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Background:A� oligomers are major players in Alzheimer disease, but the tools for their detection are not satisfactory.
Results:We developed a SPR-based immunoassay and a test in C. elegans, specifically identifying toxic oligomers.
Conclusion: These methods allow study of the effects of mutations or drugs on A� oligomerization.
Significance: The SPR-based immunoassay provides new opportunities for the detection of toxic oligomers in biological
samples.

Soluble oligomers of the amyloid-� (A�) peptide play a key
role in the pathogenesis of Alzheimer’s disease, but their elusive
nature makes their detection challenging. Here we describe a
novel immunoassay based on surface plasmon resonance (SPR)
that specifically recognizes biologically active A� oligomers. As
a capturing agent, we immobilized on the sensor chip themono-
clonal antibody 4G8,which targets a central hydrophobic region
of A�. This SPR assay allows specific recognition of oligomeric
intermediates that rapidly appear and disappear during the
incubation of synthetic A�1–42, discriminating them from
monomers and higher order aggregates. The species recognized
by SPR generate ionic currents in artificial lipid bilayers and
inhibit the physiological pharyngeal contractions in Caenorh-
abditis elegans, a new method for testing the toxic potential of
A� oligomers.With these assays we found that the formation of
biologically relevant A� oligomers is inhibited by epigallocat-
echin gallate and increased by the A2V mutation, previously
reported to induce early onset dementia. The SPR-based immu-
noassay provides new opportunities for detection of toxic A�
oligomers in biological samples and could be adapted to study
misfolding proteins in other neurodegenerative disorders.

Aggregation of �-amyloid (A�)3 peptides, eventually leading
to brain deposition of amyloid plaques, represents a major and
well known hallmark of Alzheimer’s disease (AD). Although
fibrillar amyloid may contribute to AD pathogenesis, different
lines of evidence point to smaller and soluble A� assemblies
(termedA�oligomers) as themainneurotoxic species (1, 2). A�
oligomers may also represent important biological markers of
AD.
The development of reliable tools and sensors to selectively

detect the toxic oligomeric species still represents a major need
in AD research (3). The recognition that morphologically sim-
ilar oligomers have very different toxicity points to the exis-
tence of subpopulations of biologically active oligomers with
specific structural features (4–6). Most of the techniques cur-
rently used to visualize A� aggregates or to determine their size
are not suited for the identification of the toxic oligomers. Con-
formation- or epitope-specific antibodies may provide a more
suitable means for a structure-dependent recognition of spe-
cific oligomer subpopulations (5). However, classical immuno-
assays such as ELISA, Western blot, dot-blot, etc., are time-
consuming and require indirect readouts, with long incubation
steps and washing procedures that could affect the recognition
of transient and unstable species.
Here we describe a novel immunoassay based on surface

plasmon resonance (SPR) that specifically detects biologically
important oligomers of synthetic A�. SPR is a powerfulmethod
widely used to study interactions between twomacromolecules
in real time without labeling themolecules (7, 8). Typically, one
of the two interacting partners is immobilized on a sensor chip
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surface, and the other is flowed through a microfluidic system
in contact with the chip surface. Binding is measured in real
time as a change of mass at the surface, and the interaction can
be characterized in terms of on and off rates (kinetics) and bind-
ing strength (affinity).
We immobilized different antibodies on the sensor chip and

injected A� solutions at different times during the aggregation.
We identified an antibody, 4G8, which permitted a direct, real
time determination of the binding signal specifically caused by
transient oligomers, which could not be obtainedwith common
immunoassays (ELISA or dot-blot).
We then assessed the toxicity of the A� oligomers detected

by SPR (3) using two new assays suitable to study transient
oligomeric species with a relatively short half-life (few hours).
We used an electrophysiological assay in model membranes
and a behavioral test in the nematode Caenorhabditis elegans,
applied here for the first time to test the toxic potential of A�
oligomers.
For the present studies we used the “depsi-peptide” tech-

nique for A� synthesis (9, 10), improved in our laboratory (11,
12), which consistently produces seed-free starting solutions.
This is a prerequisite for any analysis of the properties of highly
aggregating peptides (13).

EXPERIMENTAL PROCEDURES

Anti-A� antibodies 4G8 and 6E10 were from Covance; anti-
oligomers antibodies A11 andOC (5) were from Invitrogen and
Millipore, respectively. Epigallocatechin gallate (EGCG) was a
kind gift from INDENA (Milan, Italy).
A� Preparation—Depsi-A�1–42, depsi-A�1–40 (WT), and

depsi-A�1–40A2V peptides were synthesized as previously
described (10, 11). The depsi-peptide is much more soluble
than the native one and has a much lower propensity to aggre-
gate, thereby preventing the spontaneous formation of seeds in
solution. A� peptides were obtained from the corresponding
depsi-peptide by a “switching” procedure involving a change in
pH (11) and used immediately. The switched solutions were
diluted in 10 mM phosphate-buffered solution, containing 150
mM NaCl, pH 7.4 (PBS), and incubated as indicated.
SPR Studies—The SPR apparatus used for the present study

(ProteOn XPR36 Protein Interaction Array System; Bio-Rad)
has six parallel flow channels that can be used to uniformly
immobilize strips of six ligands on the sensor surface. The flu-
idic system can automatically rotate 90° so that up to six differ-
ent analytes can be injected, allowing simultaneous monitoring
of up to 36 individual molecular interactions in a single run on
a single chip (14). The antibodies were immobilized in parallel
flow channels of GLC sensor chips (Bio-Rad) using amine cou-
pling chemistry, as previously described (14). Briefly, after sur-
face activation, the antibodies (30 �g/ml in 10 mM acetate
buffer, pH 5.0) were injected for 5 min at a flow rate of 30
�l/min, and the remaining activated groups were blocked with
ethanolamine, pH 8.0. The final immobilization levels were
�5000 resonance units (1 RU � 1 pg of protein/mm2), for all
the antibodies tested. A “reference” surface was always pre-
pared in parallel using the same immobilization procedure but
without addition of the antibody.

