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Abstract
Diverse lines of evidence indicate that pre-fibrillar, diffusible assemblies of the amyloid β-protein
play an important role in Alzheimer’s disease pathogenesis. Although the precise molecular
identity of these soluble toxins remains unsettled, recent experiments suggest that SDS-stable
amyloid β-protein dimers may be the basic building blocks of Alzheimer’s disease-associated
synaptotoxic assemblies and as such present an attractive target for therapeutic intervention. In the
absence of sufficient amounts of highly pure cerebral amyloid β-protein dimers, we have used
synthetic disulfide cross-linked dimers (free of Aβ monomer or fibrils) to generate conformation-
specific monoclonal antibodies. These dimers aggregate to form kinetically trapped protofibrils,
but do not readily form fibrils. We identified two antibodies, 3C6 and 4B5, which preferentially
bind assemblies formed from covalent Aβ dimers, but do not bind to amyloid β-protein monomer,
amyloid precursor protein, or aggregates formed by other amyloidogenic proteins. Monoclonal
antibody 3C6, but not an IgM isotype-matched control antibody, ameliorated the plasticity-
disrupting effects of Aβ extracted from the aqueous phase of Alzheimer’s disease brain, thus
suggesting that 3C6 targets pathogenically relevant amyloid β-protein assemblies. These data
prove the usefulness of covalent dimers and their assemblies as immunogens and recommend
further investigation of the therapeutic and diagnostic utility of monoclonal antibodies raised to
such assemblies.

Introduction
The abnormal accumulation of misfolded, β-sheet-rich, protein aggregates is associated with
at least 25 disorders (Stefani, 2004; Westermark et al., 2005). Among these maladies,
Alzheimer’s disease (AD) is the most common and because age is a risk factor and life
expectancy is constantly increasing, so too are the number of AD cases (Davies et al., 1988;

Address correspondence to: Dominic M. Walsh or Brian O’Nuallain, Laboratory for Neurodegenerative Research, Conway Institute of
Biomolecular and Biomedical Research, University College Dublin, Dublin 4, Republic of Ireland, Tel: +353-1-7166751, Fax:
+353-1-7166890, dominic.walsh@ucd.ie or brian.onuallain@ucd.ie.
Conflict of interest: DMW is a consultant and a member of the scientific advisory board of Senexis, plc., a consultant for Merck Sharp
and Dohme, and Eisai Inc. BO’N is a consultant for Baxter Innovations GmbH.

NIH Public Access
Author Manuscript
J Neurochem. Author manuscript; available in PMC 2012 October 1.

Published in final edited form as:
J Neurochem. 2011 October ; 119(1): 189–201. doi:10.1111/j.1471-4159.2011.07389.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Selkoe, 2001; Ferri et al., 2005; Querfurth and LaFerla, 2010). Pathologically, AD is
characterized by the presence of extracellular amyloid plaques, intraneuronal neurofibrillary
tangles and synaptic loss throughout the limbic and association cortices (Alzheimer, 1906;
Kidd, 1964; Khachaturian, 1985; Hardy and Allsop, 1991; Selkoe, 1991). The amyloid β-
protein (Aβ) is the primary constituent of amyloid plaques and a plethora of genetic, animal
modeling and biochemical data indicate that Aβ plays a central role in AD pathogenesis
(Walsh and Selkoe, 2007). Numerous studies have shown that water-soluble non-fibrillar Aβ
assemblies are toxic and impair disease-relevant models of synaptic form and function
(Lambert et al., 1998; Walsh et al., 1999; Walsh et al., 2002; Barghorn et al., 2005; Cleary et
al., 2005; Lesne et al., 2006; Lacor et al., 2007; Martins et al., 2008; Shankar et al., 2008;
Noguchi et al., 2009). Although, it is not yet known which assembly form(s) of Aβ are the
proximate pathogens, recent attention has focused on various forms of Aβ dimers (Shankar
et al., 2008; Kok et al., 2009; Sandberg et al., 2010). Highly stable Aβ dimers are
specifically found in AD brain and blood (Kuo et al., 1996; Roher et al., 1996; Mc Donald et
al., 2010; Villemagne et al., 2010), and brain-derived dimers have been shown to block
long-term potentiation (LTP), inhibit synapse remodeling, and impair memory consolidation
(Klyubin et al., 2008; Shankar et al., 2008; Freir et al., 2011). Moreover, we have recently
shown that synthetic Aβ dimers designed to mimic natural dimers can rapidly form meta-
stable protofibrils that persist for prolonged intervals and potently impair synaptic plasticity
(O'Nuallain et al., 2010). Similar structures are also formed by Aβ monomer, but the amount
formed and the time over which they exist is dramatically extended for dimer, thus
suggesting that Aβ dimers aggregate by a process distinct from monomer.

