
VU Research Portal

Neurodegeneration: Biochemical signals from the brain

Jongbloed, W.

2014

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Jongbloed, W. (2014). Neurodegeneration: Biochemical signals from the brain. [PhD-Thesis - Research and
graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/89c72316-2acb-4363-8bb7-b14465682d0d


Aɴ-oligomers quantification in CSF, and their clinical value

CHAPTER 4
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ABSTRACT

Amyloid-b (Aɴ) deposits are important pathological hallmarks of Alzheimer’s disease 

(AD). Aɴ aggregates into fibrils; however, the intermediate oligomers are believed to be 

the most neurotoxic species and, therefore, are of great interest as potential biomarkers. 

Here, we have developed an enzyme-linked immunosorbent assay (ELISA) specific for 

Aɴ oligomers by using the same capture and (labeled) detection antibody. The ELISA 

predominantly recognizes relatively small oligomers (10–25 kDa) and not monomers. In 

brain tissue of APP/PS1 transgenic mice, we found that Aɴ oligomer levels increase with 

age. However, for measurements in human samples, pretreatment to remove human 

anti-mouse antibodies (HAMAs) was required. In HAMA-depleted human hippocampal 

extracts, the Aɴ oligomer concentration was significantly increased in AD compared with 

non-demented controls. Aɴ oligomer levels could also be quantified in pretreated 

cerebrospinal fluid (CSF) samples; however, no difference was detected between AD and 

control groups. Our data suggest that levels of small oligomers might not be suitable as 

biomarkers for AD. In addition, we demonstrate the importance of avoiding HAMA 

interference in assays to quantify Aɴ oligomers in human body fluids.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia worldwide, with an 

increasing incidence due to the growing elderly population. Still, the AD diagnosis can 

be made definitively only by postmortem examination of the brain. In addition to 

neurological examination, several ancillary investigations have been advocated to support 

the clinical diagnosis. One of these currently used biomarkers includes the analysis of 

specific proteins in cerebrospinal fluid (CSF), in particular the concentrations of total and 

phosphorylated tau proteins, both of which are increased in AD, and the 42-amino-acid 

form of the amyloid-ɴ protein (Aɴ42), which is decreased in AD. These provide both a 

specificity and a sensitivity of more than 80% to discriminate AD from healthy controls 

but are less suitable in the discrimination with other forms of dementia1. For instance, 

an increase in total tau not only is seen in AD but also can be observed in vascular or 

frontotemporal dementia and in Creutzfeldt–Jakob disease2, and decreased 

concentrations of Aɴ42 are frequently observed in dementia with Lewy bodies3. Moreover, 

biomarkers that aid in diagnosing AD at an early stage, with a high predictive value for 

conversion from mild cognitive impairment (MCI) to AD, are desired. Although there is 

no cure for AD yet, currently many different therapeutic strategies are being developed, 

stressing the need for biomarkers for early and specific detection of AD. 

The Aɴ protein plays a central role in AD pathology and is typically deposited as senile 

plaques in the AD brain. Monomers of this peptide have the propensity to aggregate into 

larger multimeric protein assemblies ranging from low-molecular-weight (LMW) 

oligomers, to high-molecular-weight (HMW) oligomers, to protofibrils, to mature fibrils. 

There is ample evidence to suggest that the oligomeric species of Aɴ are the most toxic. 

The presence of Aɴ oligomers correlates better than the extent of fibril formation with 

neurotoxicity, memory loss in transgenic (Tg) mice, disease occurrence, and disease 

severity4–7. Several mechanisms by which oligomers might exert their toxicity have been 

described, including pore formation in cell surfaces and binding to several receptors, 

thereby disrupting homeostasis and cell signaling. These mechanisms lead to inhibition 

of long-term potentiation, facilitation of long-term depression, alterations in dendritic 

density, and synaptic plasticity of neurons in the hippocampus (for an overview, see Ref.8). 

Given its proposed central role in the pathophysiology of AD, Aɴ oligomers may serve 

as a more specific diagnostic biomarker than the currently used Aɴ42 and tau proteins. 

The detection of Aɴ oligomers can be troublesome because they are unstable and may 

disassemble or assemble during analysis. Sensitive and high-throughput enzyme-linked 

immunosorbent assay (ELISA) methods to measure oligomers have been described and 

generally comprise two approaches: (i) using conformation-specific antibodies and (ii) 

using capture and (labeled) detection antibodies that recognize the same epitope. 