After rotation of the microfluidic system, aliquots of A�1–42
or A�1–40 (WT or A2V) were injected over the immobilized
antibodies for 2 min at a flow rate of 30 �l/ml. Dissociation was
measured in the following 11 min. The running buffer, also
used to dilute the samples, was 10 mM PBS containing 150 mM

NaCl and 0.005% Tween 20 (PBST). All of these assays were
done at 25 °C. The sensorgrams (time course of the SPR signal
in RU) were normalized to a base-line value of 0. The signal
observed in the surfaces immobilizing the antibody was cor-
rected by subtracting the nonspecific response observed in the
reference surface. The resulting sensorgrams were globally fit-
ted by a two-binding site model (heterogeneous ligand model,
ProteOn analysis software) to obtain the corresponding kinet-
ics parameters of the quickly dissociating and the slowly diss-
ociating component (kon and koff) and the equilibrium dissoci-
ation constant (KD). Lysates fromCL4176 andCL802C. elegans
strains (15, 16) were diluted in PBST to a final protein concen-
tration of 0.05 �g/�l and injected over immobilized 4G8 for
3–5 min at a flow rate of 30 �l/ml.
Size Exclusion Chromatography (SEC)—Synthetic A�1–42

(100 �M) was incubated at 25 °C for different times (0, 5, and
24 h). Aliquots were then diluted with 10 mM PBS to a final
concentration of 10 �M. SEC was performed using an FPLC
apparatus (Biologic DuoFlow FPLC system; Bio-Rad) equipped
with a precision column prepacked with: (i) Superdex 75 HR
10/30 (separation range of 3–70 kDa), (ii) Superdex 200 HR
10/30 (10–600 kDa), or (iii) Superose 6HR10/30 (5–5000 kDa)
(GEHealthcare). Themobile phase (PBS) was set at 0.5ml/min,
and the elution peak was detected at 214-nm UV absorbance.
The columnswere calibrated using appropriatemolecularmass
standard proteins (see legend to supplemental Fig. S2). The
void volume was determined by blue dextran 2000 (2000 kDa).
Lysates from CL4176 C. elegans were fractionated in a Super-
dex 200 HR 10/30, as described above.
Atomic Force Microscopy (AFM)—Aliquots of synthetic

A�1–42 were diluted with 10mMPBS to a final concentration of
10 �M and incubated for 0.5–2 min on a freshly cleaved mica
disk. The disk was washed with water and dried under a very
gentle nitrogen stream. The sample was then mounted on a
Nanoscope V multimode AFM (Veeco/Digital Instruments,
Santa Barbara, CA) operating in tapping mode using standard
phosphorus-doped silicium probes (Veeco). The scan speed
was 1Hz. For every sample, three pictures fromdistinct regions
were taken. Plane corrected and background removed pictures
were obtained with the open source software tool Gwyddion
(17).
Dynamic Laser Light Scattering (DLS)—Aliquots of synthetic

A�1–42 were diluted with 10 mM PBS to final concentrations of
1 and 10 �M. DLS measurements were taken on each sample at
25 °C with a homemade apparatus that includes a diode laser
(� � 532 nm), a temperature-controlled cell, and a digital cor-
relator (Brookhaven Instruments Co) (18, 19). Dynamic mea-
surements of the scattered intensity correlation function
yielded the translational diffusion coefficient of particles, and
then, via the Stokes-Einstein relation, the average hydrody-
namic diameter of the particles in solution was calculated. Sev-
eral runs were performed on each sample to check for data
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reproducibility. The data were analyzed by the CONTIN
method, suitable for polydisperse systems (20).
Native Gels and SDS-PAGE, Western Blot, and Dot-blot

Analysis—Synthetic A�1–42 (100 �M) was incubated at 25 °C
for different times (0–24 h). The aliquots were then diluted
with 10 mM PBS to a final concentration of 10 �M, and the A�
species were evaluated. For native gels, equal amounts of pro-
tein were loaded onto 4–16% (w/v) Bis-Tris native gels (Invit-
rogen) and electrophoresed at 150 V. After blotting, the mem-
branes were probed with 4G8 (1:1000 dilution). NativeMark
standards (Invitrogen) were run in parallel. Equal amounts of
protein were fractionated by 16% Tris-Tricine SDS-PAGE and,
after blotting, were probed with 4G8 (1:1000 dilution). For dot-
blot analysis, 50 ng of synthetic A�1–42 was spotted onto nitro-
cellulose membranes (Millipore), blocked with PBST (PBS, pH
7.4, plus 0.1% (v/v) Tween 20), and incubated for 1 h with 4G8
(1:1000 dilution). Anti-mouse IgG peroxidase conjugate
(1:2000 dilution; Sigma) was used as a secondary antibody for
4G8. Immunoreactive bands were detected by ECL chemiol-
uminescence and quantified by Quantity One Image Software
(Bio-Rad).
Electrophysiological Assay—Single-channel recordings from

