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A Sensitive A� Oligomer Assay Discriminates Alzheimer’s
and Aged Control Cerebrospinal Fluid
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A hallmark of Alzheimer’s disease (AD) brain is the amyloid � (A�) plaque, which is comprised of A� peptides. Multiple lines of evidence
suggest that A� oligomers are more toxic than other peptide forms. We sought to develop a robust assay to quantify oligomers from CSF.
Antibody 19.3 was compared in one-site and competitive ELISAs for oligomer binding specificity. A two-site ELISA for oligomers was
developed using 19.3 coupled to a sensitive, bead-based fluorescent platform able to detect single photons of emitted light. The two-site
ELISA was �2500� selective for A� oligomers over A� monomers with a limit of detection �0.09 pg/ml in human CSF. The lower limit
of reliable quantification of the assay was 0.18 pg/ml and the antibody pairs recognized A� multimers comprised of either synthetic
standards, or endogenous oligomers isolated from confirmed human AD and healthy control brain. Using the assay, a significant 3- to
5-fold increase in A� oligomers in human AD CSF compared with comparably aged controls was demonstrated. The increase was seen in
three separate human cohorts, totaling 63 AD and 54 controls. CSF oligomers ranged between 0.1 and 10 pg/ml. A� oligomer levels did not
strongly associate with age or gender, but had an inverse correlation with MMSE score. The C statistic for the A� oligomer ROC curve was
0.86, with 80% sensitivity and 88% specificity to detect AD, suggesting reasonable discriminatory power for the AD state and the potential
for utility as a diagnostic marker.
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Introduction
Alzheimer’s disease (AD) is defined by brain neurofibrillary tan-
gles and senile plaques. A major plaque component, � amyloid
peptide (A�), derives from the amyloid precursor protein (APP).
Human genetics supports the disease relevance of A� including
familial mutations in the APP gene and in genes linked to A�
production (Zetzsche et al., 2010).

A� appears to exist in dynamic equilibrium including mono-
mers, oligomers, and fibrils (McLean et al., 1999; Mc Donald et
al., 2010; Benilova et al., 2012; Klein, 2013). Oligomeric A� seems
to be the most toxic form and has been isolated from AD brain
(Kuo et al., 1996; Gong, et al., 2003; Shankar et al., 2008; Tomic et
al., 2009; Koffie et al., 2012). In model systems, oligomers are

more toxic and correlate with cognitive impairments in AD
mouse models (Lesné et al., 2006; Cheng et al., 2007; Hernandez
et al., 2010), and humans (Tomic et al., 2009; Mc Donald et al.,
2010). Therapies targeting A� oligomers directly, or targeting post-
translational modifications that predispose toward oligomer forma-
tion, have been advanced (Gong et al., 2003; Lesné et al., 2006;
McLaurin et al., 2006; Townsend et al., 2006; Schilling et al., 2008;
Lambert et al., 2009; Demattos et al., 2012; Nussbaum et al., 2012).

A major challenge to assessing the role of A� oligomers in AD
is the lack of qualified assays. Published approaches include (1)
seeded polymerization with fluorescence correlation spectros-
copy (Pitschke et al., 1998); (2) A� ELISA detection following
oligomer enrichment, including size-exclusion chromatography
(SEC; Fukumoto et al., 2010) or matrices enriching aggregated
proteins (Gao et al., 2010); (3) flow cytometry using fluorescent
resonance energy transfer (Sancesario et al., 2012; Santos et al.,
2012); (4) conformation-specific oligomeric A� antibodies in a
nanoparticle assay (Georganopoulou et al., 2005); and (5) using
the same antibody to both capture and detect oligomers, in an
ELISA format (Howlett et al., 1999; Bruggink et al., 2013; Hölttä
et al., 2013; Herskovits et al., 2013). Full validation of the above
assays, including intra-assay/inter-assay variability, spike recov-
ery, dilution linearity, and limit of detection, is not usually re-
ported. While these groups overall found higher oligomer signals
in AD CSF versus control, there is little agreement in reported
levels. A� oligomer estimates range between single digit femto-
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moles to double digit picomoles within human CSF (Georgano-
poulou et al., 2005, Bruggink et al., 2013), with many assays only
reporting relative relationships. Recent data suggest a CSF range
between �0.2 pg/ml through 10 pg/ml (Hölttä et al., 2013).
Other assays have not detected oligomers in body fluids, though
the same or similar approaches detect brain oligomers (Barghorn
et al., 2005; Schupf et al., 2008; Xia et al., 2009; Esparza et al., 2013;
Yang et al., 2013). These data suggest that if CSF A� oligomers are
present, they are at the lower end of published values. We sought
to establish a robust, quantitative and selective assay to determine
whether A� oligomers are enriched in AD CSF and if so, their
relationship to some clinical parameters.

Materials and Methods
A� oligomer preparations and A� monomer. A�1– 40 and A�l-42 (A�40
and A�42) were obtained from American Peptide. Monomer solutions
were prepared as described previously (Sankaranarayanan et al., 2009).
A� oligomer preparations have also been previously described (amyloid-
derived diffusible ligands, ADDLs; Lambert et al., 1998; Chromy et al.,
2003 Gong et al., 2003; Lacor et al., 2004; Hepler et al., 2006; Freir et al.,
2011). The oligomer supernatants were subsequently filtered through a
0.5 ml column YM-50 filter tube (Millipore; catalog #UFC505096, 0.5
ml) via spin at 4000 rpm for 15 min at 4°C. Retentate, which was used as
the enriched oligomer standard, was collected by reversing the filter in-
sert, replaced into a new collection tube, and then centrifuged at 4000
rpm for 5 min at 4°C. Protein concentration was measured by Bradford
Assay (Bio-Rad; catalog #23236) and reported as micrograms per milli-
liter. Oligomer and monomer aliquots were stored at �80°C.

19.3 oligomer-selective antibody. Human IgG2 antibody 19.3 was
modified from a mouse monoclonal (3B3) and demonstrated selectiv-
ity for oligomers versus either monomeric or fibrillar A� (U.S. Pat.
Nos.7,811,563 and 7,780,963). Mouse monoclonal antibody, 3B3 (also
known as ACU-921), was generated by immunizing mice with A�1– 42
ADDL oligomers mixed 1:1 with either Freund’s (first and second vac-
cine, subcutaneously) or incomplete Freund’s adjuvant (all subsequent
vaccinations, intraperitoneal). Each injection consisted of oligomers
equivalent to 194 � 25 �g of total protein. Subsequently, the mouse
clone 3B3 was converted to a human IgG2 antibody. Variable heavy and
light chain domain regions of 3B3, encoding the A� oligomer binding
domain, were sequenced and cDNA encoding these complementarity-
determining regions were introduced in a human IgG2 context. An af-
finity maturation library was generated with variable heavy and light
chain domains of 3B3 introduced within the pFab3D phage display vec-
tor. Ligation products were transfected into Escherichia coli TG1 cells,
phage culture supernatants were concentrated, and aliquots were made
for phage library panning, conducted using biotinylated A�42 ADDL
oligomers. Phages bound to biotinylated ADDLs were eluted and added
again to E. coli TG1 cells. Biotinylated ADDLs were prepared using meth-
ods noted above (Shughrue et al., 2010), but starting with N-terminal
biotinylated A�42 peptide (American Peptide). Phage supernatants (100 �l)
were used for analysis in one-site ELISAs using either A� monomers, oli-
gomers, or fibrils (data not shown), and 19.3 was selective for oligomers.