Application of the first strategy for the quantification of Aɴ oligomers in body fluids has 

been limited, although several different antibodies directed against (a subset of) Aɴ 

oligomers have been developed during the recent past9–14. One study reported the use 

of an antibody raised against a specific globular Aɴ oligomer (termed globulomer) by 

ELISA; however, no globulomers could be detected in CSF9. In another study, an 
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immunoassay using an antibody directed against protofibrils was described. Protofibrils 

were detected in only 34% of the plasma samples that were analyzed15. These examples 

suggest that ELISAs based on antibodies specifically directed against Aɴ oligomers might 

not be sufficiently sensitive to quantify Aɴ oligomers in body fluids. In addition, not each 

antibody reactive with Aɴ oligomers may be specific for Aɴ oligomers. For instance, one 

antibody also recognizes oligomeric samples of other proteins such as a-synuclein, 

polyglutamate, and several heat shock proteins16,17. 

The second, more frequently used ELISA design to measure Aɴ oligomers uses the same 

capture and (labeled) detection antibody in a single assay. This ensures that only 

oligomers that possess two or more copies of the same epitope can be simultaneously 

captured and detected. An ELISA according to this design was already described in 199718. 

This technique has been used to study the time-dependent oligomerization of synthetic 

Aɴ in vitro19–22. Furthermore, oligomer ELISAs with the same capture and detection 

antibody have been used for measurements in body fluids. One group detected higher 

levels of Aɴ oligomers in plasma samples from AD patients versus controls; however, 

levels in approximately half of the plasma samples were below the detection limit23. In 

addition, it was found that Aɴ oligomer levels in these samples were closely related to 

the levels of total Aɴ42. Another study described concentrations of HMW oligomers as 

being significantly elevated (P < 0.0001) in CSF of AD and MCI patients24 compared with 

non-demented controls. In addition, a trend toward a negative correlation of Aɴ oligomer 

level with MMSE (Mini-Mental State Examination) score was found, indicating a higher 

Aɴ oligomer level in patients with lower cognitive functioning. 

The two above-mentioned strategies may also be combined into an assay in which an 

oligomer-specific antibody was used as both capture and detection antibody10. By using 

such a design, it was demonstrated that total Aɴ42 is less efficiently measured in vitro 

when a greater portion of the Aɴ molecules are in an aggregated form.

Demonstrating the specificity of ELISAs designed to quantify Aɴ oligomers has been 

challenging because the generation of a completely monomeric sample has proven to 

be difficult 10,22,25. In addition, interference of heterophilic antibodies (human antibodies 

that bind to antibodies of another species) in the second type of ELISA strategy is of 

concern26. These antibodies may be present in body fluids in a subset of the population 

and can cross-link the capture and detection antibody. In this study, we developed an 

Aɴ oligomer-specific ELISA. We validated the specificity of our assay by using a mutant 

Aɴ42 protein that shows significantly reduced aggregation characteristics. Furthermore, 

we applied methods to deplete heterophilic antibodies from biological samples and 

subsequently verified the success of this approach. Finally, results from Aɴ oligomer 

measurements in human CSF and both human and murine brain tissue extracts are 

reported.
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MATERIALS AND METHODS

Antibodies and synthetic peptides
The following antibodies were used in this study: mouse monoclonal NAB 22827, directed 

against Aɴ 1-11 (Sigma, St. Louis,MO, USA), which we also biotinylated using the Biotin 

Label Kit–NH2 (Abnova, Taipei City, Taiwan), mouse monoclonal anti-Aɴ 6E10, epitope 

within amino acids 4 to 9 (Signet Laboratories, Dedham, MA, USA), rabbit polyclonal 

anti-Aɴ 40-4 (gift from van Nostrand), horseradish peroxidase (HRP)-conjugated goat 

anti-human immunoglobulin G (IgG) H&L preabsorbed (Abcam, Cambridge, UK), HRP-

conjugated goat anti-mouse Ig (DAKO, Glostrup, Denmark), and goat anti-mouse Alexa 

680 (Invitrogen, Grand Island, NY, USA). 

Synthetic Aɴ42 was obtained from Quality Controlled Biochemicals (QCB, Hopkinton, 

MA, USA) and Bachem (Bubendorf, Switzerland). All experiments were performed with 

Aɴ from QCB except for the size exclusion chromatography (SEC) experiment, which 

was conducted with Aɴ from Bachem. The double mutant F19S/L34P Aɴ42 (mut Aɴ42)28,29 

was obtained from 21st Century Biochemicals (Marlboro, MA, USA).

Preparation of synthetic Aɴ oligomers
All Aɴ peptides were dissolved in hexafluoroisopropanol (HFIP, Sigma) and air-dried 

overnight, and prior to use they were dissolved in dimethyl sulfoxide (DMSO) at a 

concentration of 5 mM. Then the peptide was further diluted in phosphate-buffered 

saline (PBS) to the desired concentration. To obtain oligomer-enriched samples, Aɴ42 

was incubated at a concentration of 50 µM at 4˚C for 24 h. Oligomer samples were 

aliquoted and kept at -80˚C until further use.

