) individuals with

Alzheimer’s disease pathology and dementia. Our results suggest

that some individuals may accumulate equivalent burdens of amyl-

oid-b plaques and neurofibrillary tangles in high order association

cortex to those found in demented cases with Alzheimer’s disease

without experiencing dementia or suffering substantial structural

damage in their neuronal populations. Indeed, mismatches had strik-

ing preservation of neuronal and synaptic elements and axonal

geometry despite high levels of Alzheimer’s disease pathology. We

did not find significant differences between mismatches and demen-

ted cases when we measured soluble species of amyloid-b (mono-

mers, dimers and higher molecular weight oligomers) in whole brain

homogenates or synaptoneurosomal preparations using western blot

and ELISA assays. However, we observed significantly higher loads

of fibrillar thioflavin S-reactive plaques and oligomeric amyloid-b de-

posits recognized by conformer-specific antibody NAB61, and aber-

rant accumulation of hyperphosphorylated soluble tau in synapses in

demented cases. These differential phenotypic traits in demented

cases were accompanied by a robust glial response, with a significant

increase in the number of reactive astrocytes and microglial cells that

was markedly reduced in mismatches. Altogether, our results suggest

that the load of classical fibrillar thioflavin-S-reactive plaques in the

brain, but not the amount of total amyloid-b plaques (fibrillar plus

non-fibrillar) or tangles, and some of the changes preferentially asso-

ciated with that subset of plaques (e.g. oligomeric amyloid-b de-

posits, aberrant accumulation of soluble phospho-tau into the
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synaptic compartment, and glial reaction) predict anatomical neural

system disruption and dementia, and differentiate classical demented

cases with Alzheimer’s disease from individuals who seem to tolerate

high loads of Alzheimer’s disease pathology in their brains.

Material and methods

Human brain samples
The study included 50 cases combined from Massachusetts General

Hospital, Mayo Clinic and University of Pittsburgh ADRC Brain

Banks. Cases were scored by the Consortium to Establish a

Registry for Alzheimer’s Disease (CERAD) scale for neuritic plaques

(A–C) and Braak stage for neurofibrillary tangles (0–VI). According

to the National Institute on Aging and Reagan Institute, there is a

high probability of a diagnosis of Alzheimer’s disease if there are

frequent neuritic plaques and high Braak stage of neurofibrillary

tangles (CERAD C, Braak V/VI), an intermediate probability if

there is a moderate density of neuritic plaques and neurofibrillary

tangles in a limbic distribution (CERAD B, Braak III/IV), and a low

probability if there is a scarce distribution of neuritic plaques and

neurofibrillary tangles (CERAD A and Braak I/II) (The NIA-RIA

Working group, 1997). Cases were divided in four groups according

to these criteria: (i) non-demented individuals before death whose

post-mortem exam demonstrated low probability of Alzheimer’s dis-

ease, termed ‘controls’ (n = 15); (ii) non-demented individuals

before death but whose post-mortem examination demonstrated

intermediate probability of Alzheimer’s disease, termed ‘intermedi-

ate probability mismatches’ (n = 12); (iii) non-demented individuals

before death but whose post-mortem examination demonstrated

high probability of Alzheimer’s disease, termed ‘high probability

mismatches’ (n = 8); and (iv) demented individuals before death

whose post-mortem examination demonstrated high probability of

Alzheimer’s disease, termed ‘cases with Alzheimer’s disease’

(n = 15). One-third of non-demented cases, including three of

eight high probability mismatches, had been clinically seen with

formal cognitive evaluation within 2 years of death. The rest were

individuals with no reported dementia according to their clinical re-

cords and death certificates. Histological evaluation was performed

on a set of blocked regions representative for a spectrum of neu-

rodegenerative diseases; all blocks were stained with Luxol fast blue

and haematoxylin and eosin, and selected blocks were stained for

Bielschowsky silver stain and amyloid-b, alpha-synuclein, ubiquitin

and phospho-tau immunoreactivity. Neuropathological diagnosis

was recorded, and cases with evidence of brain infarcts, cortical

Lewy bodies or other lesions different to Alzheimer’s disease path-

ology were excluded.

Quantitative neuropathology
Quantitative neuropathological assessments were performed in

multimodal association cortex lining the upper and lower bank

of the superior temporal sulcus that consistently undergoes amyl-

oid-b deposition, neurofibrillary tangle formation and neuronal loss

in Alzheimer’s disease (Gomez-Isla et al., 1997). Morphological

phenotypes were derived by immunostaining 50-mm thick formalin

fixed sections with 10D5 antibody to label amyloid-b plaques

(1:50, Elan Pharmaceuticals), NAB61 antibody to label oligomeric

amyloid-b deposits (1:100, kind gift of Dr. Virginia Lee, University

of Pennsylvania) (Lee et al., 2006), PHF-1 antibody to label neuro-

fibrillary tangles (1:100, kind gift of Dr. Peter Davies), NeuN anti-

body to label neurons (1:200; Chemicon), GFAP antibody to label

activated astrocytes (1:500, Chemicon) and CD68 antibody to

label activated microglia (1:100, Dako), followed by the appropri-

ate secondary antibody (horseradish peroxidase anti-mouse or

anti-rabbit IgG 1:200, Southern Biotechnology; Vector ABC Kit).

Sections were also stained with thioflavin-S for fibrillar amyloid-b
plaques and analysed using a microscope equipped with a digital

camera, linked to a computerized image analysis system running

Bioquant software (R and M Biometrix). Amyloid-b plaque depos-

ition was quantified according to protocols previously published

(Gomez-Isla et al., 1997; Irizarry et al., 1997). Total amyloid-b
plaque burden, defined as total percentage of superior temporal

sulcus per section covered by 10D5 immunostained deposits;

fibrillar amyloid-b plaque burden defined as total percentage of

superior temporal sulcus per section covered by thioflavin-S posi-

tive amyloid-b plaques; and average plaque size were calculated in

each case. Stereologically-based counts of neurofibrillary tangles,

neurons, GFAP-positive astrocytes and CD68-positive microglial

cells were performed as previously described (West and

Gundersen, 1990; Gomez-Isla et al., 1996). Superior temporal

sulcus cortical thickness was measured on Nissl stained sections

as additional measure of anatomical integrity.

Axonal trajectory and morphology
analyses
To visualize axons, tissue was incubated with SMI-312 antibody

(1:1000, Covance Research Products) and a secondary anti-mouse

antibody conjugated with cyanine 3 (1:200, Jackson Immuno-

Research), and then counterstained with thioflavin-S (0.05% in

50% ethanol). Analysis of axonal ratio curvature was conducted

using ImageJ software from the NIH and according to previously

published protocols (Spires-Jones et al., 2009). Axon segments

longer than 20 mm were analysed and their curvature ratio was

calculated by dividing the curvilinear length of the axon segment

by the straight line length of the process. Axons closer than 50 mm

to a plaque were defined as ‘close to plaques’ and others as ‘far

from plaques’. Number of neuritic dystrophies per plaque (size of

dystrophies defined as areas of neurite swelling 42.5mm in diam-

eter) was also assessed.