ELISA methods. Three types of ELISA methods were used in this study.
One-site ELISA used a well surface coated with the analyte (i.e., A�
monomer), followed by an antibody binding step and an antibody detec-
tion system to quantify the amount of analyte. Two-site ELISA used a
well surface coated with an antibody to the analyte of interest, followed
by addition/binding of the analyte, addition of a second antibody that
also binds the analyte, and a detection system to quantify the amount of
analyte. The third type of ELISA, competitive, binds an analyte (i.e., A�
monomer) to the plate, then binds antibody at subsaturating concentra-
tion (i.e., EC50) in the presence of varying concentrations of a second
analyte (i.e., A� oligomer) in solution. An antibody detection system is
used to quantify the amount of antibody, which remained bound to the
first analyte, hence the relative binding affinity of the antibody for each
analyte.

Determination of 19.3 antibody EC50 binding to A� oligomers and
monomers. Employing a one-site ELISA method, high protein binding

plates were coated at 430 ng/well with A�40 or at 215 ng/well with A�
oligomers in PBS, overnight at 4°C. The next day, plates were washed five
times with PBS � 0.05% Tween 20 (PBS-T) and blocked overnight with
casein blocking buffer (Thermo Scientific) containing 0.05% Tween 20.
The 19.3 antibody was tested from 0 to 15 �g/ml in a 12-point, threefold
dilution series, solubilized in casein blocking buffer. After incubation for
2 h at room temperature, plates were washed and alkaline phosphatase-
conjugated anti-human IgG (Thermo Scientific) was added at 0.08
�g/ml for 45 min at room temperature. Plates were then washed and
Tropix CDP-Star substrate (Applied Biosystems) was added. Lumines-
cence was detected after 30 min on an Envision plate reader (PerkinEl-
mer). Curve fits were completed using GraphPad Prism software
(GraphPad Software).

Competitive binding ELISAs with A� oligomers and monomer. Plates
coated with oligomers or monomers were prepared as above. Antibody
19.3 was applied at the respective EC50 concentrations derived from the
one-site ELISAs in casein buffer to each well and allowed to bind A�
oligomers or A�40 monomer for 30 min at room temperature with shak-
ing. A 12-point, threefold concentration curve, starting at 45 �g/ml for
either oligomers or monomer, was applied to the antibody-containing
wells. For oligomer/19.3 plates, A�40 was added to the wells; for mono-
mer/19.3 plates, oligomers were added to the wells. Plates were incubated
1.5 h at room temperature and EC50 calculations were determined as
above.

A�40 and A�42 monomer or total A� two-site ELISA. A� monomer
ELISAs were previously reported (Sankaranarayanan et al., 2009) using
commercially available antibodies: 6E10 (A�3-8), 12F4 (A�42-
selective), and G210 (A�40-selective) (Covance). Total A� ELISA used
comparable methods including capture with antibody 6E10, except the
detecting antibody was 4G8 (A�17-24; Covance; Wu et al., 2013).

A� oligomers two-site ELISA using Envision platform. A 96-well, plate-
based oligomer ELISA was used to evaluate oligomer standards, human
brain extracts, or CSF. Antibody 19.3 was coated at 0.5 �g per well in
sodium bicarbonate buffer (ThermoFisher #28382) overnight at 4°C.
Wells were washed with PBS-T and blocked overnight at 4°C with 200
�l/well casein buffer in PBS-T (ThermoFisher #37528). Oligomer stan-
dards, A� monomer standards, or SEC fractions of A� preps or human
brain were diluted in casein buffer and added at 100 �l/well. Next day,
plates were washed five times with PBS-T, and Biotin-82E1 (IBL; catalog
#10326) was added at 100 �l/well in casein buffer for 1 h at room tem-
perature. Plates were washed with PBS-T and NeutrAvidin-alkaline
phosphatase (ThermoFisher #31002) was added for 30 min at room
temperature. After additional PBS-T washes, Tropix CDP-Star chemilu-
minescent substrate (Life Technologies) was added for 30 min. Lumines-
cence was quantified on an Envision plate reader. Dilutions providing
signal in the linear range of the standard curves were used for calculation
of sample concentration.

In addition to the 19.3 and 82E1 antibody pair described above, addi-
tional pairs were compared for the ability to selectively detect oligomers,
including 6E10 as both capture and detect (homotypic), and 19.3 homo-
typic ELISAs. In each case, the detecting antibody was conjugated to
biotin using established procedures, and the use of NeutrAvidin-alkaline
phosphatase and CDP-star chemiluminescent substrate was identical as
described above.

SEC and multi-angle laser light scattering. SEC was performed on an
Agilent 1100 series HPLC equipped with a Wyatt Technology Optilab
rEX refractive index detector and a Wyatt DAWN HELEOS-II multi-
angle laser light scattering (MALLS) detector. Light scattering data were
processed using Wyatt Astra software. All chromatographic separations
were completed under isocratic conditions in 25 mM sodium phosphate
buffer, pH 7.3, using a GE Healthcare Life Sciences Superdex 75 10/
300GL Column (10 � 300 mm) that was kept at ambient temperature.
Parameters of this column included an exclusion limit of 100 kDa and an
optimal fractionation range of globular proteins between 3 and 70 kDa.
Ultraviolet (UV) detection was monitored at 280 and 210 nm. The flow
rate was maintained at 0.5 ml/min during a complete run time of 60
min. Synthetic A�42 oligomers, HFIP-treated A�40, or A�42 mono-
mer preparations, injected at equal concentrations and volumes, were
analyzed for absolute mass determination using in-line MALLS. Molec-
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ular weight calibrations were conducted using Bio-Rad globular protein
standards. Globular protein size standards were run on the same column
under the same conditions, including (1) thyroglobulin (670 kDa), (2)
gamma globulin (158 kDa), (3) ovalbumin (44 kDa), (4) myoglobin (17
kDa), and 5) vitamin B12 (1.35 kDa). The standards serve as calibration
controls and estimation of the low molecular weight (LMW) peaks rather
than to accurately predict high molecular weight (HMW) fraction sizes.
Sample fractionations were performed using a Dionex 2D UHPLC
(Thermo Fisher Scientific). Data analysis was performed using Chrome-
leon 6.8 Chromatography Data System software. Fractions were collected
every 1 min at 4°C into 0.05% Tween 20-preloaded Eppendorf low-
binding 96 deep-well plates that were subsequently used in A� monomer
and A� oligomer assays.

A� oligomer two-site ELISA using Erenna platform. The flow-based, A�
oligomer sandwich ELISA was constructed using a paramagnetic micro-
particle, immunoassay platform (Erenna immunoassay system; Sin-
gulex; Todd et al., 2007). Microparticles (MPs) to capture A� oligomers
were prepared by binding 12.5 �g of biotinylated 19.3 per milligram of
streptavidin-coated MPs. Monoclonal antibody 19.3 is a humanized ver-
sion of a mouse monoclonal antibody 3B3, generated using A�1-42
ADDL oligomers as immunogen (see above). 19.3-bound MPs were di-
luted to 100 �g/ml in assay buffer (Tris buffer; 50 mM Tris, 150 mM NaCl,
pH 7.6), with 1% Triton X-100, D-desthiobiotin, 0.1% bovine serum
albumin (BSA) and added at 100 �l to 100 �l of neat CSF sample, brain
supernatant, or standards (diluted from 42 to 0.04 pg/ml in Tris buffer
and 3% BSA with protease and phosphatase inhibitor cocktail; Sigma),
followed by incubation for 2 h at 25°C. The 19.3-MPs were retained
via a magnetic bed, and unbound material was removed in a single
wash step with assay diluent using the HydroFlex plate washer (Tecan).
Fluorescent-labeled detection antibody 82E1 (IBL) was diluted to a final
concentration of 500 pg/ml and filtered through a 0.2 �m filter (Pall
4187) and the antibody was added at 20 �l/well. The 96-well plates con-
taining the MP-coupled antibody/antigen sandwiches were incubated
for 1 h at 25°C, while shaking (Jitterbug; Boekel). MP complexes were
washed four times with assay buffer to remove unbound detection re-
agent. MP/19.3/A� oligomer/82E1 complexes were transferred to a new
plate, buffer was aspirated, and 10 �l/well of elution buffer was added,
followed by 5 min incubation at 25°C while shaking in the Jitterbug.
Eluted, fluor-labeled 82E1 was transferred to a 384-plate containing 10
�l/well neutralization buffer and read on the Erenna instrument at 60 s
per well read time. Three signal outputs were obtained: detected events
(low end signal), event photons (low end and higher end signal), and
total photons (high end signal). Singulex Sgx link and Microsoft Excel
were used for statistical analysis and a standard 4-parameter curve fit of
the data was used to generate the calibration curve and interpolation of
data. Limit of detection (LOD) is defined as 2 � SD Bkg/slope and the
lower limit of reliable quantification (LLORQ) is defined as the lowest
back interpolated standard that provides signal 2� over background
with percentage coefficient of variance (CV) �20%.