CSF samples
For this study, CSF of 25 AD patients and 25 non-demented controls was selected. AD 

cases were diagnosed based on accepted clinical criteria (National Institute of 

Neurological and Communicative Diseases and Stroke/Alzheimer’s Disease and Related 

Disorders Association, NINCDS–ADRDA)30 and standard biomarker measurements. 

Controls were patients examined for a neurological disorder but diagnosed with either 

a systemic disease without neurological manifestations or, for example, tension-type 

headache or depression. Patient characteristics are described in Table 1. As expected, 

Aɴ42 levels were significantly decreased in AD, and both total tau (t-tau) and 

phosphorylated tau (p-tau) were significantly increased compared with controls. CSF 

was obtained by our neurology and geriatrics departments by lumbar puncture via 

standard procedures in polypropylene tubes, directly transported to our laboratory, 

centrifuged, and stored at -80˚C until use for this study. All patient information was 

decoded to maintain patient confidentiality. Informed consent was obtained from 

patients or their legal representatives. In the selection procedure, CSF samples with IgG 

levels above 45 mg/L were omitted because occasionally these samples could not be 

completely depleted from IgG.
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Tissue samples
In total, 12 female Tg APPswe/PS1dE9 (APP/PS1) mice31(founder animals obtained from 

Johns Hopkins University, Baltimore, MD, USA) were sacrificed by transcranial perfusion 

and were decapitated at 4, 7, or 10 months of age32. A non-Tg mouse was used to confirm 

the expected complete absence of Aɴ oligomers in wild-type (WT) mice. Brains were 

collected, and hemispheres were snap-frozen in liquid nitrogen and later dissected into 

cortex, hippocampus, and cerebellum as described previously32. Brain regions were 

extracted at 100 µg/µl in carbonate buffer (0.1 M carbonate, 50 mM NaCl, and 0.5% 

sodium azide, pH 11.5) containing protease inhibitors (Complete, Roche, Woerden, The 

Netherlands) and homogenized as described previously33. Total protein concentrations 

were determined using a bicinchoninic acid protein assay kit according to the 

manufacturer’s description (BCA protein assay, Thermo Scientific, Rockford, IL, USA). 

Human hippocampal tissue was obtained by our pathology department after autopsy 

and rapidly frozen in liquid nitrogen. Informed consent was obtained according to 

European guidelines. Postmortem diagnosis and grading of AD patients and control cases 

was based on immunohistochemistry staining using antibodies directed against Aɴ (4G8, 

Covance, Princeton, NJ, USA) and p-tau (AT8, Innogenetics, Gent, Belgium) and was 

performed and judged by a neuropathologist according to the criteria established by 

Braak and Braak and CERAD (Consortium to Establish a Registry for Alzheimer’s Disease) 
34,35. In addition, cerebral amyloid angiopathy (CAA) grading was determined as described 

previously36. By random selection, 10 AD patients and 6 cases without AD pathology 

were chosen. Patient characteristics are described in Table 2. For tissue extraction, serial 

10-µm cryosections were extracted at 100 µg/µl in carbonate buffer containing protease 

inhibitors, followed by centrifugation for 20 min at 16,000g at 4˚C. After this extraction, 

monomers and LMW oligomers are expected. Supernatant was stored at -80˚C for later 

analysis.

Table 1 Patient characteristics and CSF parameters

Males/
Females

Age 
(years)   

Disease 
duration 
(months)

MMSE 
score

Aɴ42

(pg/ml)
t-tau
(pg/ml)

p-tau
(pg/ml)

Controls 17/8 62.8+12 n.a. n.d. 826±237 285±97 58±18

AD 8/17 74.7±7.9*** 16.1±23.6 20.2±3.3 472±127*** 733±487 *** 107±52***

Note: Values are expressed as means ± standard deviations. n.a., not applicable; n.d., not determined. 
*** Value is significantly different from control value (P < 0.001).

Table 2 Patient characteristics and hippocampal tissue parameters

Males/
females

Age
(years) 

Postermortem
delay (h)

Braak and
Braak34

CERAD35 CAA36

Controls 1/5 83.7±8.0 4.2±1.5 0-III -/+ -/+

AD patients 3/7 76.7±12.2 3.7±0.8 VI +++ -/+++

Note: Values are expressed as means ± standard deviations.
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ThT and Western blot analysis
Aggregation over time of both mutAɴ42 and WT Aɴ42 was assessed in a thioflavin T (ThT) 

assay as described previously37. The aggregation state of Aɴ (directly after dissolving) was 

also analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) 

followed by Western blotting. Aggregated samples were diluted in non-reducing sample 

buffer and heated for 15 min to 37˚C. Subsequently, samples were run on a 4% to 20% 

gradient gel (Precise Protein Gel, Thermo Scientific). After electrophoresis, proteins were 

transferred to polyvinylidene fluoride (PVDF) membranes by wet blotting. These 

membranes were blocked for 1 h at room temperature (RT) with Odyssey blocking buffer 