lipid bilayer were obtained using the Tip-Dipmethod, as previ-
ously described (21). Experiments carried out using only ionic
solutions and pure lipid bilayer do not show any ionic flow for
more than 1 h of continuous current recordings (n � 5). A�
samples weremade up to a final concentration of 100 nM, alone
and in presence of 4G8 or EGCG.
C. elegans Studies—Wild-type N2, the transgenic A� muscle

expressing strain CL4176 and its control CL802 (15) were
obtained from the Caenorhabditis Genetic Center (University
of Minnesota). In CL4176, the expression of human A�1–42
depends on raising the temperature from 16 to 24 °C and
caused progressive worm paralysis (15). All nematode strains
were propagated on solid nematode growth medium seeded
with Escherichia coli (OP50) for food.
Pharyngeal Pumping Assay—N2 nematodes (L3–L4 larval

stage) were collected by washing plates with M9 buffer, trans-
ferred to tubes, centrifuged, and washed two times with 5 mM

PBS, pH 7.4, to eliminate bacteria. Synthetic A�1–42 (100 �M)
was incubated at 25 °C, and aliquots were taken at different
timepoints (0, 5, 24 and 48h), diluted to 0.5–10�M in 5mMPBS,
pH 7.4, and administered to C. elegans (100 worms/100 �l).
Control wormswere fed vehicle alone. After 2 h of orbital shak-
ing, the worms were transferred on NMG plates seeded with
E. coli, and pharyngeal pumping rate was scored after 2 h of
recovery by counting the number of times the terminal bulb of
the pharynx contracted over a 1-min interval. In some experi-
ments, wormswere fed for 2 hwith 10�MA�1–42 preincubated
or not, for 30 min, with 4G8 antibody (1:500, v/v in 5 mM PBS,
pH 7.4) or with 10 �M A�1–42 co-incubated with 10 �M EGCG
(in 5 mM PBS, pH 7.4) as described above.
Native Oligomers from CL4176 Nematodes—CL4176 and

CL802 age-synchronized nematodes were transferred to fresh
nematode growth medium plates and, when reaching maturity
at 3 days of age, allowed to lay eggs overnight. Isolated hatch-
lings from the synchronized eggs (day 1) were cultured at 16 °C
on fresh NMG plates (35 � 10-mm culture plates, 100 worms/

plate) seededwith E. coli. Transgene expressionwas induced by
raising the temperature from 16 to 24 °C for 44 h, at which time
�60% of animals resulted paralyzed (16). The wormswere then
collected and homogenized in lysis buffer.

RESULTS

SPR Studies with Synthetic A�1–42—A�1–42 was dissolved in
PBS to a final concentration of 100�Mand incubated at 25 °C in
quiescent conditions (22, 23). Aliquots were then taken at dif-
ferent times (from 0 to 72 h), diluted to 1 �M in PBS and flowed
over sensor chips on which we had previously immobilized the
anti-A� antibodies 4G8 and 6E10 or the anti-oligomer antibody
A11.
Fig. 1a shows that the binding signal on 4G8 was strikingly

affected by the length of incubation of A�1–42. In comparison
with the signal obtained on injecting the freshly prepared solu-
tion (t� 0), amarked increase was seenwith solutions analyzed
after 2, 3, and 5 h of incubation; with longer incubation (8, 24,
and 72 h), the signal progressively declined. The incubation
time also affected the shape of the sensorgrams, particularly the
dissociation phase: A�1–42 incubated for 0, 24, and 72 h disso-
ciated almost completely, whereas only a minor fraction disso-
ciated with A�1–42 incubated for 2–8 h. Qualitatively identical
results were obtained by diluting A�1–42 to 10 �M before the
injection in the SPR apparatus (data not shown).
None of the sensorgrams could be adequately fitted by the

equation modeling a simple bimolecular interaction but
required a complex model. All the curves could be fitted well
(Fig. 1a, white lines) by assuming there were two binding spe-
cies (Fig. 1, b and c, and supplemental Fig. S1) with markedly
different dissociation rate constants (koff): one (dotted lines)
dissociates relatively fast (koff: 6.3 � 10�3 s�1) and the other
(dashed lines) had a �50-fold slower rate (koff: 1.1 � 10�4 s�1),
approaching pseudoirreversible binding.
The quickly dissociating binding species predominant in the

freshly prepared A�1–42 solution (t � 0; Fig. 1b) likely corre-
spond tomonomers. Thus, SECanalysis at t� 0 showed a single
peak at an elution time corresponding to an apparentmolecular
mass of 12–13 kDa (supplemental Fig. S2, a, d, and e, green
traces). It has been shown that this elution position corresponds
to A�1–42 monomers, as determined by multiangle laser light
scattering coupled to SEC (24). SPR binding caused by the
quickly dissociating binding species (monomers) decreased
with the incubation time (supplemental Fig. S1, a–f, blue dotted
lines), indicating evolution toward other molecular species.
Slowly dissociating species made a negligible contribution in