Measures of synaptic markers and
soluble amyloid-b and tau species
in total brain homogenates and
synaptoneurosomes
Levels of postsynaptic density protein 95 (PSD-95), a postsynaptic

marker, and synaptophysin, a presynaptic marker, were measured

in total homogenates from frozen samples containing the superior

temporal sulcus by SDS-PAGE immunoblotting technique using the

appropriate primary (PSD-95 1:1000 Cell Signaling; Synaptophysin
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1:1000 Millipore) and secondary antibodies (horseradish peroxid-

ase anti-mouse or anti-rabbit IgG 1:2000, Bio-Rad). Amyloid-b
monomers and oligomers were detected in frozen samples con-

taining the superior temporal sulcus sequentially extracted with

Tris-buffered saline (TBS), 1% TritonTM X-100 and 2% SDS.

Total homogenates were centrifuged at 260 000 g for 30 min at

4�C, and the supernatant was collected as the Tris-buffered saline

soluble fraction. The pellet was detached and an equivalent

volume of 1% TritonTM X-100 was added. Then the pellet was

homogenized and centrifuged at 260 000 g for 30 min at 4�C, and

the supernatant was collected as the Triton-X soluble fraction. This

second pellet was detached and an equivalent volume of 2% SDS

was added. The pellet was again homogenized, the tubes were

kept at 37�C for 30 min, then centrifuged at 260 000 g for 30 min

at room temperature, and the supernatant was collected as the

SDS soluble fraction. Three different methods were used to detect

and quantify soluble amyloid-b species: (i) SDS-PAGE immuno-

blotting with a mixture of two amyloid-b N-terminal monoclonal

antibodies, 82E1 (IBL) and 6E10 (Covance), to increase detection

sensitivity (Hashimoto et al., 2012); (ii) two-site sandwich ELISA

kit (Wako) that uses the well-characterized BNT77/BA27 antibody

pair to detect amyloid-b40, following the manufacturer’s protocol.

Briefly, samples were loaded in duplicates onto microplates pre-

coated with antibody specific to amyloid-b11–28, BNT77 and de-

tected with horseradish peroxidase-conjugated BA27 antibody,

which specifically detects the C terminus of amyloid-b40. The ab-

sorbance of each well at 450 nm was determined with a 96-plate

reader (Wallac 1420 VICTOR2, Perkin Elmer); and (iii) human

amyloid-b oligomers (82E1-specific) assay kit (IBL International),

based on a same site sandwich phase ELISA specific for dimers

and higher molecular weight amyloid-b oligomers, following the

manufacturer’s protocol. In brief, samples were loaded in quadru-

plicates onto microplates precoated with 82E1 and detected with

horseradish peroxidase-conjugated 82E1, a mouse monoclonal

antibody that recognizes the N-terminus of human amyloid-b spe-

cifically, with two or more epitopes. The absorbance of each well

at 450 nm was determined with a 96-plate reader (Wallac 1420

VICTOR2, Perkin Elmer). Amyloid-b monomers and dimers were

also detected and measured in synaptoneurosomes prepared ac-

cording to previously published protocols as briefly described

below (Tai et al., 2012), by SDS-PAGE immunoblotting and

82E1 plus 6E10 antibodies.

Levels of soluble tau were assessed in cytosolic and synaptic

fractions from frozen samples containing the superior temporal

sulcus using western blot and specific antibodies against human

tau (H7, Dako) and phospho-tau (PHF-1, kind gift of Dr. Peter

Davies). Synaptoneurosomes were prepared from �250 mg of

frozen tissue (grey matter). Tissue was homogenized in 1.5 ml

cold Buffer A (25 mM HEPES, pH 7.9, 120 mM NaCl, 5 mM KCl,

1 mM MgCl2, 2 mM CaCl2, 1 mM dithiothreitol, protease inhibi-

tors, phosphatase inhibitors) using a Teflon-glass mechanical tissue

grinder at 170 rpm and filtered through 80 mm pore filters. A small

portion of the filtrate was supplemented with 1.5% SDS, boiled

for 5 min, and centrifuged at 15 000 g for 15 min, and the super-

natant was collected as total extract. The other portion was fur-

ther filtered through 5mm pore filters and centrifuged at 1000g for

10 min to pellet synaptoneurosomes. The supernatant was

collected as cytosolic extract, which was further centrifuged at

100 000 g for 30 min to remove microsomes. The synaptoneuro-

some pellet was washed once with cold Buffer A and centrifuged

again at 1000 g for 10 min. The pellet was extracted with 0.5 ml

Buffer B (50 mM Tris pH 7.5, 1.5% SDS, 2 mM dithiothreitol) and

boiled for 5 min. After centrifugation at 15 000 g for 15 min, the

supernatant was collected as synaptoneurosomal extract.

Synaptophysin and PSD-95 were used for purity control of the

extracts.

Statistical analyses
Kolmogorov-Smirnov test was used for analysis of normality. For

variables with normal distribution one-way ANOVA followed by

Tukey post hoc comparison was used to detect differences among

groups. Non-parametric Kruskal-Wallis one-way ANOVA and

Dunn’s multiple comparison test were used to detect differences

among groups for variables with non-normal distributions. In all

tests the level of significance was at P50.05. Data are presented

as mean � standard error, unless otherwise indicated.

Results
Table 1 summarizes the descriptive statistics for demographics and

quantitative neuropathological assessments. Average age at death

mismatches with high and intermediate probability was about a

decade older than the overall average life expectancy in the USA,

78.1 years in 2008 according to the National Center for Health

Statistics (Arias, 2012), indicating that mismatches were generally

long-lived individuals. Controls and demented cases with

Alzheimer’s disease were selected to match the ages of

mismatches.

Total amyloid-b plaque burden and
number of neurofibrillary tangles in
the superior temporal sulcus region
did not distinguish high probability
mismatches from demented
Alzheimer’s disease cases
The percentage of superior temporal sulcus covered by 10D5-posi-

tive amyloid-b deposits (total amyloid-b plaque burden), including

diffuse and fibrillar amyloid-b plaques, was significantly higher in

demented cases with Alzheimer’s disease compared with inter-

mediate probability mismatches and controls (Table 1, Fig. 1A

and B) but did not significantly differ from high probability mis-

matches. Number of neurofibrillary tangles in the superior tem-

poral sulcus was also significantly higher in demented cases with

Alzheimer’s disease than in intermediate probability mismatches

but did not significantly differ from that found in high probability

mismatches (Table 1, Fig. 1C and D). Controls were essentially

free of neurofibrillary tangles in this area. These data indicate

that some individuals (high probability mismatches) may remain

free of dementia despite having accumulated amounts of
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Figure 1 Amyloid-b plaque burden and number of neurofibrillary tangles in the superior temporal sulcus (STS). (A) Representative

photomicrographs of 10D5 immunostained plaques in the superior temporal sulcus. (B) Demented cases with Alzheimer’s disease (AD)

had a significantly higher amyloid-b plaque burden in the superior temporal sulcus when compared with intermediate probability mis-

matches (Mismatch IP) and controls. No significant differences were found between demented cases with Alzheimer’s disease and high

probability mismatches (Mismatch HP). (C) Representative photomicrographs of PHF-1 immunostained neurofibrillary tangles in the

superior temporal sulcus. (D) A significantly higher number of neurofibrillary tangles (NFTs) in the superior temporal sulcus were found in

demented cases with Alzheimer’s disease when compared with intermediate probability mismatches. No significant differences were

detected in the number of neurofibrillary tangles between cases with Alzheimer’s disease and high probability mismatches. Controls were

essentially free of neurofibrillary tangles in this brain area. Scale bar = 150 mm; n = 8–15 per group; *P5 0.05; **P5 0.01; ***P50.001.