(LI-COR, Lincoln, NE, USA) diluted 2 times in PBS, and the membranes were then 

incubated overnight at 4˚C with antibody NAB 228 diluted in blocking buffer. After 

washing with PBST membranes were further incubated for 1 h at RT with goat anti-mouse 

Alexa 680 and proteins were visualized using the Odyssey infrared imaging system (LI-

COR).

SEC
For this, Aɴ oligomers were prepared essentially as described previously38. In short, an 

HFIP peptide film of 700 µg Aɴ42 dissolved in 500 µl of sodium phosphate buffer (50 mM 

phosphate and 0.15 M NaCl, pH 7.2) was sonicated for 5 min and incubated at 4˚C for 

24 h to allow oligomer formation. Next, the formed Aɴ oligomers were stabilized by 

photo-induced cross-linking of unmodified proteins (PICUP) (Jongbloed et al., 

manuscript in preparation)39,40. For this, the sample was mixed with 100 µl of 3.1 mM 

ruthenium(II) and 100 µl of 62 mM ammonium persulfate (APS) and immediately exposed 

to visible white light for 3 to 5 s, and then the cross-link reaction was quenched by the 

addition of 10 µl of 1 M dithiothreitol (DTT) and heating of the sample at 95˚C for 5 min. 

After centrifugation for 10 min at 10,000g, the precipitate, which contained the oligomers, 

was resuspended in 700 µl of sodium phosphate buffer containing 0.2% SDS. 

The sample was then added to a Superdex 75 column (GE Healthcare). Elution was 

performed with phosphate buffer containing 0.1% SDS, and the optical density at 280 

nm was continuously measured. Fractions of 250 µl were collected, immediately snap-

frozen in liquid nitrogen, and stored at -80˚C. Before further analysis, SDS was removed 

from the samples with SDS-Out PrecipReagent according to the manufacturer’s 

instructions (Thermo Scientific). Eluted fractions from the SEC were analyzed by SDS–

PAGE and Western blotting essentially as described above with the following 

modifications. Aɴ proteins were heated for 5 min to 95˚C, run on a 4% to 12% gradient 

gel (NUPAGE, Invitrogen), and transferred by semidry blotting. Blocking was performed 

with PBS containing 5% milk and 0.05% Tween 20. The primary antibody 6E10 and the 

secondary peroxidase-labeled goat anti- mouse Ig were used, and proteins were 

visualized by enhanced chemiluminescence (ECL, GE Healthcare). Because the Aɴ protein 

concentration was too low to determine with conventional protein assays, the relative 

Aɴ content of the SEC fractions was measured by dot-blotting. Briefly, 5 µl of each 

fraction in different dilutions was applied to a nitrocellulose membrane. Blots were 

blocked for 1 h in PBS/Odyssey block buffer and incubated with Aɴ antibody 40-4 1:2000 
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overnight at 4˚C. Dot densities were determined by densitometry, and this information 

was used to apply equal amounts of Aɴ from each SEC fraction to the ELISA. To check 

whether indeed equal amounts had been applied, the adjusted Aɴ concentrations were 

verified by a second dot blot.

Heterophilic antibody depletion
CSF or human hippocampal extracts were depleted from human anti-mouse antibodies 

(HAMAs) as follows. Hippocampal extracts were diluted 50 times in sample diluent 

(INNOTEST Amyloid-ɴ 42 diagnostic ELISA kit, Innogenetics, Gent, Belgium) to reduce 

background signals. Protein G resin (Thermo Scientific) was washed 3 times with PBS, 

mixed with either CSF or brain extracts in a resin/sample ratio of 1:8 to 1:10, and incubated 

for 1 h at RT on a rotator. It was verified that both synthetic Aɴ and Aɴ levels in CSF did 

not decrease due to incubation with protein G resin. Finally, all samples were centrifuged 

at 2500g for 3 min, and the supernatants were analyzed for Aɴ oligomer content and 

the residual amount of human IgG able to bind the NAB 228 capture antibody by ELISA.