freshly prepared A�1–42 solutions (t � 0; Fig. 1b) and in solu-
tions incubated for 24–72 h (supplemental Fig. S1, e and f), but
it was up to 20 times higher at 2–8 h of incubation (Fig. 1c and
Fig. S1, b–d). Fig. 1d illustrates the binding signal caused by
these species in relation to A�1–42 incubation, with a bell-
shaped kinetics and a peak at t � 5 h. SEC analysis at this time
(Fig. S2, a, d, and e, red traces) showed the appearance of a peak
in the void volume. Dot-blot analysis of the void volume with
either 4G8 and 6E10 confirmed a marked increase of signal at
t � 5 h (data not shown). SPR analysis on the fraction corre-
sponding to the void volume showed that it contained the
slowly dissociating species only (supplemental Fig. S2b),
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whereas the fraction corresponding to the monomeric peak
contained the quickly dissociating species only (supplemental
Fig. S2c). AFM at t� 5 h (supplemental Fig. S3b) confirmed the
appearance of aggregates, and analysis of the void volume (sup-
plemental Fig. S3, d–f) highlighted the presence of species with
different morphologies, including globular aggregates and
short protofibrils. DLS analysis at t� 5 h (supplemental Fig. S4)
indicated that most of the aggregates have a hydrodynamic
diameter of 10–30 nm, although larger species were also
observed. DLS volume distributions were similar when diluting
A�1–42 to 1 �M (i.e., the concentration used for SPR studies) or
to 10�M (i.e., the concentrations needed forAFMor SEC) (sup-
plemental Fig. S4). Native gel confirmed the appearance, at t �
5 h, of high order aggregates (supplemental Fig. S5a), which
were SDS-labile andmigrated on SDS-PAGE asmonomers and
dimers (supplemental Fig. S5b).

The SPR signal caused by the slowly dissociating species
decreased with an incubation time of �8 h until negligible val-
ues after 24–72 h of incubation (Fig. 1d). This finding is likely
due to the concomitant evolution of A�1–42 toward different
aggregated species, losing the property to bind immobilized
4G8. In agreement, SEC analysis showed that the peak in the void
volumemarkedly decreased after 24 h (supplemental Fig. S2, a, d,
and e, blue traces), suggesting that the aggregates formed at t �
24 h do not enter the columns. At this time, DLS analysis showed
bigger species, the majority of which had a hydrodynamic diame-
ter of�500nm (supplemental Fig. S4, lower panels). Larger aggre-

gates were also detected by AFM (supplemental Fig. S3c) and
native gel (supplemental Fig. S5a). Western blot analysis, car-
ried out under denaturing conditions, showed a decrease of
monomers, an increase of dimers, and the appearance of
higher molecular mass SDS-stable species (supplemental
Fig. S5b). Dot-blot analysis showed that 4G8 recognized in a
similar way the assemblies present at t � 5 h and those
formed at t � 24 h (supplemental Fig. S5, c and d), indicating
that this technique cannot be used to characterize transient
oligomeric species. In summary, the SPR-based immunoas-
say specifically detects a transient subpopulation of A�1–42
oligomers, characterized by a pseudoirreversible binding to
immobilized 4G8.
SPR studies using 6E10 as a capturing antibody showed low

dissociation rates for both A�1–42 monomers and oligomers
(supplemental Fig. S6). Therefore, the contribution of mono-
mers and oligomers could not be investigated with this anti-
body. We also did not detect any binding of A�1–42 (tested at
concentrations up to 10 �M) on immobilized A11 (not shown).

Another set of SPR studies was designed to investigate the
direct binding of A11 and OC antibodies (5) to the A�1–42
oligomers, which had been previously captured by immobilized
4G8. We found a concentration-dependent binding of OC
(supplemental Fig. S7), indicating that the 4G8-binding oligo-
mers are also OC-positive. No reliable data could be obtained
with A11 because we found a very high nonspecific binding to
immobilized 4G8, even in the absence of captured oligomers.

FIGURE 1. SPR studies. a, synthetic A�1– 42 (100 �M) was incubated at 25 °C, and samples were taken at different times (from 0 to 72 h), diluted to 1 �M in PBS,
and injected over immobilized 4G8 for 2 min (bar), followed by 11 min of dissociation. The figure shows the sensorgrams (time course of the SPR signal
expressed in resonance units, RU) obtained in a representative experiment (black lines). Fitting the sensorgrams (white lines) required a model assuming the
presence of two binding species with different dissociation rates. b, experimental sensorgram obtained injecting the freshly prepared solution (t � 0,
continuous line) is shown together with the theoretical sensorgrams corresponding to the quickly dissociating binding species (dotted lines) and the slowly
dissociating binding species (dashed lines). The experimental sensorgram is mainly accounted for by the quickly dissociating species, which bind to 4G8 with
a KD of 75 � 10 nM (n � 5). c, experimental and theoretical sensorgrams obtained injecting the solutions incubated for 5 h. The lines are as in b. Note the increase
of the signal caused by the slowly dissociating species (see the complete sets of data in supplemental Fig. S1). d, time course of the slowly dissociating
component. Each point is the mean � S.D. of three or four independent experiments, presented as a percentage of the signal found after 5 h of incubation.
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We then used the 4G8-based SPR immunoassay to examine
how the incubation conditions affects the kinetics of appear-
ance/disappearance of A�1–42 oligomers. Supplemental Fig. S8
shows that raising the temperature from 25 to 37 °C shifted the
peak time from 5 to 1 h, indicating much faster oligomer for-
mation. The disappearance of the oligomers was also faster and
was almost complete after 8 h of incubation. In addition, the
peak time was affected by the peptide concentration, being 1, 3,
and 5 h at 100, 50, and 25 �M A�1–42, respectively. The maxi-
mum resonance signal was also affected, with lower concentra-
tions producing fewer oligomers. Finally, the rate of disappear-
ance of the oligomers was directly proportional to the
concentration of A�1–42 (supplemental Fig. S8). In summary,
higher temperatures or higher concentrations of A�1–42
resulted in faster oligomerization and faster evolution toward
species not recognized by 4G8.
To investigate whether the SPR-based immunoassay could