One way ANOVA and post hoc Tukey test, and Kruskal-Wallis ANOVA and Dunn’s multiple comparison test, respectively.

Table 1 Descriptive statistics for demographics and quantitative neuropathological assessments

Control (n = 15) Intermediate probability
mismatches (n = 12)

High probability
mismatches (n = 8)

Alzheimer’s disease
(n = 15)

Age (years) 84.44 � 3.20 89.82 � 2.72 88.4 � 6.01 87.2 � 3.22

10D5 Amyloid-b plaque burden (%) 1.25 � 0.56 3.58 � 0.88 6.49 � 1.55* 10.7 � 1.13***

Thioflavin-S plaque burden (%) 0.28 � 0.15 1.14 � 0.45 0.55 � 0.22 2.75 � 0.7**

NAB61 oligomeric burden (%) 0.31 � 0.14 1.34 � 0.54 0.66 � 0.41 4.79 � 0.72***

NFTs/50-mm thick section 7 � 3 40 � 12 5509 � 1536*** 6670 � 1122***

Neurons/50-mm thick section 171 070 � 9457 159 808 � 12 255 160 858 � 5055** 104 721 � 2322***

Cortical thickness (mm) 3035 � 116 2955 � 83 3154 � 188 2421 � 99**

GFAP-positive astrocytes/50-mm thick section 7243 � 1811 6497 � 1,117 5759 � 1,157 14 728 � 1959*

CD68-positive microglia/50-mm thick section 1435 � 688.1 2994 � 1,441 2208 � 1066 15 748 � 2580**

*P5 0.05; **P50.01; ***P50.001 versus control.
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amyloid-b plaques and neurofibrillary tangles in their brains com-

parable to those seen in demented cases with Alzheimer’s disease.

Number of neurons, cortical thickness
and markers of synaptic integrity in the
superior temporal sulcus were preserved
in high probability mismatches but not
in demented Alzheimer’s disease cases
In Alzheimer’s disease brains there is massive neuronal cell death,

especially in limbic and association cortices that leads to brain

gross atrophy, and loss of pre and postsynaptic structures that

likely contribute to neural system dysfunction and cognitive def-

icits (reviewed in Gomez-Isla et al., 2008). We performed stereo-

logical neuronal counts and measured the cortical thickness in the

superior temporal sulcus area in this series. In agreement with

previous observations (Gomez-Isla et al., 1996) we noted a sig-

nificant reduction of about 40% in the number of superior tem-

poral sulcus neurons, and of about 20% in the cortical thickness in

demented cases with Alzheimer’s disease compared with controls

whereas no significant neuronal loss or decrease in cortical thick-

ness could be demonstrated in intermediate or high probability

mismatches (Fig. 2A and B). Consistent with these results, levels

of PSD-95, a prominent scaffolding neuronal component of the

postsynaptic density, were significantly decreased by �50% in

demented cases with Alzheimer’s disease but unchanged in high

probability mismatches in comparison to controls (Fig. 2C). Levels

of synaptophysin, an integral membrane glycoprotein ubiquitously

present in presynaptic vesicles, were also significantly lower by

about 50% in demented cases with Alzheimer’s disease compared

to controls, but not in high probability mismatches (Fig. 2D). A

trend towards a higher level of PSD-95 and significantly higher

levels of synaptophysin were noted in intermediate probability

mismatches compared with controls; we believe this may represent

an early synaptic compensatory mechanism in individuals with

moderate amounts of Alzheimer’s disease pathology and no

dementia.

The above data confirm previous studies showing substantial

loss of neurons in high order association cortex and of synaptic

integrity markers in demented cases with Alzheimer’s disease

(Dekosky and Scheff, 1990; Gomez-Isla et al., 1996, 1997;

Giannakopoulos et al., 2003; Scheff and Price, 2003). But they

also demonstrate that in some unique human brains these select-

ively vulnerable neuronal populations, and their synaptic markers,

are preserved despite robust amyloid-b deposition and neurofibril-

lary tangle formation.

Axonal morphology was better
preserved in high probability
mismatches than in demented
Alzheimer’s disease cases
Studies in humans and transgenic mice have demonstrated a wide-

spread alteration in the geometry and morphology of dendrites

and axons, including disrupted trajectories and dystrophic

swellings, which occurs both near plaques, especially fibrillar thio-

flavin-S reactive plaques, but also distant from them in Alzheimer’s

disease (Knowles et al., 1999; Le et al., 2001; D’Amore et al.,

2003; Spires et al., 2005; Coma et al., 2010; DaRocha-Souto

et al., 2012). These changes likely contribute to altered neural

system function and cognitive impairment in Alzheimer’s disease.

We analysed curvature ratio of axons in the superior temporal

sulcus and observed that demented cases with Alzheimer’s disease

had significantly curvier axons than high probability mismatches

and controls (Fig. 3A and B). When distance from a thioflavin-S-

positive plaque was taken into account, axons were significantly

curvier close to plaques (550 mm) than far from them (450mm)

both in demented cases with Alzheimer’s disease and high prob-

ability mismatches (Fig. 3A and B). However, in high probability

mismatches axons close to plaques were significantly less distorted

than in demented cases with Alzheimer’s disease (Fig. 3A and B),

and axons far from plaques had normal straight trajectories indis-

tinguishable from control cases, whereas in demented cases with

Alzheimer’s disease axons far from plaques were also significantly

curvier than in controls (Fig. 3B). Moreover, a significantly higher

number of neuritic dystrophies were seen in association with thio-

flavin-S-positive plaques in demented cases with Alzheimer’s dis-

ease in comparison with high probability mismatches (Fig. 3C).

These results demonstrate that the morphology and geometry of

axons is much better preserved in high probability mismatches

than in demented cases with Alzheimer’s disease, despite similar

total amyloid-b plaque burdens, and this may explain in part the

absence of dementia in the former group.