ELISAs
To measure Aɴ oligomers, NAB 228 was coated overnight at 4˚C on a 96-well plate in 

a 2-µg/ml dilution in 0.1 M NaHCO3 (pH 9.6). After this and following each incubation 

step, the plate was washed 3 times with PBST (0.05% Tween 20 in PBS). Wells were 

blocked for 1 h with 250 µl of 1% BSA in PBS at RT. Next, 100 µl of antigen, CSF, or brain 

tissue extract was added and incubated for 2 h at RT on a shaking device. CSF was diluted 

1:1 and brain extract was deluted 1:20 (mice) or 1:50 (human) with INNOTEST sample 

diluent. Synthetic Aɴ42, allowed to oligomerize as described above, was used as a standard 

at a concentration ranging from 9 to 300 ng/L diluted in the INNOTEST sample diluent. 

Then, 100 µl of biotinylated NAB 228 (diluted to 500 ng/ml in PBS containing 0.1% BSA 

and 0.05% Tween 20, PBST–BSA) was added for 1 h at RT while shaking. Finally, the plate 

was incubated with streptavidin–HRP in PBST–BSA for 30 min at RT while shaking. Then, 

100 µl of 3,30,5,50-tetramethylbenzidine (TMB) solution was added as a substrate, and 

the reaction was stopped with 50 µl of 1M H2SO4. Optical density (OD) values were 

measured at 450 nm using a Sunrise ELISA plate reader (Tecan, Männedorf, Switzerland). 

In the case of CSF measurements, instead of TMB, SuperSignal ELISA Femto Maximum 

Sensitivity Substrate (Thermo Scientific) was used as a chemiluminescent substrate 

according to the manufacturer’s instructions. Luminescence (relative light units, RLU) 

was measured using a LUMIstar Optima device (BMG Labtech, Ortenberg, Germany). 

It has proven to be difficult to determine a precise concentration of oligomers in a sample 

because these are ineffectively measured41. The concentrations mentioned in this study, 

therefore, are calculated as equivalent concentrations to monomers. The detection limit 

of this test was calculated to be 2.2 ng/L, determined on the average OD value of 21 

blank values +3 times the standard deviation. The assay was linear from 2.2 ng/L until at 

least 1 µg/L. The inter- and intraassay coefficients of variation of the standard curve were 

below 18%. Omission of capture or detection antibody completely abolished the signal. 

To quantify HAMAs present in human samples that may interfere with Aɴ oligomer 
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detection, we used the above-described design, but incubation of antigen was followed 

by detection with the HRP-conjugated goat anti-human IgG, diluted 1:10,000 times in 

PBST-BSA, and TMB as substrate. 

To investigate the potential of NAB 228 to detect mutAɴ42, this peptide and Aɴ42 as a 

positive control were coated at a 5 µg/L dilution on the plate and detected with NAB 

228–biotin, streptavidin, and TMB substrate according to the method described above.

Characterization of specificity of the Aɴ oligomer ELISA 
Analysis of WT Aɴ by Western blot, directly after dissolving the peptides, showed a wide 

range of oligomers next to a strong 4.5-kDa band, whereas mutAɴ42 appeared solely as 

a monomeric band of 4.5 kDa (Figure 1A). Furthermore, ThT analysis demonstrated that 

WT Aɴ42 follows a time-dependent aggregation course, whereas mutAɴ42 does not 

demonstrate a detectable degree of aggregation (Figure 1B). In an ELISA, mouse 

monoclonal NAB 228 was found to detect both WT Aɴ42 and mutAɴ42 (data not shown), 

enabling us to use mutAɴ42 as a monomeric Aɴ control for the development of the Aɴ 

oligomer ELISA. In this ELISA, as expected, no signal was observed for mutAɴ42, whereas 

a concentration-dependent signal was observed for synthetic oligomeric Aɴ42 (Figure 2). 

These results show that the ELISA is specific for oligomers and does not detect 

monomeric Aɴ. 

Aɴ oligomer quantification in transgenic mouse brain 
We subsequently applied the oligomer ELISA to quantify Aɴ oligomers in Tg mouse tissue 

extracts. In brain extracts of a non-Tg mouse, Aɴ oligomers could not be detected as 

expected (data not shown). In APP/PS1 mice, an age-dependent increase in the 

concentrations of Aɴ oligomers was found, in particular in the cerebral cortex (Figure 3). 

Levels in the hippocampus showed the same age-dependent increase; however, levels 

were very low and no Aɴ oligomers were measured in the cerebellum (data not shown).

Aɴ oligomers and HAMA interference in human CSF and hippocampal tissue samples
Because the design of our Aɴ oligomer ELISA may generate false-positive results due to 

interference of HAMAs26, we depleted human CSF samples and brain extracts from IgG 

and checked the success of this approach by ELISA (Figure 4A). Indeed, we could 

demonstrate that preclearance of CSF samples led to a successful depletion of IgG (Figure 

4B). Similar results were obtained for human brain tissue (data not shown). 