Human CSF and pre-analytical considerations. Individual human aged
control or AD CSF of either sex were obtained from Bioreclamation
(Cohort 1, Table 2) or Precision Med (Cohorts 2 and 3, Tables 2, 3).
Diagnostic criteria for the AD population include: National Institute of
Neurological and Communicative Disorders and Stroke-Alzheimer’s
Disease and Related Disorders Association criteria (McKhann et al.,
1984), Mini Mental State Examination (MMSE) 14 –26, deficits in two or
more areas of cognition, progressive worsening of memory, onset be-
tween 40 and 90 years (usually �65), no disturbance of consciousness,
CT or MRI consistent with AD, and other systemic or cerebral disease
excluded. Other non-AD neurologic or psychiatric controls included
patients diagnosed with schizophrenia, amyotrophic lateral sclerosis
(ALS), or Parkinson’s disease (PD). Diagnostic criteria for schizophrenic
patients followed DSM-IV diagnostic criteria for schizophrenia and
schizoaffective disorder as defined in the DSM-IV (295.10, 295.20,
295.30, 295.60, 295.90, and 295.70), and was confirmed by a psychiatrist.
Subjects with evidence or current history of substance abuse were ex-
cluded. ALS donors diagnosed by physician had evidence at CSF dona-
tion visit of upper motor neuron or lower motor neuron signs, as
measured using the ALS functional rating scale-revised. PD subjects had

stable diagnosis by a neurologist for at least 1 year and were responsive to
a stable dose of dopamine therapy for at least 6 months. Additional
diagnostic and exclusion criteria are available upon request from Preci-
sion Med. CSF was received in 1.0 ml aliquots and stored at �70°C.
Immediately before running either the A� oligomer assay or the mono-
mer assays, each sample was thawed at room temperature and Tween 20
detergent was added to a final concentration of 0.05%. In the absence of
Tween 20, amyloid peptides bind to polypropylene storage tubes (Lewc-
zuk et al., 2006; Pica-Mendez et al., 2010; Perret-Liaudet et al., 2012); A�
oligomers bind as well (data not shown). Other publications also support
the use of mild, low concentration detergent to preserve A�42 and oli-
gomer signals (LeVine, 2004; Bjerke et al., 2010). T test comparisons of
oligomer differences across diagnostic and gender groups used Mann–
Whitney analysis with Gaussian approximation of the p values and data
are expressed as geomean with 95% confidence intervals (CI).

Human brain homogenate preparation. Frozen human cortex was ob-
tained from Analytical Biological Services. Control brain was from a
46-year-old female at 7 h postmortem, where the cause of death was liver
cancer. AD brain was from an 87-year-old male at 4 h postmortem and
was confirmed to have significant amyloid plaque pathology using anti-
body 6E10 (data not shown). Formic acid soluble A� was measured from
both brains using 6E10/4G8 and supported the relative clinical diagnosis
of these samples (data not shown). Frozen tissues were weighed and
homogenized immediately using a Brinkmann Polytron with 88/Poly-
tron PTA 10S probe in ice-cold PBS (Gibco, #70011) at 30:1 volume:
tissue weight ratio using two intervals of 15 s each. The resulting
homogenate was centrifuged in a Beckman Coulter Optima TLX ultra-
centrifuge equipped with a TLA-55 rotor at 100,000 � g for 40 min to
remove insoluble fibrils. Protein concentration of spun supernatants was
determined using a Coomassie Plus Protein assay (Thermo Fisher Scien-
tific), and 0.07 mg of AD (N 	 1) or non-AD (N 	 1) brain was subse-
quently injected and fractionated using SEC.

To immunoclear amyloid peptides from brain supernatant, 1 ml of
paramagnetic beads precoated with sheep anti-mouse IgG (Dynabeads
M-280; Life Technologies) were washed with 1 ml of wash buffer (Dyna-
beads Protein G Immunoprecipitation kit) and incubated overnight with
either 80 �l of 4G8 antibody (raised against synthetic A�1– 40) or 80 �l
of wash buffer at 4°C. Beads were subsequently washed 3� with wash
buffer and resuspended in sterile PBS before use. Three hundred micro-
liters of human AD SEC fractions (18, 20, 22, and 24), diluted 1:5 with
PBS supplemented with 0.05% Tween 20 were allowed to react with 50 �l
of 4G8-bound or control Dynabeads at 4°C overnight. To remove bead-
bound materials, mixtures were immobilized on a magnet for 1 min.
Resultant supernatants from 4G8-bound or control suspensions (100 �l
each in duplicate) were subsequently tested in oligomer (19.3/82E1)
assay.

Results
A� oligomer selectivity of antibody 19.3
To confirm binding potency of 19.3 for A� oligomers compared
with A�40 monomer, one-site ELISAs used a common titration
curve of the antibody and separate A� oligomer- or A�40
monomer-coated plates (Fig. 1A). A�40 represented A� mono-
mers rather than A�42 as the 40 species has a lower aggregation
threshold, reported by several groups (Bitan et al., 2003; Bern-
stein et al., 2005; Bernstein et al., 2009). The EC50, a measure of
half-maximal total 19.3 binding was 0.25 pg/ml and 0.64 pg/ml
for A� oligomers and A�40, respectively. The maximal binding
of 19.3 antibody was �3-fold greater for A� oligomers as for
A�40 monomer. To more accurately represent an environment
where both A� oligomers and A� monomers would be present,
such as CSF, we tested the antibodies in competitive ELISAs (Fig.
1B). As in the one-site ELISA above, a plate was prepared by
coating with A� oligomers at 215 ng/well and then adding the
19.3 antibody at its A� oligomers binding EC50, as determined in
the one-site ELISA (0.25 pg/ml; Fig. 1A). 19.3 was competed off
by adding increasing concentrations of A�40 monomer, result-
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ing in 50% competition at 24.8 �g/ml of monomer. In contrast,
when 430 ng/well A�40 monomer coated the ELISA plate and A�
oligomers competed for 19.3 binding (at 0.64 pg/ml antibody),
50% of 19.3 was competed off monomer at 39 ng/ml of oligom-
ers. The 650-fold difference in the competitive response is con-
sistent with 19.3 having a much higher solution phase binding for
oligomers than A�40 monomers. Thus 19.3 advanced to evalua-
tion in a two-site ELISA format.