Thioflavin-S-positive fibrillar plaque
load in the superior temporal sulcus
region was significantly higher in
demented cases with Alzheimer’s
disease than in high probability
mismatches
We investigated whether the amyloid-b phenotype (specific amyl-

oid-b plaque subpopulations and/or soluble amyloid-b species)

might impact the differences between mismatches and demented

cases. We focused on the so-called ‘neuritic’ plaques that in gen-

eral contain a core of amyloid histologically positive for dyes that

stain b-pleated sheets and are often surrounded focal areas of

neuronal loss and glial activation, dystrophic neurites and oligo-

meric amyloid-b deposits in Alzheimer’s disease brains. Our previ-

ous data suggested that this subpopulation of plaques correlates

much better than total amount of amyloid-b plaques with neur-

onal loss and impaired cognition in patients with Alzheimer’s

disease and transgenic mice (Gomez-Isla et al., 1997; DaRocha-

Souto et al., 2011). In agreement with those observations, the

superior temporal sulcus fibrillar thioflavin-S-positive plaque

burden, but not the total amyloid-b plaque burden, was signifi-

cantly higher in demented cases with Alzheimer’s disease when

compared with high probability mismatches (Table 1 and Fig. 4).

Interestingly, although the number of fibrillar thioflavin-S-positive

plaques did not significantly differ between the two groups (data

Human brain resilience to AD pathology Brain 2013: 136; 2510–2526 | 2515



not shown), the average plaque size was significantly larger in

demented cases with Alzheimer’s disease than in high probability

mismatches (1133 � 153mm2 versus 131 � 4.5 mm2, respectively)

(P50.001) accounting for the larger percentage of cortex cov-

ered by fibrillar thioflavin-S-positive plaques found in the former

group as it is illustrated in Fig. 4.

Levels of soluble amyloid-b species
measured by immunoblotting and ELISA
did not differ among groups with a
high burden of Alzheimer’s disease
pathology, but NAB61 reactive
oligomeric amyloid-bload was higher
in demented cases with Alzheimer’s
disease
It has been proposed that soluble oligomeric amyloid-b species

could be a toxic moiety that plays a larger role in synapse and

neuronal damage and cognitive impairment than plaques them-

selves (Selkoe, 1991; Shankar et al., 2008; Mc Donald et al.,

2010). If this is correct, soluble amyloid-b levels should predict

impaired cognition and disruption of brain anatomy. We measured

levels of amyloid-b monomers and dimers in whole brain hom-

ogenates containing the superior temporal sulcus using sequential

extractions yielding fractions that are hypothesized to be enriched

with soluble proteins from distinct anatomical compartments: Tris-

buffered saline (extracellular soluble), 1% TritonTM X-100 (intra-

cellular soluble) and 2% SDS (membrane-associated) using specific

antibodies against amyloid-b and western blot (Fig. 5A–E). As

shown in Fig. 5B and C, the levels of monomeric amyloid-b, cor-

responding to the band detected at 4 kDa, in the three fractions

were significantly higher in demented cases with Alzheimer’s dis-

ease than in controls but did not significantly differ from those

found in high probability mismatches.

Amyloid-b dimers, corresponding to the band detected at 8 kDa,

were particularly abundant in the 1% TritonTM X-100 and 2%

SDS fractions, and were significantly higher in demented cases

with Alzheimer’s disease when compared with controls but did

not significantly differ from those found in high probability mis-

matches (Fig. 5B and C). Levels of soluble amyloid-b species were

also measured by using a two-site sandwich ELISA that preferen-

tially detects monomers but also amyloid-b oligomers. As shown in

Fig. 5D, significantly higher levels of soluble amyloid-b were found

in demented cases with Alzheimer’s disease compared with con-

trols in Tris-buffered saline and SDS soluble fractions but, in agree-

ment with the data obtained by western blot, no statistically

significant differences were demonstrated between high probabil-

ity mismatches and demented cases with Alzheimer’s disease. To

further explore these observations, we measured levels of amyl-

oid-b oligomers in the Tris-buffered saline soluble fraction using a

specific oligomeric amyloid-b ELISA able to distinguish higher mo-

lecular weight amyloid-b assemblies from monomers. As shown in

Fig. 5E, this assay detected significantly higher amounts of amyl-

oid-b oligomers in demented cases with Alzheimer’s disease

compared with controls but failed to detect differences between

high probability mismatches and demented cases with Alzheimer’s

disease.

We wanted to determine whether levels of soluble amyloid-b
peptides segregated into distinct cellular compartments would dif-

ferentially correlate with cognition and anatomical integrity in the

presence of Alzheimer’s disease pathology. We prepared synaptic

enriched fractions and measured amyloid-b monomers and dimers

by western blot using specific antibodies against amyloid-b
(Fig. 6B and C). As shown in Fig. 6C levels of amyloid-b mono-

mers and dimers in synaptoneurosomes were significantly higher in

demented cases with Alzheimer’s disease compared with controls

but did not significantly differ from those found in high probability

mismatches

In contrast, when we measured oligomeric amyloid-b deposits

reactive to NAB61, an antibody that preferentially recognizes a

conformational epitope present in dimeric, small oligomeric, and

higher order amyloid-b structures but not full-length amyloid-b
precursor protein (APP) or C-terminal APP (Lee et al., 2006;

Koffie et al., 2009), we noted a 45-fold higher NAB61 burden

in demented cases with Alzheimer’s disease than in high probabil-

ity mismatches (Table 1, Fig. 6D and E). We believe this observa-

tion is particularly noteworthy because it suggests that different

methods used to assess amyloid-b oligomers likely report different

amyloid-b assemblies, thus limiting direct comparison of results

from different assays.

The above data indicate that although biochemical measure-

ments of soluble amyloid-b oligomeric species, based on western

blot and sensitive ELISA assays, failed to discriminate demented

Alzheimer’s disease from high probability mismatches, quantitative

immunohistochemical assessment using a conformer-specific anti-

body revealed a close relationship between oligomeric amyloid-b
deposits and anatomical derangement in this series.

Aberrant accumulation of soluble
phospho-tau species into the synaptic
compartment discriminated demented
cases with Alzheimer’s disease but
not high probability mismatches
from controls
An alternate or additional possibility we have investigated is that

the tau phenotype (soluble tau species versus neurofibrillary

tangles) could contribute to explain the resilience of high probabil-

ity mismatches to Alzheimer’s disease pathology. In addition to

the pool of insoluble hyperphosphorylated tau contained in classic

neurofibrillary tangles in the cell soma, and in dendrites and

dystrophic axons nearby fibrillar amyloid plaques, it has been

recently proposed that soluble hyperphosphorylated tau species

may substantially contribute to impaired cognition in Alzheimer’s

disease (Berger et al., 2007; Lasagna-Reeves et al., 2011).

