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Abstract The formation of low-order oligomers of

b-amyloid (Ab) within the brain is widely believed to be a

central component of Alzheimer’s disease (AD) patho-

genesis. However, despite advances in high-throughput and

high-resolution techniques such as xMAP and mass spec-

trometry (MS), investigations into these oligomeric species

have remained reliant on low-resolution Western blots and

enzyme-linked immunosorbent assays. The current inves-

tigation compared Ab profiles within human cortical tissue

using sodium dodecyl sulphate (SDS) polyacrylamide gel

electrophoresis (PAGE), xMAP and surface enhanced laser

desorption/ionization time-of-flight MS and found that

whilst there was significant correlation across the tech-

niques regarding levels of monomeric Ab, only SDS-

PAGE was capable of detecting dimeric isoforms of Ab.

The addition of synthetic di-tyrosine cross-linked

Ab1–40Met35(O) to the AD tissue demonstrated that the MS

methodology was capable of observing dimeric Ab at

femto-molar concentrations, with no noticeable effect on

monomeric Ab levels. Focus turned to the association

between SDS-PAGE and levels of observable dimeric Ab
within the AD brain tissue. These investigations revealed

that increased levels of dimeric Ab were observed with

increasing concentrations of SDS in the sample buffer. This

finding was subsequently confirmed using synthetic Ab1–42

and suggests that SDS was inducing the formation of

dimeric Ab. The findings that SDS promotes Ab dimer-

ization have significant implications for the putative role of

low-order oligomers in AD pathogenesis and draw into

question the utility of oligomeric Ab as a therapeutic

target.
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Introduction

The formation of b-amyloid (Ab) oligomers in the brain and

the subsequent progressive deposition of Ab are believed to

play central roles in Alzheimer’s disease (AD) pathogenesis

[12]. Initial investigations proposed that fibrillar Ab was

responsible for mediating neurotoxicity, however, it has

long been recognized that fibrillar plaque density and

number do not correlate with clinical severity [9, 45]. This

finding, supported by recent imaging studies [27, 37], has

led researchers to look elsewhere. More recent investiga-

tions have indicated that a strong correlation exists between

cognitive impairment and soluble Ab isoforms [26]. Further

attempts to characterize these oligomers, primarily relying

on Western blot methods, have implicated SDS-stable, low-

order, oligomeric Ab as the form of Ab most likely to cause

neuronal dysfunction [26, 36, 51, 54]. Not surprisingly the

inhibition of Ab and its oligomers have become attractive

targets for therapeutic interventions [51], albeit with limited

success [38]. Most recently, the humanized monoclonal

antibodies bapineuzumab, directed at residues 1–5 of the

Ab peptide, and solanezumab, directed at residues 16–24 of

the Ab peptide, both failed to meet their primary measures

of cognition and daily living [15]. These disappointing

results have led to speculation within the field of whether

targeting Ab’s accumulation and aggregation remains a

legitimate therapeutic strategy.

Initial support for the role of SDS-stable, low-order

oligomers stemmed from investigations using Chinese

hamster ovary (CHO) cells expressing mutant (V717F)

amyloid precursor protein (APP), known as 7PA2 cells. In

addition to monomeric Ab, 7PA2 cells have been reported to

naturally secrete SDS-stable, low-order Ab oligomers which

inhibit synaptic function and disrupt long-term potentiation

(LTP), a correlate of memory formation [16, 32, 50, 52, 53].

Similar disruptions to synaptic function and LTP have

recently been reported using low-order oligomeric Ab iso-

lated from AD-affected human cortical tissue [39].

Given the increasing focus on low-order oligomeric Ab
over the past years we have sought to develop techniques

capable of analyzing these species using both synthetic Ab and

biological tissues. The use of SELDI-TOF MS, in conjunction

with hydrophobic arrays, enabled the resolution of synthetic

Ab1–42 species ranging from monomeric to tetrameric bound to

lipid rafts [13]. Furthermore, the use of Ab-specific antibodies

in conjunction with SELDI-TOF MS enabled the observation

of trimeric Ab in the brains of transgenic mouse models of AD

[7] and the observation of dimeric Ab in the blood cellular

fraction of AD-affected patients [49].

To date despite the ability of high-resolution MS tech-

niques to analyze low-order oligomeric Ab species,

investigations into AD-affected cortical tissue have

remained reliant on the lower resolution western blotting

techniques. The current investigation aimed to assess whe-

ther the ability to observe low-order Ab oligomers using

SELDI-TOF MS was transferable to AD-affected human

cortical tissue. The investigation also aimed to evaluate

whether the high-throughput xMAP multiplex immunoassay

could be adapted to measure soluble levels of Ab in AD-

affected cortical tissue. xMAP uses bead-based antibody

capture compared to ELISAs microplate wells which result

in smaller sample volume requirements and a reduction in

non-specific binding [5]. xMAP is fast becoming a widely

used technique in the analysis of Ab levels in plasma [10, 20,

48] and cerebrospinal fluid [30, 40].

Materials and methods

Collection and characterization of brain tissue

Human brain tissue was collected at autopsy. The sourcing

and preparation of the tissue was conducted by the Aus-

tralian Brain Bank Network (ABBN). Pathological

diagnosis of AD was made in accordance with the standard

criteria set out by the National Institute on Aging, and

Reagan Institute Working Group on Diagnostic Criteria for

the Neuropathological Assessment of Alzheimer’s Disease

[6, 28] and pathological diagnosis of frontotemporal lobar

degeneration (FTLD) was made in accordance with the

guidelines established by the Work Group on Frontotem-

poral Dementia and Pick’s Disease [21, 25]. All procedures

described in this manuscript were conducted in accordance

with the Florey Neurosciences Ethics Committee.

Preparation of human brain homogenate

Grey matter was isolated from the post-mortem frontal

cortices of neurologically normal, FTLD, familial AD

(fAD) and sporadic AD-affected individuals. The isolated

tissue was subsequently added to 19 Dulbecco phosphate

buffered saline (PBS), devoid of Mg and Ca, (Invitrogen)

but containing ethylenediaminetetraacetic acid (EDTA)-

free protease inhibitors (Roche) to yield 100 mg tissue per

mL of buffer. The brain sample was then homogenized,

using an ultrasonic cell disrupter (Virsonic 600; VirTis,

Gardiner, NY), three times for 30 s each at 24,000 rpm.