Preferred antibody pair for A� oligomer two-site ELISA
A screen of capture and detecting antibodies in two-site ELISA
format was completed to identify an oligomer-preferring assay.
In the absence of oligomer-preferring antibodies, the same
anti-A� antibody used as both capture and detection reagents has
been reported as an A� oligomer assay by several groups
(Howlett et al., 1999; Schupf et al., 2008; Xia et al., 2009; Fuku-
moto et al., 2010; Gandy et al., 2010; Esparza et al., 2013; Yang et
al., 2013). Most of these homotypic assays have demonstrated
insufficient sensitivity for reliable measurement of A� oligomers
in human CSF, if oligomers are truly present at the lower range of
published values (Georganopoulou et al., 2005). Using this ap-
proach, two-site ELISAs with capture/detection antibody pairs

19.3/19.3 (data not shown), 6E10/6E10 (Fig. 2C), or 19.3/82E1
(Fig. 2A) were compared for sensitivity of A� oligomers com-
pared with monomer using the Envision chemiluminescent plat-
form. 19.3/19.3 and 6E10/6E10 both demonstrated �350-fold
reduced sensitivity for oligomers versus 19.3/82E1. The 19.3/
82E1 ELISA generated a limit of A� oligomer detection (LOD) of
1.3 pg/ml, and LLORQ of 4.2 pg/ml (with coefficients of variance
�20% at this lowest measure). The assay was �1000-fold selec-
tive for A� oligomer signal compared with either A�40 or A�42
monomers (A�40 not shown) using comparable absolute con-
centrations of A� protein (Fig. 2B). As the oligomer preparation

Figure 1. The 19.3 antibody selectively binds to oligomeric A�. The differential binding of
the 19.3 antibody to A� monomer and oligomers was quantified in (A) a one-site ELISA and in
(B) a competitive binding ELISA. In the one-site ELISA, 19.3 showed only a modestly different
EC50 for monomer (0.64 pg/ml, f) and A� oligomers (0.25 pg/ml, Œ). The maximal binding
was greater for A� oligomers. In the competitive binding ELISA, 39 ng/ml of A� oligomers was
sufficient to displace 50% binding to coated A�40 monomers (f), whereas 24.8 �g/ml A�
monomer was needed to displace 50% of the A� oligomer (Œ) binding. RLU, relative lumines-
cence units.

Figure 2. 19.3/82E1 ELISA shows differential sensitivity toward A� oligomers compared
with A� monomer and a larger dynamic range compared with the homotypic 6E10/6E10 ELISA.
A, Plates coated with 19.3 were exposed to increasing concentrations of A� oligomers (Œ) or
A�42 monomer (�). Binding was detected with the 82E1 antibody. Cross-reactivity with the
monomer preparations was limited, with 1000-fold difference in sensitivity. B, C, Plates coated
with 6E10 were exposed to increasing concentrations of A� oligomers (Œ) or A�42 monomer
(�) with binding detected using 12F4 A�42-specific antibody (B) or 6E10 (C) antibodies.
Equivalent signals were observed in the A�42-specific ELISA assay, while 350-fold lower oli-
gomer sensitivity was seen in the 6E10/6E10 homotypic ELISA compared with 19.3/82E1. RLU,
relative luminescence units.
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is a dynamic mixture of oligomers and monomers (ranging from
�70 –90% HMW A� species; Fig. 3A), the sensitivity and selec-
tivity of the 19.3/82E1 ELISA for oligomers may be underesti-
mated. While this assay could evaluate synthetic A� and human
brain (see below) oligomers, it was not sensitive enough to reli-
ably detect oligomers in human CSF (data not shown), which is
consistent with previous estimates (Georganopoulou et al.,
2005).

SEC to resolve A� species in oligomer standards and human
brain extracts
To better understand the oligomer species, synthetic A� oligo-
mers were resolved using SEC and the fractions were tested by
ELISA. A�42 monomers or LMW species were detectable at 280
nm absorption at �30 min in both the A�42 oligomer (Fig. 3A)
and A�42 monomer prep (Fig. 3C) as were HMW species, which
likely correspond to A� oligomers only present within the A�42
oligomer prep (Fig. 3A). No relevant A� species were detected in
UV peak fractions � 35 min, corresponding instead to compo-
nents of F12 medium used to prepare the oligomers (Fig. 3B). For

ELISA measurements (Fig. 4), fractions of oligomer preps were
added immediately to the ELISA wells, to minimize postfraction-
ation state changes. Three ELISAs were tested on oligomer prep
fractions: 6E10/12F4, 6E10/6E10, and 19.3/82E1. The 6E10/12F4
A�42 assay detected signals in both oligomeric/HMW and mo-
nomeric/LMW species (Fig. 4A), whereas 6E10/6E10 detected
only HMW/oligomeric species (Fig. 4B, fractions 18 –20). Using
MALLS coupled in-line with SEC, the oligomer-related HMW
standard peak has predicted molecular mass range of 310 –7700
kDa (mean 	 1117 kDa). The signal of the LMW peak was too
weak to accurately predict its molecular mass; however, it coe-
luted in the same fractions (see below) as the monomer A�42. In
fact, when monomer preps were fractionated, the entire signal for
6E10/12F4 was in fractions at 28 –32 min, with the molecular
mass estimated by MALLS to be 4.8 kDa (data not shown). Es-
sentially no detectable signal was present in these fractions using
the two oligomer ELISAs (data not shown). The 19.3/82E1 assay
detected oligomers in fractions 17–22 min, at a broader range and
magnitude of putative oligomers fractions compared with the
6E10/6E10 ELISA (fractions 18 –20), but was largely insensitive

Figure 3. The A� oligomer preparation is enriched for HMW A� species. A, A� oligomers
were fractionated by SEC-MALLS and monitored by absorbance at 280 nm. A primary broad
HMW peak was detected at minutes 16.5 through 20.5. MALLS analysis indicated that the peak
was a polydisperse mixture of oligomers ranging in size from 310 to 7700 kDa, with a mean
molecular weight of �1117 kDa. A minor LMW peak was detected at minute 28 –32. Five
additional peaks, corresponding to potentially LMW species, were detected at minutes 34
through 45. B, SEC profile of F12 media alone is shown. F12 media is used in the preparation of
A� oligomers. The peaks at minutes 34 through 45 are present in F12, indicating these are likely
not A� related and that the peak at 28 –32 min corresponds to the smallest A� species. C,
HFIP-treated A�42 monomer was separated by SEC and had a prominent peak at minute
28 –32, suggesting this is an accurate size for monomers. MALLS analysis confirmed A� mono-
meric peak molecular weight at 4.8 kDa (actual weight is 4.514 kDa). Globular protein size
standards were run on the same column under the same conditions and their peak elutions are
indicated at the top of each chromatogram: (1) thyroglobulin (670 kDa), (2) gamma globulin
(158 kDa), (3) ovalbumin (44 kDa), (4) myoglobin (17 kDa), and (5) vitamin B12 (1.35 kDa). The
standards serve as calibration controls and estimation of the LMW peaks rather than to accu-
rately predict HMW fraction sizes.

Figure 4. Comparison of the SEC fractionated synthetic A� oligomers by ELISA shows 19.3/
82E1 ELISA detects HMW A� species. A� oligomer preps were fractionated by SEC and the
fractions tested in a 6E10/12F4, 6E10/6E10, or 19.3/82E1 ELISA. A, The 6E10/12F4 A�42 ELISA
shows binding to LMW (fractions 28 –32) and HMW (fractions 16.5–20.5) A� species. B, The
6E10/6E10 ELISA recognized HMW A� (fractions 17–21) with no reactivity to LMW A�. C, The
19.3/82E1 ELISA also shows selectivity toward HMW A�, but recognizes a broader range and
higher concentration of A� species than 6E10/6E10.
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to fractions expected to contain primarily monomers (Fig. 4C).
The restricted oligomer detection range of the 6E10/6E10 assay
relative to the 19.3/82E1 assay may reflect steric hindrance as
both capture and detect antibodies attempt to bind to the same
epitope, leading to greater sensitivity of the 19.3/82E1 ELISA.