Subsequently, oligomers were quantified in human brain tissue and CSF after IgG 

preclearance. Aɴ oligomer levels in extracts of human hippocampal tissue were 

significantly higher in AD patients compared with controls (Figure 5A). In 3 of 6 control 

samples, Aɴ oligomer levels were below the detection limit; in contrast, Aɴ oligomer 

concentrations could be quantified in all AD tissue extracts tested. In CSF, Aɴ oligomer 

levels did not significantly differ between AD cases (300 ± 26.0 ng/L) and controls (264 

± 27.4 ng/L) (Figure 5B). No significant correlations were detected between Aɴ oligomers 

and Aɴ42, t-tau, or p-tau levels. 
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Because we did not expect equal Aɴ oligomer levels in control and AD CSF samples, we 

analyzed the specificity of the Aɴ oligomer ELISA for specific subspecies of Aɴ oligomers. 

Cross-linked oligomers of Aɴ42 were separated according to size by SEC and analyzed 

by Western blot and ELISA. SEC did not result in a perfect separation of differently sized 

oligomers; however, enrichment of subspecies in subsequent fractions was achieved 

(Figure 6A). ELISA measurements revealed that the highest signals were obtained in those 

fractions that contained Aɴ oligomers between ±10 and 25 kDa, with lower signals in 

those fractions that were enriched in Aɴ species of less than 10 kDa or greater than 200 

kDa (Figure 6B).

 

Figure 1. Mutant Aɴ42 F19S/L34P shows a significantly reduced aggregation propensity.
A) Western blot analysis of freshly dissolved Aɴ42. Wildtype Aɴ42 appears as a wide range of oligomers, mutant Aɴ42 
of solely a monomeric band. Lane 1: Protein marker, lane 2: Wildtype Aɴ42 and lane 3: Mutant Aɴ42

B) ɴ-Sheet formation overtime, measured by a Thioflavin T assay, is strongly reduced in the mutant form of Aɴ42 
S) compared to wildtype Aɴ42 (�).

Figure 2. Validation of the oligomer ELISA.
A) Determination of the specificity for oligomers. The mutAɴ42 in monomeric form is not detected, while 
oligomerized wildtype Aɴ42 generates a high OD 450 signal. Both samples contained 100 ug Aɴ/L. Signals were 
corrected for blank values.
B) Synthetic Aɴ42 oligomers generate a concentration dependent signal (R2=0.9985). The limit of detection was 
calculated to be 2.2 ng/L.
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In this report, we have demonstrated the successful development of an ELISA method 

for specifically detecting Aɴ oligomers, and not monomers, in biological samples. This 

ELISA detects a wide range of oligomers, but LMW oligomers (10–25 kDa) generate the 

highest signal. We also demonstrated that HAMAs may interfere with the Aɴ oligomer 

assay given that CSF samples appeared to contain Ig able to bind to the NAB 228 antibody 

used for capturing the oligomers. We demonstrated that, after removal of HAMAs, Aɴ 

oligomer levels in AD hippocampal tissue were significantly increased compared with 

controls, but Aɴ oligomer concentrations were similar in AD and control CSF. 

Because of the important role that has been assigned to oligomeric Aɴ in AD pathology, 

the possibilities for specific detection of oligomers have gained much attention recently42. 

Figure 3. Aɴ oligomers in different brain 
areas of APP/PS1 transgenic mice 
quantified by the oligomer ELISA.
The cortex contained the highest 
concentration of oligomers, followed by 
the hippocampus. No oligomers were 
detected in the cerebellum.  The amount 
of oligomers increases with age. N = 3 (4 
and 7 mths) or N = 2 (10 mths).

Figure 4. Heterophilic antibody depletion from CSF.
A) Design of ELISA to quantify HAMAs binding to the NAB 228 antibody.
B) Effects of IgG depletion from human CSF on the quantification of HAMAs binding to NAB 228. Before depletion, 
IgG binding to NAB 228 was measured in almost all samples, after depletion bound IgG levels were below blank 
level. 
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Validation of the specificity and sensitivity of ELISAs to quantify Aɴ oligomers has proven 

to be difficult, as was elaborately discussed in a previous study25. It was questioned 

whether the various ELISAs are completely oligomer specific because, for instance, often 

a low signal for ‘‘monomeric samples’’ is measured. Indeed, it might be problematic to 

generate an Aɴ sample that consists solely of monomers without evidence of the 

presence of oligomeric species on Western blot. Low amounts of Aɴ oligomers may be 

present in monomeric preparations of Aɴ that can be detected in ELISA, which is a more 

sensitive technique than Western blotting25. The addition of Tween 20 to the Aɴ samples22, 

the degradation of oligomers by ɴ -mercaptoethanol23, and the use of Aɴ 1–10 that does 

not show aggregation19 may help to obtain pure monomeric Aɴ samples. Only the latter 

Figure 5. Aɴ oligomer levels in hippocampus and CSF samples of AD patients and controls.
A) After IgG depletion, oligomers were measured by ELISA in 10 AD and 6 control hippocampus extracts. The 
concentration of Aɴ oligomers was significantly higher in AD than in control cases (P < 0.05).
B) Aɴ oligomers were measured by ELISA in IgG depleted CSF samples of 25 AD and 25 control cases. No difference 
was detected.