The protein concentrations of the samples were assessed

using the Bradford Assay (BioRad) before the homoge-

nates were aliquoted and stored at -80 �C until required.

All sample preparation was undertaken on ice.

Western blot analysis of brain tissue

Brain homogenates were diluted in SDS-loading buffer,

reduced in 10 % b-mercaptoethanol and heated at 90 �C

550 Acta Neuropathol (2013) 125:549–564

123



for 5 min. Protein samples were then separated by 4–10 %

SDS-PAGE (Invitrogen) and transferred onto nitrocellulose

membranes. Non-specific immunoreactivity was controlled

for by blocking the membranes with 5 % non-fat skim milk

diluted in tris-buffered saline (TBS) before the membranes

were probed overnight with the WO2 antibody [1:500], or

for synaptophysin (1:75,000: Millipore). WO2 binds to the

N terminus of Ab at residues 5–8 [14] and was obtained

from the WEHI Monoclonal Antibody Facility. Subsequent

to the incubation, membranes underwent three 10-min

washes with 0.1 % TBS/Tween before the immunocom-

plex was probed with horseradish peroxidise (HRP)-

conjugated secondary antibodies.

Probed membranes were washed three times in 0.1 %

TBS/Tween for 10 min each, and the immunoreactive

proteins were detected using enhanced chemiluminescence

upon reaction with ECL (Millipore). Relative optical den-

sity of the blots was undertaken using Image J (1.44p) and

western blot densitometry data were normalized to the

loading control, b-tubulin.

SELDI-TOF MS analysis of brain tissue

Mass spectrometric analysis of the brain tissue was carried

out using ProteinChip� PS10 Arrays (Bio-Rad; CAT #C55-

30044) loaded with the specific antibody, WO2 (2 lL at

0.25 mg/mL) or G2–10 (2 lL at 0.25 mg/mL). G2–10

binds to the C terminus of Ab40 at residues 33–40 [14] and

was made in-house. Chips were then incubated overnight at

4 �C in a humidity chamber before excess antibodies were

removed and 10 lL blocking buffer (0.5 M ethanolamine

in PBS) was added and incubated for 30 min. After the

removal of the blocking buffer, arrays were washed three

times for 5 min with 120 lL of 0.5 % Triton X-100/PBS

(wash buffer) followed by three 5 min washes with 100 lL

PBS.

Brain homogenates (40 lL) were prepared with 40 lL

of urea 8 M and 240 lL of wash buffer and placed for

10 min in an ultra-sound bath with ice. One hundred and

fifty microlitres of sample mix was added to each spot and

incubated at room temperature for 3 h.

Subsequent to incubation, samples were removed and

the arrays underwent three 10-s washes on a vigorous

shaking table with 150 lL wash buffer, and 150 lL PBS,

followed by two washes with 150 lL HEPES. The arrays

were then dried before two 1 lL aliquots of a 50 % satu-

rated solution of sinapinic acid (SPA) energy absorbing

molecules (EAM) were applied, with air-drying between

treatments. The 50 % saturated solution was prepared by

suspending 5 mg ProteinChip SPA EAM (Bio-Rad; CAT #

C30-00002) in 0.5 % trifluoroacetic acid (TFA; Sigma-

Aldrich; St Louis, Missouri), 50 % acetonitrile [ACN; high

performance liquid chromatography (HPLC) grade] and

15 % isopropyl alcohol (IPA; HPLC grade) and 34.5 %

HPLC-grade H2O.

Each sample was analyzed in duplicate. All arrays were

analyzed blind to diagnostic status using a ProteinChip

SELDI System Enterprise Edition (BioRad). All spectra

were internally normalized and peak intensities were nor-

malized using total ion current. Peak detection was carried

out using the inbuilt BioRad ProteinChip Data Manager

Biomarker Wizard (Version 3.07.004). Peaks were auto-

detected to clusters with both first pass signal-to-noise ratio

and valley depth set at 5.0, and a minimum peak threshold

of 20 % of all spectra. Cluster completion was achieved

with a Cluster Window Mass of 1.0 peak width and a

second pass signal-to-noise ratio and valley depth of 2.0.

Ab species, including potential oxidations, were matched

to peaks within the resulting spectra using m/z.

INNO-BIA xMAP analysis of brain tissue

The INNO-BIA plasma Ab forms assays (Innogenetics

NV, Ghent, Belgium), a multiplex microsphere-based

Luminex xMAP approach, were adapted to analyze Ab
levels in the PBS-soluble fraction of the brain homogenate,

prepared by centrifuging the sample for 30 min at

15,0009g at 4 �C. Ab1–40, Ab1–42 and Abn–40, Abn–42 were

measured using Module A and B of the immunoassay kit,

respectively.

Assay day 1

All kit components and samples were brought to room

temperature (temperature range 23–25 �C) on a laboratory

bench. Samples (1 mg tissue/4 mL buffer) were centri-

fuged at 1,5009g for 5 min at room temperature to pellet

any precipitates. The samples were then immediately

diluted 1:3 in the kit diluent and left at room temperature

for an average of 30 min while the plate and working

solutions were prepared. The beads were vortexed and then

incubated for 10 min in a sonicating water bath at room

temperature. A mixture of a 1:100 bead stock solution was

distributed to 96-well filter plates provided in the kit

(Millipore Corporation, Bedford, Massachusetts), using

calibrated manual multichannel pipettes. The wells were

drained by vacuum manifold (Millipore Corporation,

Bedford, Massachusetts). Then 75 lL of standards, blanks

and samples were added to the wells in duplicate, followed

by the addition of biotinylated detector MAb (25 lL/well)

(MAb 3D6 for Module A and MAb 2G3 for Module B) and

incubated overnight at 2–8 �C in the dark (plates covered

with aluminium foil) on a plate shaker (600 rpm). In

addition, on each plate a two-run validation control sam-

ples consisting of synthetic Ab1–40, Ab1–42 were also

included.
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Assay day 2

The plates were allowed to come back to room temperature

on an orbital shaker, covered in foil and were then washed

three times with diluted wash buffer provided in the kit.