A large number of studies have demonstrated that both the active generation or passive
transfer of anti-Aβ antibodies can prevent or reverse Aβ-induced cognitive impairment in
APP transgenic mice (Games et al., 2006) and this has prompted several clinical trials in
humans (Schenk, 2002; Gilman et al., 2005). Most forms of immunotherapy employ
antibodies that recognize multiple different assembly forms of Aβ, including monomer. This
approach suffers from the loss of antibody capacity due to binding to non-pathogenic forms
of Aβ and removal of “useful” Aβ (Arancio and Chao, 2007; Puzzo et al., 2008). An
alternate approach would be to develop antibodies that specifically recognize pathogenic
forms of Aβ dimers and ameliorate their toxic activity. To address this we used a preparation
of covalently stabilized Aβ (1–40)Cys26 dimers free of Aβ monomer or fibrils as an
immunogen and screened hybridomas for their ability to produce antibodies that
discriminate between reduced non-cross-linked monomer and covalently linked dimers. Two
murine mAbs IgMs, referred to as 3C6 and 4B5, preferentially bind covalent Aβ dimer
assemblies, but not Aβ monomer or fibrils formed by other amyloidogenic proteins.
Notably, mAb 3C6, but not an IgM isotype-matched control antibody, ameliorated the
synaptic plasticity disrupting effect of aqueous extracts of AD brain Aβ on rodent LTP.
These data indicate that further investigation of the therapeutic and diagnostic utility of
mAbs raised to assemblies formed from covalently stabilized Aβ dimers is warranted.

Materials and Methods
Peptides, proteins, and reagents

Human wild-type (WT) Aβ1-40 and mutant Aβ1-40S26C peptides were synthesized and
purified by Dr. James I Elliott at Yale University (New Haven, CT). Human islet amyloid
polypeptide (IAPP) was purchased from Quality Controlled Biochemicals (Hopkinton, MA).
Mass spectrometric (MS) analysis and reverse-phase HPLC confirmed that the peptides had
the correct mass and were >90% pure. Recombinant human λ6 immunoglobulin light chain
variable domain, Jto (Wall et al., 1999), was a gift from Dr. Alan Solomon (University of
Tennessee, Knoxville, TN). Aβ1-40 peptides contain a single tyrosine and absorption of
tyrosine at 275 nm (ε275 = 1400 M−1.cm−1) was used to estimate the concentration of Aβ
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solutions. The concentration of IAPP and Jto were established using the MicroBCA assay
(ThermoFisher Scientific, Waltham, MA). An Anti-Aβ N-terminal reactive mAb, 6E10, was
from Signet (Dedham, MA). Anti-Aβ mAbs, 2G3 and 21F12, which specifically recognize
Aβ terminating at residue 40 and 42, respectively (Johnson-Wood et al., 1997) were gifts
from Drs. Peter Seubert and Dale Schenk (Elan Pharmaceuticals, San Francisco, CA). AW7,
an anti-Aβ polyclonal antibody, was raised to aggregated synthetic Aβ1-42 and recognizes
synthetic and brain-derived Aβ (Mc Donald et al., 2010). A control murine IgMκ, M1520,
was from Sigma-Aldrich (Arklow, Co. Wicklow, Republic of Ireland). Unbranched dextran
standards of molecular masses: 43,800; 21,400; 9890, and 4440 were purchased from
Pharmacosmos (Holbaek, Denmark). Blue dextran 2000 was purchased from GE Healthcare
(Bio-Sciences AB, Uppsala Sweden). Unless otherwise stated, chemicals and reagents were
obtained from Sigma-Aldrich and were of the highest purity available.