Figure 6. Specificity of Aɴ oligomer ELISA for LMW oligomers.
A) Preformed, cross-linked oligomers of synthetic Aɴ were separated by SEC on a Sephadex 75 column and 
analyzed by Western blotting (using antibody 6E10). Different fractions contain enrichments for differently sized 
oligomers.
B) Fractions collected by SEC were tested at equal protein concentrations in the oligomer ELISA. Fractions 4 to 
6 generated the highest signal, while in these fractions low molecular weight oligomers (from dimers up to 
pentamers) were most abundant. Fraction 2 consists almost solely of large oligomers that are hardly detected.
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sample was not detected in an oligomer ELISA, suggesting that the use of a 

nonaggregating form of Aɴ might be the best strategy. In this study, we used a double 

mutant form of Aɴ42 (F19S/L34P, mutAɴ42) that has a significantly reduced aggregation 

potential28,29 (see Figure 1). We demonstrated that mutAɴ42 is recognized by NAB 228 but 

does not aggregate and, consequently, did not generate a signal in the Aɴ oligomer 

ELISA. Therefore, this mutAɴ42 peptide seems to be a very useful tool to validate the 

specificity of these types of Aɴ oligomer assays. The lack of aggregation of mutAɴ42 can 

be explained by the fact that the amino acids that are mutated in mutAɴ42 are essential 

for formation of the typical hairpin structure in the oligomerization process of Aɴ and, 

therefore, are important for aggregation43.

Another important aspect in the characterization of Aɴ oligomer ELISAs is the size of 

oligomers that are detected. The use of a particular antibody and the specific conditions 

chosen for the ELISA setup can result in preferential detection of a specific size range of 

oligomers. One study reported that only oligomers >40 kDa were measured22, whereas 

in another study smaller species such as dimers could be detected23. Recently, in yet 

another assay, it was concluded that only HMW oligomers (mainly 10 – 20mers of 

synthetic Aɴ) could be detected24. The authors hypothesized that the epitopes for the 

detection antibody, located on residues 1 to 16 might have been hidden inside the 

structural conformation of the relatively small oligomers and were accessible only in the 

larger oligomers. In contrast, although we also used an antibody directed against the N 

terminus of Aɴ, our SEC results suggested that HMW oligomers were less efficiently 

measured than the smaller oligomers (10–25 kDa). However, SEC does not provide a 

perfect resolution of Aɴ oligomer separation, and this may limit our conclusions of the 

preferential recognition of specific Aɴ oligomers by our ELISA44,45. The resolution of small 

oligomers might be enhanced by the use of two SEC columns with different particle 

sizes in tandem, by the use of a long thin column, or by the combination of SEC with a 

light scattering method24,42,45. 

Using the oligomer ELISA reported in this article, we were able to detect age-dependent 

levels of Aɴ oligomers in Tg mouse cortex and hippocampus, but not cerebellum, in 

line with the plaque formation in these AAP/PS1 double mutant mice31,45,46. Aɴ oligomers 

of different sizes were shown to be present in APP/PS mice hippocampi, ranging from 

6 to 16mers and increasing with age46. In addition, it was demonstrated that Aɴ 

oligomers in APP/PS1 Tg mice colocalize with postsynaptic densities and are associated 

with spine collapse47. 

We found elevated levels of soluble Aɴ oligomers in human AD brain tissue compared 

with controls. This is in line with studies showing that both soluble oligomers and, to an 

even larger extent, insoluble oligomers were more abundant in AD brains than in 

controls23. Another study demonstrated that levels of Aɴ40 oligomers were not different 

between AD patient and control samples; in contrast, Aɴ42-specific oligomers were 

significantly increased in AD samples48. However, yet another study investigating soluble 

brain extracts showed increased levels of particularly Aɴ40 oligomers in AD samples7. 

These different results might be caused by different assay sensitivities or different 

extraction methods. In conclusion, our data and previously published data show that Aɴ 
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oligomers are present and can be quantitatively measured in brain tissue extracts. Variable 

outcomes in comparisons of AD versus control tissues might be caused by the 

measurement of differently sized oligomers or oligomers of different Aɴ isoforms.