After the last wash step, the detection reagent comprising

diluted phycoerythrine-labelled streptavidine was added

(100 lL/well) and incubated for 1 h on an orbital shaker at

room temperature, covered in foil. The plates were then

washed 39 times with wash buffer and 100 lL of reading

solution, provided in the kit, was added to each well and

incubated for 10 min at room temperature on an orbital

shaker and then analyzed. All assays were analyzed on a

Bio-Rad Bioplex 200 instrument using v5 software (Bio-

Rad Laboratories, USA) with 5PL regression type logistic.

The data were fitted to a calibration curve constructed with

the median fluorescence values for each replicate of the

standards and concentrations were determined by sigmoi-

dal curve fitting. The same batch number was used for all

kits assayed in the study and the same algorithm was used

for the four analytes.

Preparation of monomeric Ab1–42

and Ab1–40Met35(O) dimer

Synthetic Ab1–42 was purchased from W. M. Keck Labo-

ratory (Yale University, New Haven, CT). Continuous-flow

Fmoc-SPPS (solid-phase peptide synthesis) was used for

the synthesis of Ab1–40 peptides. Peptides were synthesized

on a 0.1-mmol scale using Fmoc-L-Ala-PEG-PS resin as a

solid support on an Applied Biosystems Pioneer Synthe-

sizer as described previously [47]. Ab peptides were

dissolved in HFIP at a concentration of 1 mg/ml (w/v) to

induce a monomeric and helical conformation of the pep-

tides [43]. Aliquots of 100 lL were dried under vacuum.

Dried samples were stored at -80 �C.

Resin-bound Ab11–42 Met35(O) was prepared according

to standard methods [1, 47]. Dityrosine was prepared

according to the previously reported method [2, 42]. Fmoc

protection of dityrosine and incorporation into SPPS of the

Ab1–40Met35(O) dimer were performed according to the

previously reported method [18].

Peptide stock solutions were prepared by making a

250 lM concentration by weight, dissolving the peptide in

20 mM NaOH, and then diluting in 19 PBS (1:5). Solutions

were sonicated in an ice-water bath for 5 min and spun for

5 min at 15,8009g at 4 �C. The supernatant was retained.

The resulting Ab concentration was determined using a

molar extinction coefficient value of 75,887 L/mol/cm and

measuring absorbance at 214 nm before adjusting the final

concentration of the stock solution to 200 lM. The Ab stock

solution was subsequently diluted with the stock 20 mM

NaOH in 19 PBS solution to a concentration of 2 lM for

analysis using western blots. Synthetic Ab analyzed by

SELDI-TOF MS was prepared in the aforementioned urea/

wash buffer solution. All chemicals in the preparation were

purchased from Sigma unless otherwise stated.

Statistical analysis

Comparisons across the groups for Ab levels and demo-

graphic data were conducted using Chi-square tests and

one-way analysis of variance (ANOVA) with psost hoc

Tukey’s multiple comparisons tests. Bivariate pairwise

comparisons were undertaken using Pearson’s correlation.

Data are presented as mean ± standard deviation (SD)

unless otherwise stated. All analyses were performed using

Graphpad Prism� for Windows (Version 5.03, 2009).

Outliers deemed significant by the Extreme Studentized

Deviate method (ESD) were removed. Statistical compar-

isons, other than correlations, did not include data from the

fAD tissue.

Results

Subject characteristics

Clinical information pertaining to the 26 individuals from

whom brain tissue was collected is outlined in Table 1.

Comparative analysis across the groups revealed a signif-

icant difference regarding age at death (p = 0.0206) with

post hoc analyses revealing that the fAD group were sig-

nificantly younger than the AD group at time of death.

Despite trends towards lower total brain weight in diseased

tissue compared to control tissue no significant differences

were observed. Significant differences were not observed

across the group for gender ratios and PMI. Evidence of

congophilic amyloid angiopathy (CAA) was evident in four

of the AD cases, in addition to two of the fAD cases.

Western blot analysis of Ab in human brain

homogenate

WO2 western blot analysis of the frontal brain homogenate

demonstrated that bands consistent with putative ‘mono-

meric’ and ‘dimeric’ Ab species were clearly visible within

all AD brain homogenates in addition to a small proportion

of control cortical tissue (Fig. 1a), consistent with previ-

ously published reports [33]. Densitometric analysis of the

blots revealed that significant differences were evident

across the diagnostic groups regarding levels of both

‘monomeric’ (p = 0.0026) and ‘dimeric’ Ab (p = 0.0161)

with post hoc analyses revealing that elevated levels of

both bands were observed in the AD tissue compared to

both control and FTLD tissue (Fig. 1b, c).
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The association between the ‘monomeric’ and ‘dimeric’

bands was assessed and revealed a significant positive corre-

lation between the ‘monomeric’ and ‘dimeric’ Ab bands

(r = 0.696, p = 0.0001) (Fig. 1d). Data pertaining to the DE9

fAD case, which showed high levels of both monomeric and

dimeric Ab, was shown to be an outlier and was removed from

this analysis so as not to drive the positive correlation.

xMAP analysis of Ab in human brain homogenate

The adaptation of the xMAP INNO-BIA plasma Ab forms

assays in the current investigation enabled analysis of the

following Ab isoforms within the PBS-soluble fraction of

the brain homogenates: Ab1–40, Ab1–42 and Abn–40, Abn–42

(Table 2).

Fig. 1 WO2 western blot

analysis of human brain

homogenates. a Representative

western blot showing bands

consistent with ‘monomeric’

and ‘dimeric’ Ab.