Preparation of amyloidogenic conformers
Cross-linking of Aβ1-40S26C was achieved by atmospheric oxidation of ~20 µM peptide in
10 mM ammonium bicarbonate, pH 8.2, and (Aβ1-40S26C)2 dimers were isolated from
unreacted monomer and higher molecular weight aggregates by SEC using a Superdex™ 75
10/300 HR or a HiLoad 16/60 Superdex™ 75 column (GE Healthcare Bio-Sciences) (Hu et
al., 2008; O'Nuallain et al., 2010). An aliquot of each SEC fraction was electrophoresed on
16% polyacrylamide tris-tricine gels and peptide detected by silver staining (Schagger and
von Jagow, 1987; Shevchenko et al., 1996). Fractions that contained either Aβ dimer or
unreacted monomer, but not both, were immediately pooled, used, or frozen at −80 °C. WT
Aβ1-40 monomers were isolated using SEC (O'Nuallain et al, 2010). Meta-stable
Aβ1-40S26C protofibrils were generated by incubating (Aβ1-40S26C)2 in 20 mM sodium
phosphate, pH 7.4, at 37°C for 3 d (O'Nuallain et al., 2010). WT Aβ1-40, Jto, and IAPP
fibrils were prepared by incubating the ultracentrifuged disaggregated polypeptides at ~0.2–
0.6 mg/ml for up to 3 weeks at 37 °C in PBS containing 0.02 % sodium azide, pH 7.4
(PBSA) (O'Nuallain and Wetzel, 2002). Jto fibrils were grown The fibrillogenesis reactions
were judged to be complete when Thioflavin T (ThT) fluorescence reached plateau values.
The reaction products were harvested by centrifugation at 20,200 × g for 30 min at room
temperature and assessed by negative contrast electron microscopy (Walsh et al., 1997).

Generation of anti-Aβ dimer mAbs
Animals used to generate monoclonal antibodies (mAbs) were treated in accordance with
National Institutes of Health regulations under the aegis of a protocol approved by the
University of Tennessee’s Animal Care and Use Committee. Three, 5-week old BALB/c
mice (Charles Rivers Laboratories, Wilmington, MA) each received three ~30 µg
intraperitoneal injections of (Aβ1-40S26C)2 emulsified in aluminium and magnesium
hydroxide (Imject ALUM™, Pierce, Rockford, IL). Since tissue plasminogen activator
(tPA) has been implicated in the degradation of misfolded proteins, including Aβ
(Kranenburg et al., 2002; Melchor et al., 2003), we reasoned that mice lacking tPA may
allow higher and more prolonged circulating levels of Aβ. Therefore, we also immunized
two C57BL/6 mice deficient in tPa (Carmeliet et al., 1994). Anti-Aβ dimer antibody
response in the immunized animals was determined by screening sera against microtiter
plate-immobilized (Aβ1-40S26C)2 using europium time-resolved fluorescence as the
detection system (O'Nuallain et al., 2007). Murine sera were serially diluted in triplicate
with assay buffer (1 % BSA in PBSA containing 0.05% Tween 20, pH 7.4) into microtiter
plate wells (#3369, COSTAR, Corning, NY) that were coated with 400 ng of
(Aβ1-40S26C)2 and blocked with 1 % BSA in PBSA. A biotinylated goat anti-mouse IgG
served as the secondary antibody, and was detected with Eu3+-streptavidin and time-
resolved fluorescence using a Victor2 1420 Multilabel Counter (Perkin Elmer, Waltham,
MA). Antibody binding curves were fitted using a standard 3-parameter sigmoid (logistic)
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function (SigmaPlot 2000, version 6; Systat Software, Chicago, IL) and titer values
determined as the highest serum dilution that gave a signal 3 times higher than the buffer
blank.