Results using synthetic A� species in SEC further confirmed
that the 19.3/82E1 assay was oligomer selective. Next, assay per-
formance was studied using brain supernatant A� species ex-
tracted by homogenization in PBS and ultracentrifugation from
AD or healthy control brain. Fractions were analyzed using either
the 19.3/82E1 A� oligomer ELISA (Fig. 5A) or 6E10/4G8 total A�
ELISA (Fig. 5B). Figure 5B demonstrates A� signals most prom-
inently in LMW fractions 29 –36, from AD (left) and age-
matched control (right), respectively. Average levels of A�
species in the LMW PBS fractions were comparable across the
two groups (AD 	 378 pg/ml; non-AD 	 538 pg/ml), and resolve
over fractions comparable to the A� monomer standard (Fig.
3C), �4.8 kDa. The LMW species derived from the human brain
homogenates and detected by the 6E10/4G8 total A� ELISA elute
over a wider molecular weight range compared with the A�1– 42
monomer standard. Endogenous A� species, immunocaptured
with 6E10 vary in length as analyzed by mass spectrometry (Por-
telius et al., 2011), with species ending at residue 40 the most
abundant and including a plethora of N- and C-terminal trunca-
tions. This heterogeneity most likely accounts for additional A�
species detected between fractions 32–36 present in the brain
homogenates (Fig. 5B) and absent from the A�1– 42 monomer
prep (Fig. 3C). Figure 5A demonstrates increased oligomer sig-
nals in the PBS fraction from the AD brain (left) compared with
control (right). Interestingly, ADDL HMW oligomer standard
ELISA signals were detected in fractions 17–22 (Fig. 4C), 310 –
7700 kDa range, with the highest signal in fraction 18, while the
endogenous oligomers from the AD brain demonstrated the
highest signal in fraction 19, shifting its most abundant con-
former to a slightly smaller molecular weight. Also, unlike the
oligomer standards, there was a longer train of smaller oligomeric

species, which tailed into the monomer
fractions. Control brain oligomer signals
from 19.3/82E1 were significantly re-
duced �3-fold compared with the AD sig-
nal; the mean concentration of oligomers
across fractions 18 –28 was 252 pg/ml in
AD and 87 pg/ml in control. Overall, these
human brain oligomer fractions span be-
tween very large, mega dalton sizes to just
below the globular standard of 17 kDa. As
the unfractionated concentration of total
A�, including monomer, would over-
whelm the 1000-fold selectivity of the oli-
gomer ELISA (Envision platform), the
SEC size resolution allows for greater se-
lectivity; in fact, mean total A� in the AD
extract was 378 pg/ml over fractions
16 –28 (under the oligomer assay detec-
tion range for monomer species; Fig. 2A)
versus oligomer signals of 252 pg/ml. To
confirm the specificity of the oligomer sig-
nals across fractions, immunoprecipita-
tion was performed with antibody 4G8 on
a subset of fractions, to clear A� species
before testing in the 19.3/82E1 oligomer
assay. A significant reduction in oligomer
signal to background levels was found in

fractions 18, 20, 22, and 24 with prior immunoclearing (data not
shown), confirming the signal specificity. With additional con-
firmation on 19.3/82E1 ELISA selectivity using endogenous brain
A� species extracted and fractionated using SEC, the assay was
advanced into the Erenna immunoassay platform, reported to
have greater sensitivity to detect analytes in human body fluids.

A� oligomer-selective ELISA with improved sensitivity
Optimal antibody capture and detecting ratios determined
The 19.3/82E1 antibody pair was evaluated on the Erenna plat-
form to determine whether assay sensitivity could improve fur-
ther to detect A� oligomers in human CSF. An antibody testing
matrix of 16 different combinations was designed to compare
assay performance under a variety of conditions using a two point
analyte curve consisting of 0 and 4.5 pg/ml in standards diluent.
The parameters evaluated included micrograms of biotinylated
19.3 per milligram MP, micrograms of 19.3-MP per well, and
detection antibody concentration. The best performance, choos-
ing lowest signal background with the greatest slope (detected
photon events/pg/ml) between 0 and 4.5 pg/ml, was found using
12.5 �g of biotinylated 19.3/mg MP, 10 �g 19.3-MP per well, and
500 ng/ml of 82E1. These conditions were moved forward for
further assay development.

Assay sensitivity
Using assay conditions chosen above, assay sensitivity was evalu-
ated using a 12 point, twofold serial dilution of A� oligomer
concentrations in standard diluent run in triplicate from 42 to
0.04 pg/ml (Fig. 6A). The lowest concentration that could be
quantified with a CV �20% on the standard curve was 0.18 pg/ml
(LLORQ) with an LOD of 0.09 pg/ml. The upper limit of the
linear range was not rigorously determined.

Selectivity versus A� monomer
The A� oligomer assay cross-reactivity to A� monomer was de-
termined by preparing a 12 point, twofold serial dilution of the
HFIP monomer into standard diluent. Dilutions were run in trip-

Figure 5. SEC fractions of human cortex aqueous supernatants revealed more HMW A� oligomers in AD compared with non-AD
cortex, while similar total A� levels were found. A, 19.3/82E1 ELISA assay on SEC fractions of 0.07 mg of AD (left) and non-AD
(right) cortex shows �3-fold elevation in the mean concentration of HMW fractions in AD compared with non-AD samples. B,
Similar levels of LMW fractions were observed between AD and non-AD PBS extracts when examined using the 6E10/4G8 ELISA of
total A� signal. Globular protein size standards were run as noted in Figure 3 legend.
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licate ranging from 226 ng/ml to 221 pg/ml. Cross-reactivity was
calculated by dividing the interpolated values by the expected
values based on an oligomer standard curve at comparable pro-
tein concentration. The calculated cross-reactivity ranged be-
tween 0.03 and 0.05%. In a representative graph of signal from
A� oligomers compared with A�40 monomer (Fig. 6B), cross-
reactivity was �0.1%.

Spike recovery determination in human CSF
Recovery of A� oligomer spiked into 12 unique CSF samples was
analyzed. Four samples from a mixture of aged control and AD
were spiked with 1.7 pg/ml oligomers and eight were spiked with
3.4 pg/ml. Each sample was also run without additional oligom-
ers to determine endogenous levels. Spike recovery ranged from
37 to 149%, with mean recovery of 89%. The lowest recovery
value, 37%, corresponded to an endogenous, unspiked sample
with the highest percentage CV (48%). If this single sample pair is
excluded from the 23 remaining values, the mean spike recovery
is 94%, with a range of 66 to 149%.

Dilution linearity of oligomer signal in either spiked or
unspiked CSF
A subset of the normal human CSF samples, spiked with 0.82
pg/ml oligomers, were serially diluted to evaluate assay linearity.
The interpolated value was multiplied by the dilution factor to
obtain the initial A� oligomer concentration. Average linearity of
the recovered A� oligomer signals was 96%, with a range of 69 to
117%. A parallel analysis with unspiked neat CSF was also run.
The lower starting concentration of oligomers meant fewer dilu-
tion steps. The calculated average linearity of the endogenous A�
oligomer signal was 95%, with a range of 88 to 103%, showing
better response of the endogenous oligomers to serial dilution.