We also demonstrated that HAMAs can interfere with Aɴ oligomer detection in human 

biological samples by using our ELISA design. This confirms the results of a previous 

study demonstrating that levels of oligomeric Aɴ in human body fluids might be unreliable 

when HAMAs were not removed from the samples26. An estimated 10% to 40% of patients 

may contain nonspecific antibodies directed against murine antibodies, and how these 

arise is still not completely clear49. In our ELISA, HAMA interference might not be 

completely prevented because only the IgG type was depleted here, and HAMAs can 

also be of the IgA, IgM, or (sometimes) IgE type50. Still, both previous reports and our 

results point to the importance of testing the specificity of ELISAs, and we propose that 

HAMA depletion or blocking might be important when assays like ours are used for the 

quantification of Aɴ oligomers in human body fluids.

We were able to detect Aɴ oligomers in human CSF, and we found similar concentrations 

in AD and control samples. To our knowledge, only one ELISA method that successfully 

measured Aɴ oligomers in CSF has been reported24. In that study, in contrast to ours, an 

increased level of Aɴ oligomers was found in a group of AD patients and MCI converters 

compared with controls. Other methods have also been used to demonstrate the presence 

of oligomers in CSF. One group used an antibody directed against oligomers in a novel 

technique based on a conventional sandwich ELISA, but with the implementation of 

magnetic microparticles and nanoparticles for extra amplification51. With this so-called 

bio-barcode assay, CSF from AD patients and controls were compared and Aɴ oligomer 

levels were higher in the AD group52. Characterization of the oligomeric species detected 

by this method was not described. In addition, by using fluorescence correlation 

spectroscopy 53 or confocal laser scanning microscopy in combination with dual color 

surface fluorescence intensity distribution analysis54,55, multimers of Aɴ were found at higher 

concentrations in AD CSF than in controls. By using flow cytometry and fluorescence 

resonance energy transfer, a weak correlation between age and Aɴ oligomer level was 

found56. Thus, several studies have demonstrated increased levels of Aɴ oligomers in AD 

CSF compared with controls. In the current study, we did not find any difference.

These contrasts in results might be explained by the specificity of the methods for certain 

oligomers. For instance, in one previous study, it was demonstrated that mainly HMW 

oligomers were measured, whereas our results suggest that these larger Aɴ oligomers 

are less efficiently measured than the smaller ones. Another explanation for this 

discrepancy may be that in previous studies using the same ELISA design as ours23,24, CSF 

samples were not depleted from HAMAs. Although in one case an HRP-conjugated Fab’ 

fragment of the detection antibody was used, this might not fully prevent detection of 

HAMAs50. However, it is not the case that in every oligomer ELISA, the interference of 

HAMAs may be present or may be as strong as in this assay. In addition, it should be 

noted that some studies used very small sample groups54,55. Disease state of the patients 

might play a role; patients in early stages of AD may have altered levels of small oligomers 

in their CSF compared with patients in later stages. In this study, CSF samples of AD 
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patients with a disease duration of 17.6 ± 24.6 months were used. The measurement of 

samples from patients in the beginning of their disease, or even from patients suffering 

from MCI, might yield different results. Finally, a publication bias toward positive results 

and negation or lack of interest in negative results like ours might result in positive 

findings becoming overrepresented in the literature. Unexpectedly, the outcome of our 

results in CSF was also different from our results in human brain tissue. A possible reason 

for this discrepancy may be that the stronger oligomerization in AD patients is 

compensated by the deposition of Aɴ; thus, no net increase in free Aɴ oligomers occurs. 

Although in the brain some oligomers might be released from the plaques during 

extraction, resulting in an increased level of brain tissue extracts, this effect might not 

be seen in CSF. Furthermore, we cannot exclude that oligomer levels in the CSF do not 

reflect AD pathology because Aɴ oligomers present in CSF might be formed by 

spontaneous oligomerization. In contrast, aggregation-stimulating factors that induce 

oligomerization in AD brain may be present in brain tissue but not (or less so) in control 

brain. Finally, the ELISA described here measures LMW oligomers most optimally, and 

this might cause a bias in the oligomer levels detected in both brain tissue and CSF and, 

thus, not accurately reflect brain pathology.

In conclusion, we have reported the development of an Aɴ oligomer ELISA that 

preferentially detects LMW oligomers. With this method, we showed that the presence 

of Aɴ oligomers is significantly increased in brain tissue of AD patients compared with 

controls and in Tg mouse brain tissue. In contrast, however, such difference was not 

demonstrated in CSF samples. Finally, we demonstrated the potential interference of 

heterophilic antibodies in assays that aim to quantify Aɴ oligomers in human biological 

samples. For future research, assays should be designed in such way that this interference 

is avoided. In addition, thorough characterization and description of the sizes and types 

of oligomers that are detected are important to allow better interpretation of the data.
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