Production of hybridomas and clonal selection using splenic B-cells was performed using
standard methods (Kohler and Milstein, 1975; Yokoyama et al., 2006) with animals that had
the highest anti-Aβ iters (SI). Clonal hybridoma cell lines that secreted Aβ dimer-reactive
mAbs were isolated by limiting dilution of primary polyclonal hybridomas by plating ~1 and
~10 cells per well in 96-well culture plates (CELLSTAR®, Greiner Bio-One). Positive
clones that recognized (Aβ1-40S26C)2 were identified using our standard europium
fluorescent microtiter plate assay, subcloned and expanded for antibody production.

Antibody production, purification, and isotyping
Large scale antibody production was performed by growing hybridoma cells to high density
in 350 ml CELLine bioreactor flasks (CL350, Integra Biosciences AG, Chur, Switzerland)
in HyClone DMEM/F12 medium supplemented with 2.5 mM L-glutamine and 15 mM
HEPES (Thermo Fisher Scientific, Logan, UT), 5% fetal bovine serum, and 100 units/ml
Pen/Strep (Lonza, Valais, Switzerland). Antibodies from hybridoma supernatants were
purified by a combination of water dialysis (Vollmers et al., 1996) and thiophilic affinity
chromatography using HiTrap IgM columns (GE Healthcare, Uppsala, Sweden). Antibody
isotyping and light chain composition, κ or λ, was determined using an IsoStrip™ mouse
monoclonal antibody isotyping kit (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and
silver staining was used to assess antibody purity (SFig. 1) (Shevchenko et al., 1996).

Soluble human AD brain TBS extract
Human brain tissue was obtained and used in accordance with the UCD Human Research
Ethics Committee guidelines (under approval LS-E-10-10-Walsh). Frozen temporal cortex
was obtained from an 85 year-old male with dementia and fulminant amyloid and tangle
pathology (Braak stage =4) and was provided by Drs Dykoski and Cleary. Soluble AD brain
Tris-buffered saline (TBS) extract was prepared essentially as described previously (Mc
Donald et al., 2010). Briefly, ~0.9 g of temporal cortex was homogenized in 4.5 ml of
freshly prepared ice-cold TBS with 25 strokes of a Dounce homogeniser (Fisher, Ottawa,
Canada). The homogenate was centrifuged at 175,000 g and 4 °C (Beckman Coultour,
Fullerton, CA) for 30 min, and the supernatant, referred to as the TBS extract, was carefully
removed. The extract was then exchanged into 50 mM ammonium acetate, pH 8.5, using a
Hi-trap (5 ml) desalting column (GE Healthcare) and stored at −80 °C. Aβ content of both
the TBS extract and buffer-exchanged extracts were examined using a sensitive
immunoprecipitation/Western blotting protocol and the Aβ concentration estimated made by
comparison to synthetic Aβ standards (Mc Donald et al., 2010).

Amyloidogenic conformer binding
Direct and competition ELISA—Except for using immunoglobulin class specific
biotinylated secondary antibodies and streptavidin-HRP (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) as the detection system, antibody binding curves
against plate-immobilized Aβ conformers, Jto and IAPP fibrils were determined in the same
manner as described above for our standard microtiter plate assay. The concentration of
antibody that gave half-maximal binding, EC50, was determined from the fitted binding
curves. To assess the ability of antibodies to recognize the solution-based structure of
various amyloidogenic conformers, we developed a competition assay in which each
solution-phase amyloidogenic conformer was serially diluted (0–0.1 mg/ml) into high
binding microtiter plate wells (COSTAR, Corning) that were coated with 400 ng of
(Aβ1-40S26C)2 and blocked with 1 % BSA in PBSA. Antibody was immediately added to
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each well at a concentration equal to its EC50 value, and (Aβ1-40S26C)2-bound antibody
detected using our standard ELISA. A value for the concentration of a competitor that gave
half-maximal inhibition of antibody binding, IC50, was determined from each sigmoidally
fitted curve.