Densitometric analysis of the

b ‘monomeric’ Ab and

c ‘dimeric’ Ab bands in

conjunction with ANOVA

revealed that both ‘monomeric’

and ‘dimeric’ bands were

significantly elevated within the

AD tissue. b-tubulin loading

control was used to normalize

data. d Pearson’s correlation

revealed a significant positive

correlation between the

‘monomeric’ and ‘dimeric’ Ab
bands visualized by the WO2

western blots. The DE9 fAD

case was shown to be an outlier

and was removed from this

analysis so as not to drive the

positive correlation

Table 1 Clinical information pertaining to the 26 individuals from whom brain tissue was collected

Control AD FAD FTLD

(n = 8) (n = 12) (n = 3) (n = 3)

Male/female 4/4 8/4 1/2 2/1

Age at onseta – 67.38 (15.13) 47.33 (8.08) 51.33 (14.50)

Age at death 72.26 (8.10) 77.20 (9.71) 56.93 (8.35)* 62.17 (19.20)

Brain weight (g) 1253.00 (159.08) 1122.33 (78.40) 1029.00 (471.58) 1027.33 (232.47)

PMI (h) 33.94 (17.62) 35.79 (21.36) 59.83 (34.26) 39.83 (21.83)

Data displayed as mean (SD)

PMI post-mortem index

* Significantly different to AD (p \ 0.05)
a Approximation from family AD (n = 8)
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Comparative analysis of Ab levels showed that significant

differences across the groups were evident for levels of

Abn–40 (p = 0.0443), Ab1–42 (p \ 0.0001), and Abn–42

(p = 0.0004). However, no significant difference was found

for Ab1–40. Post hoc analyses demonstrated that the AD brain

fractions had significantly higher levels of Abn–40 compared

to control tissue and significantly higher levels of Ab1–42 and

Abn–42 compared to both control and FTLD tissue.

SELDI-TOF MS analysis of Ab in human brain

homogenate

Profiling of the human brain homogenates using WO2 in

conjunction with SELDI-TOF MS indicated that the

monomeric band resolvable by western blot consisted of a

number of n-terminally truncated Ab peptides ranging

from Ab5–42 through Ab1–42 (Fig. 2a). A comparison

between the expected molecular weight and observed

molecular weights of the Ab peptides observed in the

spectra is outlined in Table 3. As expected Ab1–42 was the

predominant species observed in the sporadic AD brains,

however, Ab4–42 was also observable at near equivalent

levels, despite being largely overlooked in the literature

whilst more widely studied species such as pEAb3–42 were

only observable at low levels (Fig. 2b). A peak observed

with an average mass of 4329 Da could be attributed to

either Ab3–42 (4328 Da) or Ab1–40 (4330 Da) as the reso-

lution of the SELDI-TOF MS would not allow for a

distinction to be made. However, subsequent analysis of

the AD homogenate with G210, an Ab40 specific antibody,

showed no peaks consistent with any Abn–40 species unless

the homogenate was spiked with synthetic Ab1–40 prior to

analysis (Fig. 2c). Whilst Ab1–40 was not observed using

G210, low levels of Ab1–42 were observable in the AD

tissue; likely the result of non-specific binding.

Comparative analysis of these Ab species showed that there

were significant differences across the groups for Ab4–42

(p = 0.0313), pEAb3–42 (p = 0.0154), Ab3–42 (p = 0.0090),

Ab2–42 (p = 0.0014), and Ab1–42 (p = 0.0028), however, no

significant difference was observed across the groups for

Ab5–42 (Fig. 3). Post hoc analyses indicated that there were

significantly higher levels of pEAb3–42 and Ab3–42 in the AD

brain homogenate compared with control tissue and signifi-

cantly higher Ab2–42 and Ab1–42 in the AD tissue compared to

both FTLD and control homogenate.

Analysis of fAD brain homogenates

Specific demographic information pertaining to the fAD

brain homogenates is outlined in Table 4. Analysis of the

fAD homogenates using western blot and SELDI-TOF MS

showed that monomeric Ab profiles in the cortical tissue of

those individuals with presenilin point mutations were

indistinguishable from those observed in sporadic cases

(Fig. 4a, b). The deletion of Exon nine (DE9), however,

resulted in an Ab profile distinct from the sporadic cases.

Like sporadic AD, the DE9 homogenate showed an array of

N-terminally truncated Ab isoforms, however, unlike

sporadic AD, the isoforms in the DE9 homogenate were n–

40 species (Ab4–40, Ab2–40, Ab1–40) (Fig. 4c). Furthermore

the DE9 homogenate showed Ab1–38, a species not

observed in other fAD or AD spectra. A comparison

between the expected molecular weight and observed

molecular weights of the Ab peptides observed in the

spectra is outlined in Table 5. Moreover, the levels of Ab
observed in the DE9 homogenate were higher than those

observed in the other fAD and sAD cases, when analyzed

by western, xMAP and SELDI-TOF MS.

Western blot analysis of synaptophysin levels

Synaptophysin levels in the brain homogenates were

assessed, using western blots, as a general measure of

neuronal health. Comparative analysis of these blots

Table 2 Levels of Ab in the brain homogenates as assessed by the adapted INNO-BIA xMAP assays

Control AD FTLD FAD ANOVA

(n = 8) (n = 12) (n = 3) (n = 3) p value

Ab1–40 42.00 (16.05) 113.10 (82.18) 63.15 (57.64) 257.27 (258.78) 0.0681

Ab1–42 127.49 (136.72) 525.10 (208.80)*** 46.64 (29.30)� 280.02 (161.21) <0.0001

Abn–40 62.20 (47.65) 223.20 (164.6)* 120.20 (136.50) 359.33 (216.02) 0.0443

Abn–42 440.07 (539.86) 1282.00 (406.50)** 263.7 (229.5)� 1013.82 (100.49) 0.0004

Data displayed as pg/mL mean (SD)

Bold values represent the statistically significant p-values

Italic value represents the statistically non-significant p-values

* Significantly different to control p \ 0.05

** Significantly different to control p \ 0.01

*** Significantly different to control p \ 0.001
� Significantly different to AD p \ 0.01
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indicated that brain homogenates affected by AD, FTLD

and fAD all had significantly lower levels of synaptophysin

than the control tissue (p \ 0.0001) (Fig. 5a, b).

The association between synaptophysin levels and Ab
levels as measured by western blot, xMAP and SELDI-TOF

MS was assessed using Pearson’s correlations (Table 6).