We measured levels of soluble tau species in cytosolic and synaptic

fractions obtained from samples containing the superior temporal

sulcus region by using western blot and specific antibodies

against human tau and phospho-tau epitopes. As shown in
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Fig. 7A and B, the majority of tau in controls and high probabil-

ity mismatches was found in the cytosolic fraction in the form

of monomers whereas in demented cases with Alzheimer’s dis-

ease soluble tau species preferentially accumulated within the

synaptic compartment ranging from monomeric (migrating

at �64 kDa) to high molecular weight multimeric forms

(75–250 kDa) and were abnormally hyperphosphorylated

(Fig. 7C and D). The levels of hyperphosphorylated tau monomers

and multimers in synapses were significantly increased in demen-

ted cases with Alzheimer’s disease but not in high probability

mismatches when compared with controls. Abundant low molecu-

lar weight bands (migrating at �20–50 kDa), likely corresponding

to truncated forms of tau, were also observed within the synaptic

compartment in demented cases with Alzheimer’s disease, but

only present in very small quantities or absent in high probability

mismatches and controls. These data suggest that aberrant accu-

mulation of soluble hyperphosphorylated tau into synapses might

contribute to a greater extent than tangle formation to clinical

symptoms and neuronal and synaptic disruption in Alzheimer’s

disease.

Figure 2 Number of neurons, cortical thickness and synaptic markers in the superior temporal sulcus. (A) Stereologically based neuronal

counts in the superior temporal sulcus (STS) showed a significant reduction by 440% in the number of neurons in demented cases with

Alzheimer’s disease (AD) compared to controls. Intermediate (Mismatch IP) and high probability mismatches (Mismatch HP) showed no

significant neuronal loss in this region compared with controls. (B) Superior temporal sulcus cortical thickness was significantly reduced by

420% in cases with Alzheimer’s disease but not in intermediate or high probability mismatches when compared to controls.

(C) Representative image of western blot and quantification for postsynaptic marker PSD-95. Levels of PSD-95 in the superior temporal

sulcus were significantly decreased in cases with Alzheimer’s disease but not in intermediate or high probability mismatches when

compared with controls. (D) Representative image of western blot and quantification for presynaptic marker synaptophysin. Levels of

synaptophysin in the superior temporal sulcus were significantly decreased in cases with Alzheimer’s disease but not in high probability

mismatches when compared with controls. A significantly higher level of synaptophysin was detected in the superior temporal sulcus in

intermediate probability mismatches compared with controls. GAPDH was used as loading control. n = 5–8 per group; *P5 0.05;

**P50.01; ***P50.001. One way ANOVA and post hoc Tukey test.
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Number of GFAP-positive astrocytes
and CD68-positive microglia is
increased in demented cases with
Alzheimer’s disease but not in high
probability mismatches
Abundant activated glia and release of proinflammatory mediators

are consistently identified in association with fibrillar thioflavin-S-

positive plaques in Alzheimer’s disease brains and trangenic mouse

models (McGeer and McGeer, 1996, 2007; Wyss-Coray, 2006).

Whether or not glial activation substantially contributes to struc-

tural damage and impaired cognition in Alzheimer’s disease re-

mains unknown. We performed stereological counts in the

superior temporal sulcus of astrocytes stained with an antibody

to GFAP, a well-recognized marker of reactive astrocytes, and

activated microglial cells stained with an antibody to CD68. We

noted a significant increase in the amount of activated astrocytes

and microglial cells in demented cases with Alzheimer’s disease in

comparison with controls but not in intermediate or high probabil-

ity mismatches (Fig. 8A–D). The robust difference observed in glial

cell responses between mismatches and demented cases with

Alzheimer’s disease suggests that aberrant glial activation might

play a deleterious role on neuronal function and integrity in

Alzheimer’s disease. Alternatively, the lack of activation of these

glial elements in mismatches may reflect the relative lack of syn-

aptic and neuronal damage in these cases.

Figure 3 Neurite trajectory analysis. (A) Representative

photomicrographs of SMI-312 immunostained axons (red) and

thioflavin-S labelled amyloid plaques (green) in the superior

temporal sulcus. Arrowhead shows example of curved axonal

segment. Arrows show examples of neuritic dystrophies. Scale

bar = 50 mm. (B) Demented cases with Alzheimer’s disease (AD)

had significantly curvier axons close (550 mm) and far

(450mm) from plaque than high and intermediate probability

mismatches (Mismatch IP and HP) and controls free of

Alzheimer’s disease pathology (control); ***P5 0.001. Mann

Whitney test (‘close to plaque’ analysis) and Kruskal-Wallis

ANOVA and Dunn’s multiple comparison test (‘far from plaque’

analysis). (C) The number of dystrophic neurites was significantly

higher in cases with Alzheimer’s disease compared to high

probability mismatches. n = 172–290 axonal segments ‘close to

plaque’ and 238–456 axonal segments ‘far from plaque’;

***P50.001 Mann Whitney test.

Figure 4 Superior temporal sulcus thioflavin-S-positive amyloid

plaque burden. (A) Demented cases with Alzheimer’s disease

(AD) had a significantly higher thioflavin-S-positive plaque

burden in the superior temporal sulcus when compared with

intermediate and high probability mismatches (Mismatch HP

and IP). n = 8–10 per group; *P50.05, **P5 0.01. One way

ANOVA and post hoc Tukey test. (B) Representative photo-

micrographs of thioflavin-S stained plaques in the superior

temporal sulcus. Scale bar = 100 mm.
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Figure 5 Biochemical analyses of soluble amyloid-b species in serially extracted samples (Tris-buffered saline, 1% TritonTM X-100 and 2%

SDS) containing the superior temporal sulcus. (A) Representative image of western blot showing bands recognized by 6E10 plus 82E1

antibodies. (B) Representative image of western blot for amyloid-b monomers (4 kDa) and dimers (8 kDa); GAPDH (38 kDa) is used as

loading control. (C) Levels of amyloid-b monomers and dimers by western blot did not significantly differ between demented cases with

Alzheimer’s disease (AD) and intermediate or high probability mismatches (Mismatch IP and HP) but were significantly higher in all three

groups compared to controls (monomers in all three fractions and dimers in TritonTM X-100 and SDS fractions). (D) Two-sandwich ELISA
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Discussion
Increasing evidence suggests that some individuals can tolerate

substantial amounts in their brains of classical Alzheimer’s disease

lesions, e.g. plaques and tangles, without becoming demented

(Klunk et al., 2004; Lopresti et al., 2005; Riley et al., 2005;

Mintun et al., 2006; Rowe et al., 2007; Aizenstein et al., 2008;

Schneider et al., 2009). Although these mismatches are infre-

quent, their study may prove useful for the design of neuropro-

tective and cognitive sparing therapies in the elderly. Literature

Figure 5 Continued
using BNT77/BA27 antibody pair did not detect significant differences in soluble amyloid-b levels (monomers and oligomers) between

cases with Alzheimer’s disease and high probability mismatches; in both groups amyloid-b levels were significantly higher in Tris-buffered

saline and SDS fractions than in intermediate probability mismatches and controls. (E) Same site sandwich ELISA (82E1), specific for dimers

and higher molecular weight amyloid-bspecies, did not detect significant differences between Alzheimer’s disease and high probability

mismatches; Alzheimer’s disease had significantly higher levels of oligomeric amyloid-b than controls. n = 7–11 per group; *P50.05;