Intra- and inter-assay precision
To examine intra-assay precision, five samples of 100 �l human
CSF were each spiked at two levels of A� oligomer (0.81 and 2.7
pg/ml) and run in replicates of six. Intra-assay precision calcu-
lated by averaging results of the six replicates and calculating the
CV%, was 17%, and ranged between 5 and 31 CV%. Using CV
percentage values from unspiked human CSF run in replicates of
three, the intra-assay mean was 14%, the median was 10%, and
ranged between 3 and 28%.

Inter-assay precision was studied in six samples spiked at two
oligomer levels (0.81 and 2.7 pg/ml), run in replicates of three,
and run on three different plates. Inter-assay precision calculated
by averaging results of the three experiments and resultant CV
percentage, was 13% and ranged between 6 and 38% CV%. Inter-
assay precision was also determined in two unique unspiked CSF
samples, and was �18%, run over 2 d.

In summary, the A� oligomer-selective ELISA generated an
LOD of oligomer standards at 0.09 pg/ml, an LLORQ at 0.18
pg/ml, and 2500-fold selectivity of the assay for A� oligomer over
A�40 monomer (Table 1). Inter-and intra-assay precision, spike
recovery, and dilution linearity were all consistent with a robust
and sensitive assay. The assay was used to evaluate levels of A�
oligomers in human CSF.

A� oligomers detected in human CSF
The 19.3/82E1 ELISA on the Erenna platform was used to measure
endogenous A� oligomers in human CSF. In two commercially
available cohorts assessed independently (patient demographics
in Table 2), A� oligomers were significantly elevated in AD CSF
compared with aged controls (p � 0.008). AD patients were di-
agnosed using MMSE as well as other criteria (see Materials and
Methods). The absolute levels of oligomers observed in Cohort 1

Figure 6. Use of Erenna flow-based detection provides increased sensitivity while preserv-
ing selectivity with A� monomers. A, The MP-based 19.3/82E1 assay shows dilution linearity
from 0.04 to 0.72 pg/ml. Variability in the lower part of the curve constrains the LLORQ to 0.18
pg/ml and higher. B, A� monomers show limited cross-reactivity with the 19.3/82E1 assay,
2500-fold lower signal compared with oligomers.

Table 1. Summary of assay properties of the A� oligomer assay

Assay parameter
A� oligomer/monomer
standards added

Endogenous
CSF A� species

LOD 0.09 pg/ml N/A
LLORQ 0.18 pg/ml N/A
Inter-assay precision 13% (6 –38) 18% (17–18)
Intra-assay precision 17% (5–31) 14% (3–28)
CSF spike recovery 89% (37–149) N/A
Avg dilution linearity 96% (69 –117) 95% (88 –103)
Fold selectivity for oligomer versus monomer 2500 (2000 –3000) N/A

LOD is 2 � SD Bkgd/slope. LLORQ is the lowest back interpolated standard that provides signal 2� over background
with percent CV �20%. For other measures, mean %CV is shown; ranges in parenthesis. “Dilutional linearity
samples” were serially diluted to 1:8 (with exogenous oligomers added) or 1:4 (endogenous signals). Fold selectivity
refers to observed signal from A� oligomer compared to an equivalent protein concentration of A� monomer.

Table 2. Demographic information of Control and AD CSF samples

Controls AD

Cohort 1: sample number 11 12
Gender

Female 6 (40%) 9 (60%)
Male 5 (63%) 3 (37%)

Age (years, median, and range) 64 (60 –77) 78 (56 – 89)
MMSE score (median and range) 30 (26 –30) 16 (14 –24)

Cohort 2: sample number 32 40
Gender

Female 17 (53%) 17 (42%)
Male 15 (47%) 23 (58%)

Age (years, median, and range) 64 (51–77) 70 (50 – 83)
MMSE score (median and range) 30 (27–30) 19 (14 –26)

Gender, age, and MMSE of the CSF donors are indicated, with percentages or ranges in parentheses. The median
MMSE scores for the AD groups are significantly lower than the control group ( p � 0.0001; Mann–Whitney).
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(Fig. 7A) were 2.6 (0.75–3.3) pg/ml in AD (N 	 12) and 0.28
(0.18 – 0.34) pg/ml in aged controls (N 	 11), 9.2-fold elevated in
AD. Oligomer levels in three healthy aged samples were between
the LOD and LLORQ (0.09 – 0.18 pg/ml, respectively), so overall
geometric means should be considered estimates since these sam-
ples represent 13% of the total Cohort 1 sample number. Dotted
line on Figure 7A indicates the LLORQ. Samples from Cohort 1
were analyzed on two separate occasions from fresh aliquots; 1
month apart; run 1 was unblinded and run 2 was blinded and the
correlation between the two runs revealed an r value of 0.93. All
additional CSF samples were run blinded. While these data support
an association of increased A� oligomers in AD, Cohort 1 was lim-
ited by small group sizes and overlapping, but non-matched group
ages. A second cohort of CSF samples was obtained and analyzed.
The second cohort was larger and there was no significant difference
in the ages of the cases and controls (Table 2).

Absolute levels of CSF A� oligomers observed in Cohort 2 were
1.52 (1.19–1.94) pg/ml in AD (N 	 40) and 0.52 (0.41–0.66) pg/ml
in aged control (N 	 32), �3-fold higher in AD compared with
control CSF. In this cohort, differences were significant at p�0.0001
(Fig. 7B); three individuals in the aged control group had oligomers
between the LOD and LLORQ, while all AD values were above the
LLORQ (indicated by dotted line). Comparing cohorts, all AD sig-
nals were above the LLORQ of 0.18 pg/ml while only 90% of Cohort

2 controls or 73% of the Cohort 1 controls were above this limit. All
values were above the LOD of 0.09 pg/ml. Receiver–operator curve
analysis (ROC; Fig. 7C) performed on oligomer data from Cohort 2
demonstrated an area under the curve of 0.86 (0.75–0.94 CI, p �
0.001) with a sensitivity of 80% and a specificity of 88% to distin-
guish the AD from the aged controls.

A�40 and A�42 monomer levels were also measured in the
Cohort 1 CSF samples, and a portion of Cohort 2, where there
was sufficient CSF available. A�40 levels were comparable be-
tween the AD and controls in Cohort 1 (1935 and 2088 pg/ml,
respectively; Fig. 8A), while A�42 levels were significantly re-
duced by 2.4-fold in the AD samples compared with control (44
and 108 pg/ml, respectively, Fig. 8B). In Cohort 2, the AD and
control A�40 levels were 1996 and 2249 pg/ml (Fig. 8C), while
A�42 levels were 114 and 216 pg/ml (Fig. 8D), respectively. This
finding is consistent with previous reports, showing a reduction
of A�42 in AD CSF by approximately twofold (De Meyer et al.,
2010, Jack et al., 2010) and, with the other diagnostic criteria,
supports a correct diagnosis. When oligomer levels were com-
pared with either A�40 or A�42 monomer levels within a given
sample, a significant correlation was observed only within the AD
population when comparing levels of oligomer and A�40 (Fig.
8E; r 	 0.49, p 	 0.03), but not A�42 (Fig. 8F; r 	 0.33, p 	 0.16).
There was no correlation found between oligomer and monomer

Figure 7. A� oligomer levels in the CSF discriminate between AD patients and controls and correlate with MMSE values. A, A� oligomer levels were significantly higher in the AD CSF samples than
in aged control samples from Cohort 1 (geometric mean with 95% CI, p � 0.008). Dotted lines in A and B indicate the lower limit of reliable quantification of the assay. B, A� oligomers in Cohort
2 are significantly elevated in the AD CSF compared with age-matched healthy controls (geometric mean with 95% CI; p � 0.0001). C, A� oligomer concentrations in Cohort 2 were used to generate
a ROC curve to assess the predictive validity of the assay. The area under the curve of the ROC curve is 0.86. D, There is a significant correlation between MMSE and A� oligomers when all samples
from Cohorts 1 and 2 are analyzed either by pooling healthy controls and AD samples (r 	 0.67, p � 0.0001) or within AD samples alone (r 	 0.28, p � 0.05). There is no correlation for the control
samples. AD Cohort 1 (F), Control Cohort 1 (E), AD Cohort 2 (f), Control Cohort 2 (�), Total AD only correlation (- - -), total control correlation (���), Combined correlation (——).
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species either within the healthy normal samples alone, or within
the combined AD and healthy normal samples (Cohorts 1 and 2).
This suggests the A� oligomer values are not substantially derived
from cross-reactivity with A� monomers.