These analyses revealed that there were significant negative

correlations between synaptophysin levels and both ‘mono-

meric’ Ab (r = -0.46, p = 0.0168) and ‘dimeric’ Ab
(r = -0.51, p = 0.0083) as measured by western blot. Sig-

nificant negative correlations were also observed between

synaptophysin levels and xMAP measures of Ab1–40 (r =

-0.59, p = 0.0015), Abn–40 (r = -0.62, p = 0.0007) and

Abn–42 (r = -0.41, p = 0.0380), but not between Ab1–42

and synaptophysin levels. Analyses of the relationships

between the individual Ab species, as measured by SELDI-

TOF MS, and synaptophysin levels showed that there was a

significant negative correlation between Ab3–42 and synap-

tophysin (r = -0.54, p = 0.0040). However, significant

Fig. 2 a Representative WO2

SELDI-TOF MS spectra of AD,

FTLD and neurologically

normal cortical tissue. b Spectra

arising from the AD tissue

displayed an array of

N-terminally truncated Ab
species of which Ab4–42 and

Ab1–42 were the predominant

species. Data represent average

peak intensity of Ab species

observed within AD tissue.

c The peak observable at

4,329 Da could have been

attributed to either Ab3–42

(4,329 Da) or Ab1–40

(4,330 Da). However, analysis

of the AD homogenate with

G210, an Ab40-specific

antibody, showed no peaks

consistent with Abn–40 species

unless the homogenate was

spiked with synthetic Ab1–40

prior to analysis. Low levels of

Ab1–42 likely resulting from

non-specific binding with G210

were observable in the AD

tissue

Table 3 Comparison between expected MW and observed MW of

the Ab species observed in the AD tissue by SELDI-TOF MS

Ab peptide Predicted MW Observed MW DMW

Ab5–42 4052.65 4052.46 0.19

Ab4–42 4199.83 4201.83 2.00

pEAb3–42 4309.90 4312.60 2.70

Ab3–42 4328.94 4329.81 0.87

Ab2–42 4400.02 4403.74 3.72

Ab1–42 4515.10 4515.90 0.80

All MW data represent protonated average masses
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correlations with synaptophysin were not observed for

Ab5–42, Ab4–42, pEAb3–42, Ab2–42, nor Ab1–42.

Comparisons across techniques

Comparisons across the three Ab measuring techniques were

made using Pearson’s correlations (Table 7). ‘Monomeric’

Ab measured by western blot was found to be positively

correlated with xMAP measures of Ab1–40 (r = 0.72,

p \ 0.0001), Abn–40 (r = 0.52, p = 0.0060) and Abn–42

(r = 0.43, p = 0.0277). No significant association between

‘monomeric’ Ab measured by western and xMAP measure of

Ab1–42 was observed.

Comparisons between the Ab species measured by xMAP

and those measured by SELDI-TOF MS showed that there

were significant positive correlations between levels of Ab1–40

(r = 0.85, p \ 0.0001) and Ab1–42 (r = 0.55, p = 0.0033).

Comparisons between the xMAP measure of Abn–42 and

SELDI-TOF MS Abn–42 species, including Ab1–42, were made

by summing the peak intensities of the N-terminally truncated

Fig. 3 Comparative analysis of

the Ab species observed within

the WO2 SELDI-TOF MS

spectra revealed that whilst no

significant difference was found

across the diagnostic groups

with regard to a Ab5–42,

significant differences were

observed for peaks

corresponding to b Ab4–42

(p = 0.0313), c pEAb3–42

(p = 0.0154), d Ab3–42

(p = 0.0090), e Ab2–42

(p = 0.0014), and f Ab1–42

(p = 0.0028). Post hoc analyses

indicated that there were

significantly higher levels of

pEAb3–42 and Ab3–42 in the AD

brain homogenate compared

with control tissue and

significantly higher Ab2–42 and

Ab1–42 in the AD tissue

compared to both FTLD and

control homogenates

Table 4 Clinical information pertaining to the three familial Alzheimer’s disease cases

Carrier Mutation Age at onseta Age at death Gender Brain weight (g) Evidence of CAA

PSEN1 DE9 38 48 Female 644.00 Yes

PSEN1 L219P 52 64 Female 888.00 Yes

PSEN1 C236T 52 58 Male 1555.00 No

CAA congophilic amyloid angiopathy
a Approximation from family
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Ab species observable by SELDI. This analysis revealed that

there was also a significant positive correlation between the

two Abn–42 measures (r = 0.55, p = 0.0033).

Finally comparisons were also undertaken between

levels of Ab as measured by western blot and SELDI-TOF

MS, respectively. Peak intensities of the various Ab iso-

forms observable using SELDI-TOF MS were summed to

account for the less specific separation of individual Ab
isoforms via western blot. Pearson’s correlation showed

that there was a significant positive correlation between the

summed Ab peak intensities and the ‘monomeric’ Ab
observable with western blot (r = 0.53, p = 0.0052).

Observing dimeric Ab using SELDI-TOF MS

Attempts were also made to compare the levels of

‘dimeric’ Ab observed using western blot with ‘dimeric’

Ab observable within the MS spectra. However, analysis of

the MS spectral range in which ‘dimeric’ Ab should be

visible revealed no observable peaks consistent with any

‘dimeric’ Ab isoforms (Fig. 6a). The inability to observe

the ‘dimeric’ Ab species, observable by western, within the

Fig. 4 a Representative WO2 western blots of the three fAD cases

showed that there were elevated levels of observable Ab/APP

fragments within the DE9 tissue compared to the two PS1 mutations.

b Representative WO2 SELDI-TOF MS spectra showed that the PS1

mutations resulted in Ab profiles indistinguishable from those

observed in the sporadic AD tissue. The Ab profile arising from the

DE9 tissue, however, showed a distinct pattern of N-terminally

truncated Abn–40 species alongside Ab1–38, pEAb3–42 and Ab1–42.