**P50.01; ***P50.001; Kruskal-Wallis ANOVA and Dunn’s multiple comparison test.

Figure 6 Biochemical analysis of amyloid-b monomers and dimers in synaptoneurosomes and superior temporal sulcus (STS) NAB61

oligomeric amyloid-b burden. (A) Purity control of synaptoneurosome preparations. Western blot shows an enrichment in pre- and

postsynaptic markers (synaptophysin and PSD-95) in synaptoneurosome compared with cytosolic fractions. (B) Representative image of

western blot for amyloid-b monomers (4 kDa) and dimers (8 kDa) in synaptoneurosome fractions (6E10 plus 82E1 antibodies); actin

(42 kDa) was used as loading control. (C) Levels of amyloid-b monomers and dimers in the synaptic compartment did not significantly

differ between demented cases with Alzheimer’s disease (AD) and high probability mismatches (Mismatch HP); in both groups they were

significantly higher than in controls. n = 6–8 per group. (D) Representative photomicrographs of NAB61 immunolabelled oligomeric

amyloid-b (Ab) deposits in the superior temporal sulcus. (E) Superior temporal sulcus NAB61 oligomeric amyloid-b burden was significantly

higher in cases with Alzheimer’s disease than in high probability mismatches and controls. n = 6–14 per group; *P50.05; **P50.01;

***P50.001; Kruskal-Wallis ANOVA and Dunn’s multiple comparison test. Scale bar = 100 mm. C = cytosolic fraction;

S = synaptoneurosome fraction.
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concerning these unique cases, apparently resilient to Alzheimer’s

disease pathology, is scarce and fundamental questions remain

unanswered. For instance, it is unclear whether the load of

Alzheimer’s disease pathological lesions in mismatches, when care-

fully quantified, is comparable to that found in cases with

Alzheimer’s disease with dementia. Thus, the most parsimonious

explanation for the absence of dementia in these cases would be

that their plaque and tangle burdens are substantially lower than

in demented cases with Alzheimer’s disease. Alternatively, despite

the accumulation of equivalent amounts of plaques and tangles,

some brains may be nonetheless resilient to structural damage

assessed in terms of neuronal and synaptic loss, and neuropil dis-

ruption. And in this case, the possibility exists that one or more

pathological species other than classical tangles or plaques might

correlate better with structural brain damage and the consequent

neuronal system collapse. For example, recent data have sug-

gested that soluble forms of amyloid-b and tau may play a

much larger role in synapse and neuronal damage and clinical

symptoms of dementia than plaques and tangles themselves

(Selkoe, 1991; Shankar et al., 2008; De Calignon et al., 2010;

McDonald et al., 2012).

Our data support the idea that amyloid-b plaque deposition and

tangle formation do not inevitably result in dementia in all indi-

viduals. Although an insufficient load of plaques and tangles in the

neocortex may explain the absence of dementia in mismatches

pathologically classified as intermediate probability of Alzheimer’s

disease, a rare subset of apparently non-demented individuals that

could be classified as high probability of Alzheimer’s disease by

NIA-RI criteria was identified in this series. Detailed quantitative

assessments demonstrated that these high probability mismatches

were well matched to demented cases with Alzheimer’s disease

with regards to amyloid-b plaques and neurofibrillary tangles in

the superior temporal sulcus, therefore, we feel these cases rep-

resent individuals who seem resistant to Alzheimer’s disease path-

ology. If these cases simply had greater ‘reserve’ of neurons and

synapses, one would expect equivalent degrees of local damage

around plaques and equally robust glial inflammatory changes.

This was not the case. Instead, further detailed pathological

Figure 7 Biochemical analysis of total tau and hyperphosphorylated monomeric and multimeric tau in synaptoneurosomes.

(A) Representative images of cytosolic (C) and synaptoneurosome (S) fractions on western blot for total human tau (H7 antibody) and

(C) hyperphosporylated tau (PHF-1 antibody), showing strong accumulation of tau monomers and multimers at synapses in demented

Alzheimer’s disease (AD) cases. (B) Quantitative analyses for (C) cytosolic and (S) synaptic total tau and (D) hyperphosphorylated tau

showed selective and significantly higher accumulation of monomeric tau (64 kDa) and multimeric tau (75-250 kDa) species in synapses in

cases with Alzheimer’s disease, but not in intermediate and high probability mismatches (Mismatch IP and HP) when compared with

controls. Total levels of tau monomers in the cytosol did not significantly differ between groups. Actin (42 kDa) was used as loading

control. n = 6–9 per group; *P50.05; **P5 0.01; Kruskal-Wallis ANOVA and Dunn’s multiple comparison test.
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characterization of these cases provided evidence that their neur-

onal populations and the morphology of their neurites were re-

markably well preserved in comparison with the massive neuronal

depopulation and the dramatic distortion of neurite architecture

seen in demented cases with Alzheimer’s disease. A differential

phenotype characterized by a larger cortical load of fibrillar thio-

flavin-S-reactive plaques and oligomeric amyloid-b deposits

labelled by a conformer-specific antibody, aberrant accumulation

of hyperphosphorylated soluble tau at synapses and a robust glial

cell response differentiated demented cases with Alzheimer’s dis-

ease from high probability mismatches, pointing to those factors

as potential mediators of neurotoxicity and impaired cognition in

Alzheimer’s disease.

One caveat in our study is that formal neuropsychological

evaluation close to death was not available in all cases. Thus, al-

though dementia was not reported in any of the controls or

mismatches, subtle declines in cognition cannot be unequivocally

ruled out in some of the cases. However, it should be acknowl-

edged that a high load of Alzheimer’s disease pathology in cortical

association areas like the superior temporal sulcus is expected to

be associated with robust cognitive deficits sufficient to meet cri-

teria for dementia. Thus, we feel confident that cognition in our

non-demented mismatches was, being conservative, much better

preserved than in demented cases with Alzheimer’s disease with

a comparable load of Alzheimer’s disease pathology in the

neocortex.

Studies addressing whether the number of neurons and syn-

apses in subjects with Alzheimer’s disease pathology but preserved

cognition are comparable to age-matched control subjects free of

Alzheimer’s disease pathology or substantially decreased are very

limited. In a recent study, neuronal densities and pre- and post-

synaptic elements in the midfrontal gyrus were found to be

Figure 8 Number of GFAP-positive astrocytes in the superior temporal sulcus and CD68-positive microglia. (A) Representative photo-

micrographs of GFAP-positive astrocytes. (B) Stereological counts of astrocytes in the superior temporal sulcus (STS) on sections immu-

nostained with GFAP showed a significant increase in the amount of GFAP-positive astrocytes in demented cases with Alzheimer’s

disease but not in intermediate probability (Mismatch IP) or high probability mismatches (Mismatch HP) in comparison with controls.