ROC analysis was performed comparing curves generated us-
ing oligomer data with those using A�42 monomer data on the
sample subset for which both measures were available (Fig. 9).
For the oligomer measures the area under the curve was 0.86
(0.73– 0.99 CI, p � 0.0001) with a sensitivity of 80% and a spec-
ificity of 90% to distinguish the AD from the aged controls. For
the A�42 monomer data, the area under the curve was 0.76
(0.60 – 0.92 CI, p � 0.006) with a sensitivity of 70% and specificity
of 90%. The oligomer measures were the more sensitive measure
to detect AD CSF compared with A�42 monomer.

Additional control and AD CSF samples were obtained (Co-
hort 3), including patients diagnosed with PD, ALS, and Schizo-
phrenia (patient demographics in Table 3) and A� oligomers
were measured using the 19.3/82E1 ELISA. There were no differ-
ences detected in CSF oligomers (Fig. 10A) or A�42 monomer
levels (Fig. 10B) between N 	 11 each of control, ALS, PD, and
Schizophrenia samples, while AD samples remained significantly
higher for oligomers, and lower for A�42 monomers (p � 0.01).

Association of A� oligomers with age, sex, and MMSE score
As age and gender are risk factors for AD, we analyzed the A�
oligomer levels with respect to these factors. There was no corre-
lation between age and A� oligomer level in either the AD or
control samples of either Cohort 1 or 2 (data not shown). When

Figure 8. A�40 monomer concentration is unchanged between the AD and aged controls in Cohort 1 and 2 (A and C, respectively) while A�42 values are reduced by twofold in the AD samples
(B, Cohort 1, p�0.002; D, Cohort 2, p�0.001; geometric mean and 95% CI). A Cohort 2 subset was analyzed because of limited CSF volumes available. The correlation between A�40 and oligomers
was significant for the AD CSF (r 	 0.49, p 	 0.03;f), but not aged control CSF (E; �). Correlation between A�42 and oligomers was not significant for either group (F; AD, �; control, �).
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Cohort 2 was segregated by gender and disease state, samples
from both male and female AD samples had greater A� oligomer
levels than their gender-matched controls (Fig. 11). Across both
cohorts, there were no significant effects specific to gender,
whether assessed separately by diagnostic group or combine to-
gether (Cohorts 1 and 3 not shown).

Comparing oligomer levels with MMSE score indicated a sig-
nificant, negative correlation with either the combined Cohorts 1
and 2 AD group (r 	 �0.28, p � 0.05) or AD and control samples
(r 	 �0.67, p � 0.0001; Fig. 7D). Within Cohorts 1 and 2 ana-
lyzed separately (data not shown), the significant relationship
between MMSE and oligomers was preserved when AD and con-
trols were analyzed in aggregate (r 	 �0.74, p � 0.0001 or �0.64,
p � 0.0001), respectively), but only within Cohort 1 was the
correlation significant just within the AD samples (r 	 �0.68;
p � 0.05), excluding controls.

Discussion
Using oligomer-detecting antibodies a quantitative, sensitive and
selective A� oligomer ELISA was developed. With this novel as-
say, oligomers in human CSF were measured, distinguishing AD
from control in three cohorts, while patients with other neuro-
logic or psychiatric disease were comparable to aged controls.
Antibody pairs were chosen for oligomer selectivity and sensitiv-
ity using a chemiluminescent ELISA. This assay distinguished
HMW A� oligomers in human brain from monomers, and was
transferred to the Erenna ELISA platform providing increased
sensitivity to detect CSF oligomers. While the human cohorts
were relatively small, this study provides rationale to analyze lon-

gitudinal CSF collections in which additional genetic, biochemi-
cal, imaging, and cognitive measures have been completed.

The Erenna platform was used (Esparza et al., 2013) to de-
velop an ELISA using A� N-terminal antibody HJ3.4 as both
capture and detecting pair, achieving LOD of 1.56 pg/ml and
LLORQ of 6.25 pg/ml; oligomers were detected in brain, but not
CSF. As the capture antibody was immobilized on a plate surface,
versus magnetic bead as in the 19.3/82E1 assay, signal-to-noise
may have improved with a bead-based version. Use of the same
antibody for capture and detection (Xia et al., 2009; Fukumoto et
al., 2010; Esparza et al., 2013; Yang et al., 2013) provided oli-
gomer selectivity, but, in general, was not highly sensitive. Ho-
motypic ELISAs using 6E10 and 19.3 were also not as sensitive as
19.3/82E1, and detected a smaller fraction of HMW oligomers
revealed after SEC fractionation. In addition, the 19.3/82E1 En-
vision chemiluminescent ELISA (LOD 1.3 pg/ml, LLORQ 4.2
pg/ml) was also unable to detect CSF oligomers. When migrated
to the Erenna platform, 19.3/82E1 achieved 23-fold increased
sensitivity and the ability to detect CSF oligomers.

In contrast, Hölttä et al. (2013) reported a homotypic ELISA
using 82E1 with sufficient sensitivity to detect CSF oligomers
from a subset of control, mild cognitive impairment, and AD
patients. This assay used A�1–11 dimer standards, demonstrated
a limit of quantification of 0.2 pg/ml, and 25,000-fold selectivity
versus A�40 monomer. Despite comparable sensitivity and im-
proved selectivity versus the 19.3/82E1 ELISA, a large fraction of
samples demonstrated oligomer measures below the limit of
quantification in a clinic-dependent manner, suggesting site-
specific CSF sampling or handling may have played a role in the
detection variability. While another homotypic ELISA using
BAN50 antibody on a Luminex platform demonstrated higher
relative signals in AD CSF versus control (Herskovits et al., 2013),
sAPP� oligomers were detected and parameters such as sensitiv-
ity, intra-assay variability, and matrix effects were not reported.
While assays noted above used different oligomer standards, a
trend has emerged suggesting sub-pg/ml or sub-picomole sensi-
tivity is required to detect CSF oligomers (Georganopoulou et al.,
2005; Hölttä et al., 2013; 19.3/82E1 ELISA).

As CSF oligomer levels are low, we examined whether endog-
enous human IgG interfered with the 19.3/82E1 ELISA. IgG was
depleted from human CSF using a protein G column (confirmed
using SDS-PAGE and protein staining, data not shown). Oli-
gomer signals were identical in neat and IgG-depleted CSF, sug-

Figure 9. ROCs using either A�42 (A) or oligomer (B) values from AD or control CSF. The oligomer values provided improved sensitivity compared with A�42 to detect disease.