The peak visible before pEAb3–42 in the C263T spectra (4,270 Da)

did not match any known Ab species. c These N terminal species

were also readily observable when analyzed with the Ab40 specific

antibody G2–10

Table 5 Comparison between expected MW and observed MW of

the Ab species observed in the DE9 fAD tissue by SELDI-TOF MS

Ab peptide Predicted M/W Observed M/W DM/W

Ab4–40 4015.59 4016.22 0.63

Ab1–38 4132.60 4134.59 1.99

Ab2–40 4215.78 4216.12 0.34

pEAb3–42 4309.90 4311.12 1.22

Ab1–40 4330.87 4331.28 0.41

Ab1–42 4515.10 4515.90 0.80

All MW data represent protonated average masses

Fig. 5 a Representative western blot analysis of synaptophysin levels

within the AD and control tissue. b-tubulin loading control was used

to normalize data. b Densitometric analysis in conjunction with one-

way ANOVA indicated that brain homogenates affected by AD,

FTLD and FAD all had significantly lower levels of synaptophysin

than the control tissue (p \ 0.0001)
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SELDI spectra raised the possibility that the confirmation

of the ‘dimeric’ isoforms may have blocked the WO2

epitope and thus prevented binding from occurring or

alternatively that the high abundance of monomeric iso-

forms were saturating the detector, thus precluding dimeric

species from being readily observable. This idea was tested

by analyzing the AD cortical tissue spiked with 100 fmol

of di-tyrosine cross-linked Ab1–40Met35(O) (Fig. 6b). The

ability of this methodology to analyze dimeric Ab1–42 has

been reported previously [49]. The femto-molar concen-

trations of synthetic dimeric Ab1–40 were readily

observable within the spectra. Moreover, the concentra-

tions of synthetic dimer observable by SELDI MS were

orders of magnitude lower than those observable by wes-

tern blots (Fig. 6c). These findings raised the possibility

that the lack of ‘dimeric’ species observed was not an

aberration of the SELDI spectra, but rather that the

presence of ‘dimeric’ species within the western blots were

confounding these results.

‘Dimeric’ Ab and SDS-PAGE

Previous reports in the literature have reported that SDS

induces b-sheet formation by Ab which increases Ab
toxicity [46], promotes the formation of Ab globulomers

[11], and prompts the formation of Ab trimers [3]. Given

these previous reports, the role of SDS in the formation of

‘dimeric’ Ab was tested. AD brain homogenates were

prepared in sample buffer, with concentrations of SDS

ranging from 0.5 to 4 %, before being analyzed by western

blot (Fig. 7a). Densitometric analysis of the blots showed

that there was a significant difference in the levels of

observable ‘dimeric’ Ab across the groups (Fig. 7b).

Whilst there was a readily observable trend towards more

Table 6 Correlations between Ab levels and synaptophysin levels in human brain homogenates

Synaptophysin Western blot xMAP SELDI-TOF MS

Abmonomer Abdimer Ab1–40 Abn–40 Ab1–42 Abn–42 Ab5–42 Ab4–42 pEAb3–42 Ab3–42 Ab2–42 Ab1–42 AbSUM

rPearson 20.46 20.51 20.59 20.62 -0.22 20.41 -0.23 -0.17 -0.34 20.54 -0.26 -0.08 20.41

p value 0.0168 0.0083 0.002 0.0007 0.284 0.038 0.2671 0.4112 0.0884 0.004 0.1986 0.6844 0.0358

Bold values represent the statistically significant p-values

Table 7 Correlations of Ab levels across the techniques

Western blot xMAP SELDI-TOF MS

Monomer Ab1–40 Abn–40 Ab1–42 Abn–42 Ab5–42 Ab4–42 pEAb3–42 Ab3–42 Ab2–42 Ab1–42 Absum

Western blot

Monomer – 0.734 0.575 0.315 0.436 0.273 0.369 0.525 0.762 0.499 0.338 0.486

xMAP

Ab1–40 0.000 – 0.885 0.205 0.287 -0.079 -0.014 0.198 0.740 0.126 -0.005 0.129

Abn–40 0.001 0.000 – 0.406 0.502 -0.024 0.022 0.260 0.646 0.150 0.003 0.142

Ab1–42 0.090 0.278 0.026 – 0.853 0.369 0.382 0.521 0.217 0.600 0.601 0.529

Abn–42 0.016 0.124 0.005 0.000 – 0.549 0.553 0.670 0.355 0.639 0.554 0.620

SELDI-TOF MS

Ab5–42 0.144 0.680 0.902 0.045 0.002 – 0.933 0.822 0.323 0.778 0.722 0.869

Ab4–42 0.044 0.941 0.910 0.037 0.002 0.000 – 0.821 0.431 0.794 0.747 0.914

pEAb3–42 0.003 0.294 0.165 0.003 0.000 0.000 0.000 – 0.612 0.943 0.829 0.936

Ab3–42 0.000 0.000 0.000 0.249 0.054 0.082 0.017 0.000 – 0.535 0.404 0.585

Ab2–42 0.005 0.506 0.429 0.000 0.000 0.000 0.000 0.000 0.002 – 0.952 0.960

Ab1–42 0.068 0.980 0.986 0.000 0.001 0.000 0.000 0.000 0.027 0.000 – 0.925

Absum 0.006 0.498 0.454 0.003 0.000 0.000 0.000 0.000 0.001 0.000 0.000 –

Pearson’s r are presented in the top right p values are presented in italics in the bottom left

Italic values represent the p-values

Bold values represent the statistically significant p-values

Bold italic values represent the actual p-values
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intense ‘dimeric’ bands in the higher SDS conditions post

hoc analyses showed that there were no significant differ-

ences across the concentrations. However, when this

experiment was repeated using synthetic Ab1–42 not only

was there a significant difference across the range of SDS

concentrations, but there was also a significant difference

between specific concentrations; there was significantly

greater dimeric Ab in 2 % SDS than 0.5 %, there was

significantly greater dimeric Ab in 3 % SDS than 0.5 %

SDS, and 1 % SDS and there was significantly greater

dimeric Ab in 4 % SDS than 0.5 % SDS, 1 % SDS and

2 % SDS (Fig. 7c, d). No significant differences were

observed in monomeric Ab levels (Supplementary Fig. 1).