(C) Representative photomicrographs of CD68-positive microglia cells in the superior temporal sulcus. Haematoxylin was used as a

counterstain. (D) Stereological counts of microglia in the superior temporal sulcus on sections immunostained with CD68 showed a

significant increase in the amount of CD68-positive microglial cells in demented cases with Alzheimer’s disease, but not in intermediate

or high probability mismatches in comparison with controls. n = 8–14 per group; *P5 0.05; **P50.01. One way ANOVA and post

hoc Tukey test, and Kruskal-Wallis ANOVA and Dunn’s multiple comparison test, respectively. Scale bar = 100 mm.
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preserved in cognitively normal subjects with high burden of

Alzheimer’s disease pathology compared with controls free of

Alzheimer’s disease pathology (Arnold et al., 2013). Of note, in

that study no significant decrease in neuronal density was de-

tected in demented cases with Alzheimer’s disease. A significant

hypertrophy of neuronal cell bodies, nuclei and nucleoli was re-

ported in the cortex and the CA1 region in clinically asymptomatic

subjects with Alzheimer’s disease pathology from the Nun Study,

and it was hypothesized that it might represent an early brain

reaction to the presence of plaques and tangles, or a compensa-

tory mechanism that prevents clinical progression to dementia

(Iacono et al., 2008, 2009). Our study corroborates that there is

neither neuronal loss nor significant decrease of pre- or postsynap-

tic markers in the superior temporal sulcus of mismatches with

neuropathologically high probability of Alzheimer’s disease in com-

parison with similarly aged controls free of substantial classical

Alzheimer’s disease pathology. As discussed below, the finding

of robust differences between these mismatches and demented

cases with Alzheimer’s disease in the alteration of axonal morph-

ology around plaques and in glial activation argues against a nat-

ural protection of mismatches against dementia due to a higher

baseline number of neurons and synapses compared with average

individuals.

In Alzheimer’s disease brains amyloid-b plaques appear in a var-

iety of morphological forms including ‘diffuse’ plaques, immunor-

eactive deposits of amyloid-b that do not appear to have a

substantial effect on the neuropil and do not incite a glial re-

sponse, and ‘neuritic’ plaques that in general contain a core of

amyloid that can be stained with dyes like thioflavin-S, and that

are surrounded by disruption in the neuropil, local glial activation,

and often dystrophic axons and dendrites that contribute to their

neuritic component (Dickson and Vickers, 2001). Multiple studies

have shown that total amyloid-b plaque load does not correlate

well with cognitive impairment in demented subjects with

Alzheimer’s disease (Arriagada et al., 1992; Gomez-Isla et al.,

1997) and numerous diffuse plaques may be present in limbic

and neocortical regions in cognitively normal individuals

(Arriagada et al., 1992; Morris et al., 1996; Knopman et al.,

2003). Our data show similar burdens in the superior temporal

sulcus of total amyloid-b plaques in high probability mismatches

and demented cases with Alzheimer’s disease but a significantly

larger load and size of fibrillar thioflavin-S-positive plaques in de-

mented cases further suggesting that this particular subset of pla-

ques is more closely related to dementia and neuronal loss in

Alzheimer’s disease. Detailed analyses of axonal morphology in

this series confirmed a robust distortion of neurite morphology

in demented cases with Alzheimer’s disease as previously reported

(Arriagada et al., 1992; Knowles et al., 1999; Le et al., 2001;

Spires et al., 2005). Neurite changes were especially severe close

to fibrillar amyloid-b plaques, but could also be demonstrated far

from them. Interestingly, the trajectory and morphology of axons

was much better preserved in high probability mismatches than in

demented cases with Alzheimer’s disease, even near plaques. Of

note, this cannot be attributed to the smaller average plaque size

noted in high probability mismatches as previous studies demon-

strated that the higher curvature ratio of axons observed close to

plaques is not influenced by the size of the plaque (Serrano-Pozo

et al., 2010). The finding of a relatively spared neurite geometry in

high probability mismatches in comparison to demented cases with

Alzheimer’s disease has two important implications. First, it re-

inforces the idea that these widespread neurite alterations repre-

sent a substantial additional type of lesion in Alzheimer’s disease

that likely contributes to dementia. And second, it suggests that

factors other than the toxic effect of fibrillar amyloid-b deposits

themselves, and that are intimately related to them (e.g. oligo-

meric amyloid-b accrual inside and around plaques and glial cell

reaction) may likely contribute to alter the geometry and morph-

ology of neurites in Alzheimer’s disease.

The idea that soluble species of amyloid-b (‘amyloid-b oligo-

mers’), rather than or in addition to plaques, could be the toxic

moiety in Alzheimer’s disease brains resolving the central paradox

in the field of the lack of correlation between amyloid-b deposits

and clinical symptoms or neuronal cell loss has recently gained

attention (Selkoe, 1991). Amyloid-b dimers, in particular, directly

isolated from Alzheimer’s disease brains were reported to impair

synaptic plasticity and memory in rodents (Shankar et al., 2008).

Some recent studies in humans have suggested that soluble amyl-

oid-b oligomers strongly correlate with cognitive impairment in

Alzheimer’s disease (Tomic et al., 2009; McDonald et al., 2012).

Another study recently reported a weaker correlation of the ratio

of amyloid-b oligomers to plaque density in non-demented indi-

viduals with high brain plaque burden than in demented cases

with Alzheimer’s disease (Esparza et al., 2013). However, concerns

have been raised regarding difficulties in interpreting and compar-

ing data from different laboratories in the absence of consensus on

the exact meaning of the term ‘toxic amyloid-b oligomer’, the

likely existence of a mixture of different species in the amyloid-b
oligomeric fractions isolated from human brains, and the lack of a

common validated technique to measure amyloid-b oligomers

(Benilova et al., 2012). In the present study, biochemical assess-

ments of brain soluble amyloid-b species—monomers, dimers and

higher molecular weight assemblies—by western blot and sensitive

and specific amyloid-b oligomeric ELISA assays confirmed the

presence of significantly higher levels of these species in demented

cases with Alzheimer’s disease compared with controls, but we

could not detect significant differences between high probability

mismatches and demented cases. Only when we used immuno-

histochemistry and a conformer-specific antibody (NAB61), we

found a significantly higher burden of oligomeric amyloid-b
deposits in demented Alzheimer’s disease than in high probability

mismatches. NAB61-positive amyloid-b oligomeric deposits were

mainly seen decorating the periphery and core of fibrillar plaques,

as noted in previous human and mouse studies (Koffie et al.,

2009; DaRocha-Souto et al., 2011; Koffie et al., 2012). Of

note, NAB61 was effective in normalizing cognition in immuno-

therapy experiments in transgenic mice suggesting that it can

detect neurotoxic amyloid-b species (Lee et al., 2006). Several

explanations may reconcile these apparently conflicting results

derived from biochemical and immunohistological assessments of

amyloid-b oligomers in our series. One possibility is that amyloid-b
oligomers recognized by NAB61 might represent a ‘toxic’ but rela-

tively small fraction of the mixture of soluble amyloid-b species

detected by western blot and ELISA assays, as different techniques

and antibodies may report different amyloid-b assemblies. It is also
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possible that a large proportion of the amyloid-b oligomeric spe-

cies detected by these biochemical methods might not be naturally

occurring in the human brain, but rather be artificially promoted

by the extracting technique as recently suggested by others (Watt

et al., 2013). In this scenario, the development and validation of

analytical tools that reliably measure amyloid-b oligomers in the

CSF should help solve these critical uncertainties.