Table 3. Demographic information of Control, AD, PD, ALS, and Schizophrenia CSF
samples

Cohort 3 Controls AD PD ALS Schizo

Sample number 11 11 11 11 11
Gender

Female 5 (45%) 5 (45%) 5 (45%) 9 (82%) 5 (45%)
Male 6 (55%) 6 (55%) 6 (55%) 2 (18%) 6 (55%)

Age (years, median/
ranges)

63 (60 –77) 70 (50 – 83) 73 (58 – 80) 61 (50 –91) 54 (42– 63)

MMSE (median/
ranges)

30 (27–30) 16 (14 –20) 30 (29 –30) 30 (27–30) ND

Gender, age, and MMSE (where available) of the CSF donors are indicated, with percentages or ranges in
parentheses.
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gesting human antibodies were not interfering with the ELISA
signal.

The ability of any ELISA to distinguish monomer from oli-
gomer is critical, but challenging to assess. A� appears to exist in
a dynamic equilibrium between monomeric and oligomeric
states (Bitan and Teplow, 2004). Here assay selectivity was quan-
tified using defined biochemical preparations and SEC to frac-
tionate by size. The 19.3/82E1 Erenna ELISA demonstrated
�2500-fold oligomer selectivity versus A�40 monomer. CSF
monomer concentrations were in the low ng/ml range (mean
values 2.5 ng/ml; Fig. 8) in our assays, while measures between 5
and 10 ng/ml have been reported (Oe et al., 2006; Bateman et al.,
2007; Li et al., 2012; Slemmon et al., 2012). The average A� oli-
gomers concentration in AD CSF, �2 pg/ml, are detectable with

this level of discrimination however levels of oligomers in some
healthy controls may be overestimated. Across CSF samples in
aggregate there was no correlation between monomer and oli-
gomer levels. Indeed, as A�42 decreases and A�40 levels are un-
changed, A� oligomers increase. This inverse concentration
relationship between A�42 and A� oligomers may, in part, ex-
plain the apparent loss of A�42 in the CSF, although Hölttä et al.
also found no ‘within sample’ correlation between oligomer and
other AD CSF biomarkers (Hölttä et al., 2013).

The relative selectivity of 19.3 for oligomeric A� compared
with fibrillar forms was assessed in vivo (data not shown) using
19.3 delivered intravenously at 50 mg/kg into Tg2576 at plaque-
bearing age of 18 months (Lesné et al., 2006). Twenty-four hours
after dosing, paraformaldehyde-fixed frozen serial sections were
stained histologically using either anti-human antibody detec-
tion (specific for 19.3 human Ab) or Thioflavin S, specific for
fibrillar amyloid. Antibody 19.3 bound Thioflavin S-negative,
diffuse clusters of cortical material (Sarsoza et al., 2009; Mc Don-
ald et al., 2010; structures described in literature as oligomeric),
while Thioflavin S-positive plaque in parenchyma or blood ves-
sels was not detected.

Quantitative assay development requires a standard that is
reproducible, stable, and reflective of endogenous species. The
standard used here, ADDLs, was previously described (Lambert
et al., 1998; Chromy et al., 2003; Gong et al., 2003; Lacor et al.,
2004; Hepler et al., 2006; Freir et al., 2011), with addition of a
YM-50 column to concentrate oligomers. To assess standard
quality, we performed lot-to-lot stability by SEC in-line with
MALLS analysis and binding to primary neurons in culture (He-
pler et al., 2006; Shughrue et al., 2010). Oligomer standard stabil-
ity was also evaluated, showing no significant change after
prolonged storage at �80°C (data not shown). Such properties
are essential to reliably test clinical samples.

In addition to oligomer standard reproducibility, we demon-
strated relevance to endogenous oligomers. Like other published
A� oligomer preparations, a single molecular weight species is
unlikely to exist in solution; when resolved by SEC, there existed
a species consistent with monomer, and an HMW peak com-
prised of oligomers (Chromy et al., 2003; Hepler et al., 2006),
recognized with the oligomer assay in both synthetic and endog-
enous samples. This SEC pattern was reported in several labora-
tories, with ADDLs (Freir et al., 2011), other synthetic oligomer
preparations (Bitan and Teplow, 2005; Yamamoto et al., 2007;
Fukumoto et al., 2010), and also with human brain A� isolates
(Esparza et al., 2013; Yang et al., 2013).

Figure 10. AD CSF samples contain significantly higher oligomers and lower A�42 mono-
mers compared with other diagnostic groups. A, A� oligomer levels were significantly higher
( p � 0.01) and (B) A�42 levels were significantly lower ( p � 0.01) in AD CSF samples when
compared with aged control or ALS, PD, or Schizophrenia samples from Cohort 3. C, A�40 levels
were unchanged among all tested CSF groups of Cohort 3.

Figure 11. AD CSF samples across both genders contained more A� oligomers than control.
No differences were detected when males were compared with females, in AD, controls, or
pooled (one-way ANOVA, Bonferroni correction).
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Detection of human CSF A� oligomers facilitates a test of the
relationship between oligomers and cognition. It is notable that oli-
gomers consistently increase in AD (Pitschke et al., 1998; Geor-
ganopoulou et al., 2005; Fukumoto et al., 2010; Gao et al., 2010;
Sancesario et al., 2012; Santos et al., 2012; Hölttä et al., 2013;
Herskovits et al., 2013), unlike A�42 monomer (Jack et al., 2010).
Further, oligomer levels increase as MMSE score drops (con-
sistent with finding by Herskovits et al., 2013). The correlation
between oligomers and cognitive impairment is more robust
when both aged normal and AD samples are used. This is ex-
pected, given the magnitude of change between the disease states.
The remaining AD MMSE/oligomer correlation in this study im-
plies that oligomers reflect a different pathological process than
monomers.

In the two cohorts, age and gender differences did not corre-
late with oligomer levels. A recent report using immunoprecipi-
tation and Western blot demonstrated a correlation between age
and the oligomers *56 and trimers (Handoko et al., 2013), al-
though Hölttä et al., (2013) also found no oligomer/age correla-
tion. The greatest consistent influence on oligomer signal was
diagnosis into either the AD or control group, defined here by
MMSE score cutoff of �26 (Mungas, 1991; O’Bryant et al., 2008)
and other criteria. To evaluate oligomers as a diagnostic marker,
we completed ROC analysis using oligomer measures from Co-
hort 2. A� oligomers provide sensitivity and specificity compa-
rable to those reported for CSF A�42 or tau (Lewczuk et al., 2004;
Shaw et al., 2009); here, oligomers provided greater sensitivity
(80%) versus A�42 (70%), with equivalent specificity (90%).

While additional studies are required, a significant step has
been made toward robust and reproducible measurement of A�
oligomers in human CSF and brain extracts. The Erenna plat-
form is used in clinical settings (Tarawneh et al., 2012; Wang et
al., 2012) to measure low abundance analytes in blood and CSF.
Ongoing studies evaluating CSF from individuals sampled longi-
tudinally will confirm whether oligomers correlate with cross-
sectional and progressing disease, as well as with variables such as
age, sex, apoE genotype, and other demographic, biochemical,
and cognitive measures. Some CSF samples will have Tween 20
added at collection, which may preserve signals up to twofold, if
consistent with the behavior of the synthetic oligomers and A�
monomer standards used here. Other oligomer standards will be
examined including commercially available A� dimers, and
other oligomers (�-synuclein, prion, islet amyloid polypeptide,
or polyglutamine). While ADDL antibodies like 19.3 are selective
against oligomers arising from other peptides (Lambert et al.,
2009), the 19.3/82E1 ELISA has not been examined against these
species. Finally, in addition to the potential role of A� oligomers
to diagnose AD, their response to therapeutic agents targeting
A�, like anti-A� antibodies or �-secretase inhibitors, is of inter-
est. If oligomers are the most relevant AD target, it will be critical
to assess their pharmacodynamic behavior in clinical trials.
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