be applied to study molecules with potential anti-oligomeric
effect, we tested the small polyphenolic green tea constituent
(�)-EGCG,whose effects onA� aggregation and fibrillogenesis
have been reported (25, 26).We incubated A�1–42 (100�M) for
5 h with or without 3–100 �M EGCG. The samples were then
diluted in PBS and flowed over immobilized 4G8. Preincuba-
tion with EGCG dose-dependently reduced A�1–42 binding to

4G8 (Fig. 2a). The reduction was specifically due to the slowly
dissociating component (Fig. 2b), which completely disap-
peared with equimolar concentrations of EGCG. The binding
of preformed A�1–42 oligomers to 4G8 was not affected by co-
injection of equimolar concentrations of EGCG (data not
shown), suggesting that EGCG inhibits the oligomer formation.
Thus, the SPR assay can be used to monitor the effect of poten-
tial anti-oligomeric compounds.
SPR Studies withNativeA�1–42—Nextwe testedwhether the

SPR-based immunoassay could detect natural (i.e., not syn-
thetic) A�1–42 oligomers.We employed the transgenic CL4176
strain of the nematodeC. elegans engineered to express human
A�1–42 peptide in body wall muscles when the temperature is
raised (15). As previously reported, �60% of the worms were
paralyzed 44 h after temperature induction, in parallel with the
deposition of oligomeric A� assemblies in the bodywall muscle
cells (16). Noninduced CL4176 and CL802 nematodes, which
do not express the A�1–42 transgene, were used as controls.
SPR analysis showed a clear binding signal only with lysates
from induced CL4176 worms (Fig. 3a). The shape of the sen-
sorgram, particularly the slow dissociation rate, suggests that
the binding signal is due to the A�1–42 oligomer species. To
substantiate this finding, lysates from CL4176 worms were
eluted by SEC, and fractions were collected, in particular at

FIGURE 2. Effect of (�)-EGCG. Synthetic A�1– 42 (100 �M) was incubated at
25 °C in the absence or presence of different concentrations of EGCG (3, 10,
30, and 100 �M). Samples were taken after 5 h of incubation, diluted 100-fold,
and injected over immobilized 4G8 for 2 min (bar), followed by 11 min of
dissociation. a, shows the sensorgrams (time course of the SPR signal
expressed in resonance units, RU), which could be dissected for the presence
of quickly dissociating species (monomers) and slowly dissociating species
(oligomers) (see also Fig. 1). b, shows the effects of EGCG on the SPR binding
signal caused by each of these components, highlighting a selective inhibi-
tory effect on the oligomeric species.

FIGURE 3. SPR studies with native A�1– 42 from C. elegans. a, lysates
obtained from CL4176 transgenic C. elegans strain 44 h after the temperature
rise (i.e., after induction of oligomeric A�1– 42 expression) were injected onto
immobilized 4G8. Lysates from uninduced CL4176 and CL802 nematodes,
which do not express the A�1– 42 transgene, were used as control. This exper-
iment was carried out twice with similar results. b, lysates from induced
CL4176 worms (i.e., 44 h after the temperature rise) were eluted by SEC using
a S200 column. Fractions collected at time points corresponding to the elu-
tion of monomers and oligomers (void volume) were injected onto immobi-
lized 4G8.

Specific Recognition of Toxic A� Oligomers

27800 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 33 • AUGUST 10, 2012

http://www.jbc.org/cgi/content/full/M111.334979/DC1
http://www.jbc.org/cgi/content/full/M111.334979/DC1


time points corresponding to the elution of “monomers” and
“oligomers” (void volume). The binding signal was only present
when injecting the oligomeric fraction (Fig. 3b), consistent with
the results obtainedwith thewhole lysate. It is likely thatmono-
mers are not detectable under these conditions for sensitivity
reasons (see discussion). These data indicate that the SPR assay
can be used to detect the presence of native oligomers.
Biological Effects of Synthetic A�1–42—To examine the bio-