Attempts were made to analyze whether SDS-induced

‘dimeric Ab’ could be observed using SELDI MS, how-

ever, interactions between SDS and the array surface

prevented this line of investigation (data not shown).

Discussion

Consistent with the previous reports [19, 33, 44], the cur-

rent MS investigation demonstrated that the AD-affected

cortical tissue is laden with a wide spectrum of

N-terminally truncated Abn–42 peptides, including Ab1–42,

Ab2–42, pEAb3–42, Ab3–42, Ab4–42 and Ab5–42. Of these,

Ab1–42 and Ab4–42 were the predominant species detected;

a finding which was consistent with earlier reports [19, 33,

44]. To date, Ab1–42 has received the lion’s share of the

attention whilst Ab4–42 has largely been overlooked,

despite both peptides being isolated from the AD-affected

brain over 25 years ago [23]. The tendency for the scien-

tific community to overlook Ab4–42 potentially stems from

the faster aggregation kinetics and higher b-sheet forma-

tion associated with N-terminally truncated Ab isoforms,

making Ab4–42 a difficult peptide to synthesize [24, 31]; a

fact that the current authors can anecdotally confirm.

Familial forms of the disease, resulting from point

mutations in PSEN1, resulted in cortical monomeric Ab
profiles which were indistinguishable from those observed

in sporadic AD, albeit occurring some 10 years earlier in

the subject’s life. However, the brain tissue arising from

the carrier of a DE9 exhibited pEAb3–42 and Ab1–42

alongside a predominant Ab1–40 peak and a series of

N-terminally truncated Abn–40 isoforms. The DE9 mutation

has been reported as having an unusual but characteristic

pattern of Ab deposition known as ‘cotton wool’ plaques

and has been shown to result in higher ratios between

Fig. 6 a Representative WO2

SELDI-TOF MS spectra of AD

and control tissue demonstrated

that whilst monomeric Ab
species were readily observable,

peaks consistent with dimeric

Ab were not seen within the

spectra. b Analysis of AD

homogenate spiked with 100 fM

of di-tyrosine cross-linked

Ab1–40Met35(O) demonstrated

that the SELDI-TOF MS

methodology was capable of

observing dimeric Ab at low

concentrations. c WO2 western

blot of increasing

concentrations of synthetic di-

tyrosine cross-linked

Ab1–40Met35(O): A 100 fM,

B 100 pM, C 100 nM,

D 500 nM, E 1 lM, F 5 lM,

and G 10 lM
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Ab1–40 and Ab1–42 in human cortical tissue than those

observed in sporadic AD and other PS-1 mutations [22].

Higher ratios between Ab1–40 and Ab1–42 have also been

observed in mouse embryonic fibroblasts with the DE9

mutation compared to other PS1 variants [4]. A majority of

histopathological investigations conducted to date have

reported a significant increase in Ab1–42 observable within

the ‘cotton wool plaques’ [17, 55]; however, in some indi-

vidual cases Ab1–40 has been shown to be the predominant

species [55]. On the surface, these reports appear to con-

tradict the current findings of abundant Abn–40 species

within DE9-affected tissue, however, the methodologies

utilized in the current study would not have disrupted the

abundant Ab1–42 sequestered in plaques and raise the pos-

sibility that the DE9 mutation results in increased levels of

soluble Abn–40 species.

The adaptation of the xMAP INNO-BIA assays in the

current study demonstrated that such high-throughput

techniques can successfully be used to assess Ab levels in

human cortical tissue. Significant correlations between Ab
levels as measured by xMAP, Western blot or SELDI-TOF

MS suggest that these techniques appear to be measuring

overlapping pools of Ab, at least with regard to Abn–42

species. The significantly higher levels of Abn–40 species

observed in the AD fractions using the xMAP assays were

somewhat surprising as they did not correspond to the Ab
profiles observed by SELDI-TOF MS. This discrepancy

could be due to the differences in the antibodies used in the

two methods; however, the observation of Abn–40 species

in the familial tissue suggests that this was unlikely.

Alternatively the discrepancy might arise from the xMAP

antibodies either binding larger aggregates of Ab/APP, that

fall outside the range of MS detection, or Ab species other

than the Abn–40 species that the antibodies are reported to

be specific for. These notions are, however, somewhat

difficult to evaluate, due to the fact that xMAP works in a

proverbial ‘‘black box’’, measuring a simple immunore-

sponse that gives no indication to the possible range of

species being detected; although, future investigations that

can adapt the xMAP antibodies for analysis using SELDI-

TOF MS may provide a better approach.

At this stage, it is important to note the differences

between SELDI-TOF MS and more traditional MS inves-

tigations into Ab levels in human brain. Traditional MS

studies rely on serial high-speed centrifugations of the

human samples in buffers such as TBS/PBS and formic

acid before the ‘soluble’ Ab is collected and analyzed

using immunoprecipitation (IP) with an Ab-specific anti-

body [29, 33]. The captured Ab is subsequently eluted

from the IP beads and freeze-dried before being resus-

pended and analyzed using MS to determine the proteomic

profile of Ab in the human brain. Unlike traditional MS

techniques, SELDI-TOF MS involves an on-array IP which

eradicates the need for samples to undergo centrifugation,

Fig. 7 a WO2 western blots of

an AD brain homogenate

prepared in sample buffer, with

concentrations of SDS ranging

from 0.5 to 4 %.

a Densitometric analysis of the

blots showed that there was a

significant difference in the

levels of observable ‘dimeric’

Ab across the groups

(p = 0.0462) (n = 3). c WO2

western blots of synthetic

Ab1–42 prepared in sample

buffer with concentrations of

SDS ranging from 0.5 to 4 %.

d Densitometric analysis of the

blots showed that there was a

significant increase in the

‘dimeric’ Ab bands observed as

the concentration of SDS in the

sample buffer was increased

(p \ 0.0001) (n = 4). Data

normalized to normal (2 %)

SDS concentration
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elution, freeze-drying and re-suspension. Instead the Ab in

the samples binds directly to the Ab-specific antibodies

bound to the array surface, thus allowing a more direct

analysis of Ab levels within the human brain homogenates.