Alternatively, or in addition to soluble forms of amyloid-b, sol-

uble species of tau could play a substantial role in neural system

disruption and altered cognition in Alzheimer’s disease. Our pre-

vious studies (Gomez-Isla et al., 1996, 1997) demonstrated that,

although total number of tangles strongly predicts number of

neurons lost in Alzheimer’s disease brains, the amount of neuronal

loss outstrips tangle formation by at least one order of magnitude

(Gomez-Isla et al., 1997), suggesting that there are likely non-

tangle-related mechanisms responsible for neuronal death in

Alzheimer’s disease. In support of this idea, potentially toxic multi-

meric tau species were found to strongly correlate with memory

loss in brain samples from tau transgenic mice and from patients

with Alzheimer’s disease and frontotemporal dementia and parkin-

sonism linked to chromosome 17 (Berger et al., 2007). Moreover,

recent studies using in vivo multiphoton imaging to observe how

tangles form in living tau transgenic mice have shown that caspase

activation cleaves tau to initiate tangle formation, but surprisingly,

tangle-bearing neurons are long-lived, further favouring the idea

that tangles are ‘off pathway’ to acute neuronal death, and that

soluble tau species, rather than tangles, might be the critical toxic

moiety underlying neurodegeneration (De Calignon et al., 2010).

We have recently shown that, in addition to its well-described

axonal localization, normal soluble tau is also present at both pre-

synaptic and postsynaptic terminals in control brains; and synaptic

tau becomes hyperphosphorylated and ubiquitinated, and forms

stable multimeric assemblies resistant to SDS denaturation in

Alzheimer’s disease brains (Tai et al., 2012). Here we provide

further evidence of an aberrant accrual of soluble monomeric

and multimeric species of hyperphosphorylated tau within the syn-

aptic compartment in demented cases with Alzheimer’s disease

but not in high probability mismatches in comparison with con-

trols. If confirmed in future studies, this would favour the idea that

abnormal accumulation of soluble tau species into synapses might

be more directly related to neuronal damage and dementia

than classic tangles. Of note, the presence of mistargeted soluble

tau forms at synapses in demented cases with Alzheimer’s

disease would argue in favour of the recently suggested neuron-

to-neuron propagation of tau pathology in a murine model of

early Alzheimer’s disease (De Calignon et al., 2012; Liu et al.,

2012).

Aside from differences in the amyloid-b and tau phenotypes,

one of the most striking phenotypic divergences observed in high

probability mismatches was the lack of glial activation when com-

pared to demented cases. Although brain inflammation is thought

to be an important factor in Alzheimer’s disease, how and to

what extent it may contribute to synaptic and neuronal

damage and altered cognition in Alzheimer’s disease remains

unknown. In Alzheimer’s disease brains glial responses were

found to increase linearly with progression of the disease

around plaques and tangles (Serrano-Pozo et al., 2011). Two

large genome-wide association studies (Harold et al., 2009;

Lambert et al., 2009) have identified receptor for complement

C3b, a key regulator of complement activation, as one of the

genes that increases the risk for late-onset Alzheimer’s disease.

More recently, a rare variant in the gene encoding TREM2 (trig-

gering receptor expressed on myeloid cells 2), that is expressed in

microglial cells, was found to confer a significant risk of

Alzheimer’s disease (Jonsson et al., 2013) further supporting

the importance of inflammatory mechanisms in Alzheimer’s dis-

ease. In transgenic mice, the number of GFAP-positive astrocytes

was the parameter most closely correlated with memory impair-

ment and neuronal cell loss (DaRocha-Souto et al., 2011), and

treatment with triflusal—an anti-inflammatory drug that inhibits

NF-�B activation—significantly decreased glial activation and res-

cued alterations in neurite morphology and memory deficits des-

pite lack of reduction of amyloid-b plaque burden (Coma et al.,

2010). The above data and the findings reported here favour the

idea that aberrant activation of glial elements, rather than reflect-

ing a mere response to neuronal injury, may substantially con-

tribute to neuronal cell damage and neurite changes in

Alzheimer’s disease. Whether or not glial cell response influences

amyloid-b and tau oligomerization/fibrillation and/or neuronal

propagation of altered forms of amyloid-b and tau remains un-

known. In humans, the expression of an innate pro-inflammatory

cytokine profile in middle age offspring with parental history of

late-onset Alzheimer’s disease was identified as a risk factor of

Alzheimer’s disease in old age (Van Exel et al., 2009) suggesting

that inflammation in early years may contribute to development

of Alzheimer’s disease pathology and cognitive impairment later

in life. In a recent study in mice the use of an adeno-associated

viral vector to drive selective astrocyte expression of VIVIT, a

peptide that interferes with the inflammatory calcineurin/nuclear

factor of activated T cells signalling pathway, improved cognition

and decreased glial activation and amyloid levels (Furman et al.,

2012). Thus, it is possible that a toxic gain of function and/or the

loss of physiological neuroprotective functions of glial cells in the

neocortex of demented cases with Alzheimer’s disease may ac-

count in part for the larger brain accrual of fibrillar amyloid-b

plaques and oligomeric amyloid-b deposits, the aberrant accumu-

lation of hyperphoshorylated soluble tau in synapses, and the

striking loss of neurons and synaptic markers seen in these

cases in comparison to high probability mismatches. Further stu-

dies directed at the role of glia in neurodegeneration and altered

cognition in Alzheimer’s disease are now needed.

In conclusion, our study suggests that some unique individuals

can tolerate a high burden of amyloid-b plaques and tangles with-

out experiencing dementia or a substantial disruption in neuronal

integrity and neurite architecture. Detailed biochemical and histo-

pathological analyses of such cases selectively identified enhanced

accrual of amyloid-b in the form of fibrillar plaques and intimately

related oligomeric amyloid-b deposits, accumulation of soluble

hyperphosphorylated tau in synapses, and aberrant glial cell reac-

tion as likely mediators of neurotoxicity and altered cognition in

Alzheimer’s disease, providing further insight into factors and

pathways potentially involved in human resilience to Alzheimer’s

disease pathology.
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