logical effects of the short-lived oligomers detected by SPR, we
used in vitro and in vivo tests. It has been reported that soluble
oligomers from several types of amyloid boosted lipid bilayer
conductance regardless of the sequence, whereas fibrils and
monomeric species did not (27). Electrophysiological Tip-Dip
experiments (21) were used tomeasure the effects of the differ-
ent A�1–42 species on the ionic conductance of a lipid bilayer.
Samples of synthetic A�1–42 were analyzed at t � 0 (mono-
mers), t � 5 h (4G8-binding oligomers), and t � 24 h (when
4G8-binding oligomers are no longer detected). Pure lipid
bilayer exposed to vehicle did not show any ionic current. The
A�1–42 solution incubated for 5 h had more effect on ion con-
ductivity than solutions incubated for 0 and 24 h (Fig. 4a). Anal-
ysis of the corresponding current/voltage relationships (Fig. 4b)
showed conductance values of 33 � 3.6, 82 � 5.0, and 26 � 2.5
pS at 0, 5, and 24 h of incubation, respectively. The oligomer-
associated increase of conductance was completely abolished
by 4G8 or EGCG (Fig. 4c). These data indicate that the 4G8-

binding oligomeric species specifically affect membrane
permeability.
Next we tested the effect of A�1–42 on the pharyngeal pump-

ing rate in C. elegans. This is the rhythmic contraction and
relaxation of the pharyngeal muscle responsible for the inges-
tion and transport of food from the mouth to the intestine and
is rapidly reduced by sublethal doses of chemical stressors (28).
N2 ancestral nematodes were fed with A�1–42 taken after 0, 5,
24, or 48 h incubation. Two hours later the worms were trans-
ferred onto fresh nematode growth medium agar seeded with
E. coli, and the pumping rate was measured. The pumping rate
was significantly impaired only in nematodes fed with the
A�1–42 solution incubated for 5 h, corresponding to the peak of
4G8-binding A�1–42 oligomers (Fig. 5a). The solutions con-
taining monomers only (t � 0) or lacking 4G8-reactive oligo-
mers (t � 24–48 h) had no effect. The effect of A�1–42 oligo-
mers was dose-dependent (Fig. 5b) and reversible, with the
pumping rate returning to base line 16 h after exposure to
A�1–42 (data not shown). Preincubation with 4G8 antagonized
the effect on the pumping rate (Fig. 5c), as did EGCG (Fig. 5d),
suggesting that it was due to the 4G8-reactive oligomeric forms
recognized by SPR.
Studies with Wild-type and A2V-mutated A�1–40—Finally,

we applied the SPR-based immunoassay and the pumping rate
test to study theA2Vmutated formofA�1–40, previously found
to be more amyloidogenic and more cytotoxic than the WT

FIGURE 4. Membrane conductance changes induced by synthetic A�1– 42 species. a, representative current traces obtained after applying synthetic A�1– 42
solutions to an artificial lipid bilayer. Synthetic A�1– 42 (100 �M) was incubated at 25 °C and sampled at different times (t � 0, 5, and 24 h), and then diluted to
100 nM in 144 mM NaCl, 1.8 mM CaCl2, 1.2 mM MgCl2, 10 mM Hepes, pH 5.0, and applied to a lipid bilayer. Current traces were recorded at different potentials
(�80, �40 mV, �40 mV, and �80 mV). b, the current/voltage relationship from a complete set of Tip-Dip currents. c, representative histogram comparing the
conductance using freshly prepared A�1– 42 (t � 0, monomers) and after 5 h of incubation (t � 5 h), with the latter preincubated or not with 4G8 (1:500 v/v) or
EGCG (equimolar). The values are the means � S.D. (n � 5). **, p � 0.01 versus all the other groups (Bonferroni’s multiple comparison test following one-way
ANOVA). 4G8 or EGCG alone had no effect on ionic currents, nor they did induce lipid bilayer ruptures (not shown).
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peptide (19). This peptide was selected on the basis of the neu-
ropathological studies conducted on the brain of the homozy-
gous proband, which indicated that the deposition of A�1–40
species were overrepresented and that the effects of A2V
genetic mutation might be more pronounced on A�1–40 than
on A�1–42 (29). During incubation at 37 °C in quiescent condi-
tions, A�1–40 A2V formed transient 4G8-binding species,
whereas A�1–40 WT did not (Fig. 6, a and b). The maximum
binding signal was found after 8 h of incubation (Fig. 6c).
Studies in C. elegans at this time point indicated a significant
decrease in the pumping rate with A�1–40A2V but not
A�1–40WT (Fig. 6d).

DISCUSSION

We describe here a new SPR-based immunoassay that selec-
tively recognizes a subpopulation of biologically active A� olig-
omers. The method exploits the fact that these soluble aggre-
gated species bind immobilized 4G8 in a pseudoirreversible
manner (very slow dissociation rates), whereasmonomers bind
4G8 with significantly faster dissociation rates. The possibility
of accurately determining the binding constants is the key fea-
ture that allows the use of 4G8 in the SPR immunoassay to
distinguish between different A� species.