Investigations into Ab1–40 levels in sporadic AD tissue

resulted in a number of contradictory observations. Anal-

ysis by SELDI-TOF MS with the Ab40-specific antibody

(G2–10) suggested that the peak observed at 4329 Da in

the AD tissue belonged to Ab3–42. Analysis by xMAP,

however, suggested that there was more than 100 pg/mL of

Ab1–40 and more than 200 pg/mL of Abn–40 within the AD

tissue, levels which the SELDI-TOF MS was more than

capable of measuring. The lack of Abn–40 species obser-

vable within the MS spectra raises the question of whether

the xMAP system is measuring aggregated Abn–40 species

which lie outside the dynamic range of SELDI-TOF MS or

whether the signals are the result of non-specific binding

occurring with other proteins in the samples. Previous MS

studies have reported that Ab1–40 is readily observable

when formic acid extractions are used to disrupt Ab pla-

ques, a finding which has been confirmed by MS/MS

techniques [29, 33]. In addition, a number of MS studies

report observing Ab1–40 within the soluble fractions of

brain often in the midst of a range of Abn–42 isoforms [19,

44]; however, like the current study, these studies invari-

ably relied on m/z for the identification of these peaks,

raising the possibility that soluble levels of Ab3–42 have

erroneously been reported as Ab1–40 in the literature.

The formation of small-order Ab oligomers has long been

thought of as a fundamental stage in the pathogenesis of AD

and over the past decade these oligomeric species have

become an attractive target for AD therapeutics [38, 51].

Consistent with the previously published reports, bands

consistent with ‘dimeric’ Ab were readily observable in

western blots of both synthetic Ab and AD-affected cortical

tissue. However, peaks consistent with ‘dimeric’ Ab were

not observed in the MS spectra arising from AD tissue,

despite the abundance of monomeric Ab isoforms. It is

possible that differences in the sample buffer used for wes-

tern blots and SELDI-TOF MS, namely the presence of urea

in the MS sample buffer, may have been a limiting factor in

the observation of small-order Ab oligomers in the MS

spectra. However, as the methodology had previously been

utilized to observe Ab oligomers in mouse brain homoge-

nates [7] and human blood [49], in addition to the capture of

synthetically derived dimeric Ab in the present study, it is

unlikely that the presence of urea precluded the observation

of dimeric Ab in the MS spectra. With this in mind, the lack

of observable dimeric Ab in the current MS analysis means

that a MS spectrum of brain-derived, low-order oligomeric

Ab remains unreported in the scientific literature.

Interactions between SDS and Ab have been widely

reported in the literature with a number of studies reporting

that SDS induces Ab b-sheet formation [35, 46], increases

Ab toxicity [46], Ab globulomer formation [11], and Ab
trimer formation [3]. The findings of the current study

indicate that SDS is also capable of inducing the dimer-

ization of Ab, both in its synthetic form and in isoforms

derived from AD-affected cortical tissue. It is noted that

whilst significantly different, the SDS induction of dimeric

Ab appeared to be less responsive in the brain homogenates

when compared to experiments using synthetic Ab. This

difference is likely to be due to the variations in the com-

plexity of the proteomic environments and the availability

of additional Ab interactions in the two experimental set-

tings. The current findings are in line with a recent

investigation by Rangachari et al. [35] who reported that

Ab1–42 undergoes rapid conformational changes in the

presence of SDS leading to conversion of monomeric

Ab1–42 to bands consistent with low-order oligomeric Ab
species, ranging from dimer through tetramer. In addition,

studies using 7PA2 cells which have shown that bands

previously reported as corresponding to ‘dimeric’ and ‘tri-

meric’ Ab can also be increased through the inhibition of

BACE1 [34]. However, rather than increasing the rate of Ab
oligomerization, inhibition of BACE1 in the cells report-

edly led to differential processing of APP, resulting in a

number of larger APP/Ab fragments spanning the b-secre-

tase site.

It has been widely established that Ab is a pleomorphic

peptide whose structure has been found to be dependent on

its environmental context, with metals, lipid membranes,

salts, detergents, and pH levels all significantly affecting

Ab’s structure. In a biological context, protein/peptide

structure and function are intimately linked, consequently

not only does the environment of the peptide modify its

structure but it will also impact on its subsequent toxicity

[3, 8, 11, 35, 41, 46]. Such environmental effects make

isolating and analyzing small-order oligomers of Ab
problematic as each proteomic technique exerts a different

set of environmental constraints on the Ab peptide, some

resulting in the formation of species that may not always be

observed in a native setting. Therefore, ideally it would be

best if methods could be developed to identify various

forms of Ab in situ as any manipulation has the potential to

introduce artefacts. However, given that these methods do

not yet exist, in this work we have striven to restrict

manipulation of the samples using simple brain homoge-

nates and the limited sample preparation required by

SELDI-TOF MS. With this in mind, the lack of small order

oligomers observed using SELDI-TOF MS suggests that

prevailing notions regarding the importance of dimeric Ab
may be resulting from an over interpretation of the pub-

lished literature rather than an accurate depiction of Ab’s

structure and role in AD pathogenesis. The current findings

do, however, reaffirm that given the right context Ab, from
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human tissue, is capable of forming small-order oligomeric

structures. However, whether these structures are stable

and isolatable or whether the structural plasticity of these

Ab assemblies makes attempts to isolate them futile

remains to be seen.

The reliance on low-resolution analytical techniques in

the formation of the Ab-centric theory of AD has poten-

tially led to an overly simplistic understanding of APP

processing and Ab oligomerization. For over a decade, this

knowledge has been used as the cornerstone of AD thera-

peutics which has repeatedly attempted to regulate Ab
oligomerization and aggregation within the AD brain;

however, to date these attempts have met with limited

success. The advent and advances of high-resolution

techniques, such as MS, provide researchers with the tools

to re-examine a number of the now widely held assump-

tions of AD pathogenesis. These techniques can now be

utilized to dispel common misconceptions in the field and

gain a more thorough understanding of Ab’s role in AD

pathology, a knowledge that could potentially be translated

into a more rational and effective approach to the treatment

of this devastating disease.
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