SPR studies were also done with the anti-A� antibody 6E10,
which, however, proved unsuitable for distinguishing mono-
mers from oligomers because both species bound the antibody

with strong affinities and very slow dissociation rates (30). It
might be interesting to test other antibodies, particularly those
raised using A� oligomers as antigens (31, 32). Recently, SPR
data have been reported employing an “oligomer-specific” IgM
anti-A� antibody (OMAB) (33). In that study, the binding of
A�1–40/2monomers/dimers toOMABhad fast off rate kinetics,
whereas binding of SEC-enriched A�1–40/2 oligomers resulted
in a strong complex with an exceptionally slow koff. OMAB
might thus serve as another capturing antibody useful for rec-
ognition of oligomers by SPR. It will be interesting to see
whether 4G8 and OMAB recognize the same species.
In principle the SPR assay might employ conformation-de-

pendent antibodies that recognize oligomers of different pro-
teins or peptides, such as A11 or OC (5, 34). A reliable immo-
bilization ofOC requires a purified antibody, which is currently
not available. The immobilization of A11 did not result in any
binding signal. Whether this antibody is unable to recognize
transient A�1–42 oligomers or whether its activity is abolished
by the immobilization on the SPR sensor chip remains to be
established.
The aggregated species that bind immobilized 4G8 in a pseu-

doirreversible manner rapidly appear and disappear during the
incubation of synthetic A�1–42. With 100 �M peptide at 25 °C,
the oligomer-dependent SPR signal was maximal after 5 h of
incubation decreasing thereafter to negligible values at t� 24 h.

FIGURE 5. Effects of A�1– 42 species on pharyngeal pumping rate in C. elegans. a, synthetic A�1– 42 (100 �M) was incubated at 25 °C and sampled at different
times (t � 0, 5, and 24 h), diluted to 10 �M in PBS, and administered to N2 worms for 2 h. Control worms were fed vehicle alone (dotted line). Only the samples
preincubated for 5 h (i.e., those containing the 4G8-binding A�1– 42 oligomers) markedly inhibited the pumping rate. The values are the means � S.E. (n � 20),
expressed as a percentage of the corresponding control. **, p � 0.01 versus t � 0, Bonferroni’s test after two-way ANOVA. b, dose-response effect of A�1– 42
oligomers on pharyngeal pumping. Worms were fed A�1– 42 (0.5–10 �M) previously incubated for 5 h. The values are the means � S.E., expressed as percent-
ages of control worms fed vehicle. c, the inhibitory effect of A�1– 42 oligomers on pumping rate was antagonized by 4G8. A�1– 42 was preincubated for 5 h,
added with 4G8 (1:500, v/v in vehicle), and incubated for further 30 min before administration to worms. Control worms were fed vehicle or 4G8 alone. The
values are the means � S.E. (n � 16). Two-way ANOVA showed a significant interaction between A�1– 42 and 4G8 (p � 0.01). **, p � 0.001 versus vehicle; °°, p �
0.001 versus A�1– 42 (Bonferroni’s test). d, EGCG antagonized the inhibitory effect of A�1– 42 oligomers on pharyngeal pumping. A�1– 42 (100 �M) was incubated
at 25 °C with or without EGCG (100 �M). After 5 h, the samples were diluted 10 times and administered to worms. Control worms were fed vehicle or 10 �M EGCG
alone. The values are the means � S.E. (n � 16). Two-way ANOVA showed a significant interaction between A�1– 42 and 4G8 (p � 0.01). **, p � 0.001 versus
vehicle; °°, p � 0.001 versus of A�1– 42 (Bonferroni’s test).
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Analysis of the solution incubated for 5 h (by SEC, DLS, AFM,
and gel electrophoresis) showed the presence of a heteroge-
neous population of SDS-labile aggregates, including globular
species and short protofibrils, with amain hydrodynamic diam-
eter of 10–30 nm and eluting in the void volume even with SEC
columns suitable for highmolecular mass molecules. However,
the morphology of A� aggregates, as well as their interaction
with columnmatrix, can significantly alter migration times and
may result in overestimated dimensions (24, 35). The solution
incubated for 24 h mainly contained greater and SDS-stable
species, which do not even enter in the SEC columns. Thus, the
4G8-based SPR immunoassay selectively recognized a specific
population of soluble aggregates. This population is also recog-
nized by OC, a conformation-specific antibody proposed to
selectively target fibrillar oligomers (5), as suggested by an SPR
assay in which OC was flowed onto 4G8-captured oligomers.
This “sandwich” SPR format (supplemental Fig. S7) could be
applied for identifying interactors of captured oligomers.
When tested in a dot-blot assay, 4G8 recognized the oligo-

meric assemblies present at t� 5 h and t� 24 h in a similar way,
in line with published evidence (36). There are two possible
explanations for the discrepancy between the dot-blot and SPR
results: (i) it is possible that steric hindrance or specific features
of the SPR technology do not allow detection of the species at
t � 24 h, for example because of impaired diffusion of large
aggregates in the microfluidic channels (37); and (ii) the fact
that SPR measures the binding events in a dynamic manner

(time scale of seconds) could provide a much higher sensitivity
to discriminate between species with different affinity values,
which cannot be achieved by dot-blot in which long incubation
steps may level out differences in affinity.
The pseudoirreversible binding observed by SPR at t � 5 h

suggestsmultivalent interactions between different epitopes on
a single oligomeric assembly and different immobilized 4G8
antibodies (38). The affinity of the oligomers for 4G8 could not
be determined because of the lack of information about their
actual concentration, a consequence of the uncertainty about
the precise molecular mass. However, assuming (from SEC
data) that after 5 h of incubation �40% of monomers have
assembled into oligomers and assuming amass ranging from90
to 400 kDa (39), it follows that the concentration of oligomers is
in the low nanomolar range (4–20 nM) and their affinity for
immobilized 4G8 is exceptionally high (KD�1 nM). The fact
that monomers have a much lower affinity (KD � 75 nM) and
mass could explain whymonomers are recognized with amuch
lower sensitivity than oligomers. Thus, the data in supplemen-
tal Fig. S2 (a–c) show that the SPR signal found using mono-
meric fractions was much lower than found with oligomeric
fractions, although the SEC peaks were similar.
The formation of 4G8-binding oligomeric species was com-

pletely prevented by the co-incubation of A�1–42 in the pres-
ence of equimolar concentrations of EGCG, a prototypical
inhibitor of oligomerization (25, 26). A previous study showed
that EGCG prevented the conversion of A�1–42 into toxic

FIGURE 6. Effect of A2V mutation of A�1– 40 on the kinetics of 4G8-binding oligomers and on pharyngeal pumping rate in C. elegans. a and b, synthetic
A�1– 40 WT (a) or A2V (b) (100 �M) were incubated at 37 °C, and samples were taken at different times (from 0 to 48 h), diluted to 3 �M in PBS, and injected over
immobilized 4G8 for 2 min (bar), followed by 11 min of dissociation. The figure shows the sensorgrams (time course of the SPR signal expressed in resonance
units, RU) (black lines) obtained in a representative experiment. Sensorgrams were fitted as described for Fig. 1 and supplemental Fig. S1, dissecting the
experimental curve into its quickly and slowly dissociating components (koff: 8.0 � 0.2 � 10�3 s�1 and 6.0 � 1.6 � 10�4 s�1, respectively). c, time course of the
slowly dissociating components. Each point is the mean � S.E. of three independent experiments. d, worms were fed for 2 h A�1– 40, WT, or A2V (50 �M), freshly
prepared (t � 0) or preincubated at 37 °C for 8 h. Control worms were fed vehicle alone. The values are the means � S.E. (n � 20 worms). **, p � 0.01 versus all
the other groups (Bonferroni’s test after one-way ANOVA).
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intermediates and favored the formation of unstructured non-
toxic oligomers (25). Moreover, we found that the A2V muta-
tion, which enhances the aggregation and fibrillogenic proper-
ties of A� and results in early onset dementia (19), boosts the
formation ofA�1–40 transient oligomeric species recognized by
4G8.
4G8 recognizes a central region of A� (amino acids 17–21,

LVFFA), which is believed to be implicated in the hydrophobic
interactions underlying the formation and elongation of amy-
loid fibrils (40) but not in A� oligomerization (41). Our SPR
data indicate that the short-lived A�1–42 oligomers expose this
4G8-binding hydrophobic sequence. Very recent data (4, 6)
suggest that the exposure of hydrophobic motifs is the main
conformational determinant of oligomer toxicity, whereas size
and secondary structures are probably less important (6).
Thus, the 4G8-based SPR immunoassay has the potential to

specifically recognize the toxic oligomeric species of A�1–42.
To demonstrate this, we used two assays that require short term
exposure to A�1–42 solutions, a pivotal condition for studying
the biological effects of short-lived species.
Several reports suggest a direct interaction between A� and

the plasma membrane as one possible mechanism of toxicity
(21, 42–45). Electrophysiological experiments employed the
Tip-Dip technique, which accurately studies single ion perme-
ability in artificial lipid bilayers (21). The results showed that
A�1–42 solutions preincubated for 5 h (i.e., those containing
4G8-binding oligomers) had a much greater effect than freshly
prepared solutions (monomers) or solutions preincubated for
24 h (lacking 4G8-binding oligomers). 4G8 and EGCGcounter-
acted the oligomer-induced increase in conductance but hadno
effect on the conductance associated with monomers.
In vivo we used C. elegans, an attractive model for several

studies, including toxicological investigations. The rhythmic
contraction and relaxation of the C. elegans pharynx is funda-
mental for the worm’s feeding and is affected by a variety of
chemical stressors, such as alcohol, heavy metals, and sulfhy-
dryl-reactive compounds, which induce the production of cel-
lular stress proteins (28). Stress-induced inhibition of feeding
was in fact suggested as an important survival mechanism that
limits the intake of toxic solutes. We found, for the first time,
that A�1–42 oligomers, but not monomers or larger aggregates,
act as “stressors” inC. elegans, significantly inhibiting their pha-
ryngeal pumping. This innovative in vivomodel may serve as a
rapid and convenient marker of the toxic potential of A� olig-
omers, as also suggested by the significant effects found with
the toxic A�1–40A2V mutant. The correspondence between
inhibition of the pumping rate in C. elegans and the peculiar
binding signal in SPR studies (the pseudoirreversible binding to
4G8) is also noteworthy; this was true when using A�1–42 after
different incubation times, when comparing A�1–40WT with
A�1–40A2V, and when incubating with EGCG. These findings
strongly suggest that the oligomers recognized by 4G8 in the
SPR immunoassays are the same as those that are toxic in the
C. elegans pharyngeal pumping test. In fact, 4G8 antagonized
the effect of A�1–42 oligomers on pharyngeal behavior, emerg-
ing as an antibody recognizing and antagonizing the toxic A�
oligomers. Consistently, we previously found that 4G8 also
antagonizes the memory impairment induced by intracere-

broventricular injection of synthetic A�1–42 oligomers in mice
(22).
The present study also shows that the SPR immunoassay can

recognize natural oligomers formed in transgenic C. elegans
expressing A�1–42. The ability of this assay to detect native
toxic oligomers in other biological samples, including those
from human AD patients, is under investigation.
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