Immunoprecipitation/Western blot—Antibody binding to Aβ present in TBS extracts
of human brain was investigated using our previously published immunoprecipitation
protocol (Mc Donald et al., 2010; Shankar et al., 2011). Because IgMs do not bind to protein
A or protein G, the procedure for immunoprecipitation using the IgM, 3C6, was adapted to
include the addition of anti-IgM. Briefly, 160 µg/ml of 3C6 plus 35 µg/ml anti-IgM (µ-chain
specific; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), and 30 µl of a
protein A and protein G mix were added to 500 µl of AD TBS extract and incubated
overnight at 4°C. Aβ-antibody complexes bound to protein A and protein G were harvested,
boiled in sample buffer and electrophoresed on 16% polyacrylamide tris-tricine gels.
Thereafter, proteins were transferred onto 0.2 µm nitrocellulose (Optitran, Schleicher and
Schull, Germany), Aβ etected by Western blot using an equimolar mixture (1 µg/ml each) of
C-terminal reactive mAbs 2G3 and 21F12, fluorochrome-coupled anti-mouse IgG
(Rockland, Gilbertville, PA), and a Li-COR Odyssey near infrared imaging system (Li-COR
Biosciences, Lincoln, NE) ((Mc Donald et al., 2010).

In vivo electrophysiology
In vivo studies on urethane (1.5 gm/kg i.p.) anaesthetized male Wistar rats (250–300 g) were
approved by Trinity College Dublin’s ethical review committee and by the Department of
Health, Republic of Ireland. Electrodes were made and implanted as described previously
(Klyubin et al., 2008). Briefly, twisted-wire bipolar electrodes were constructed from
Teflon-coated tungsten wires (62.5 µm inner core diameter, 75 µm external diameter).
Single pathway recordings of field EPSPs were made from the stratum radiatum in the CA1
area of the right hippocampal hemisphere in response to stimulation of the ipsilateral
Schaffer collateral - commissural pathway. Electrode implantation sites were identified
using stereotaxic coordinates relative to bregma, with the recording site located 3.4 mm
posterior to bregma and 2.5 mm right of midline, and the stimulating electrode located 4.2
mm posterior to bregma and 3.8 right of midline. The optimal depth of the wire electrodes in
the stratum radiatum of the CA1 region of the dorsal hippocampus was determined using
electrophysiological criteria and verified post-mortem. Test EPSPs were evoked at a
frequency of 0.033 Hz and at a stimulation intensity adjusted to give an EPSP amplitude of
50% of maximum. The high frequency stimulation (HFS) protocol for inducing LTP
consisted of 10 trains of 20 stimuli with an inter-stimulus interval of 5 ms (200 Hz), and an
inter-train interval of 2 sec. The intensity was increased to give an EPSP of 75% of
maximum amplitude during the HFS. To inject samples, a stainless-steel guide cannula (22
gauge, 0.7 mm outer diameter, 13 mm length) was implanted above the right lateral ventricle
(1 mm lateral to the midline and 4 mm below the surface of the dura) just prior to electrode
implantation. Intracerebroventricular (i.c.v.) injections of 5 µL (PBS vehicle or human brain
extract) or 10 µL (PBS vehicle or antibody alone, or 5 µL human brain extract + 5µL PBS
with antibody or vehicle) were made via an internal cannula (28 gauge, 0.36 mm outer
diameter). Verification of the placement of the cannula was performed post-mortem by
checking the spread of i.c.v. injected ink dye.

LTP was expressed as the mean ± s.e.m. % baseline field EPSP amplitude recorded over at
least a 30 min baseline period. Similar results were obtained when the EPSP slope was
measured. Statistical comparisons used paired and unpaired Student t-tests.
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Results
Murine hybridomas secrete anti-Aβ dimer IgMs that preferentially bind to the surface-
adsorbed conformer

In an effort to generate novel anti-Aβ dimer mAbs we immunized 3 BALB/c mice and 2 tPA
deficient mice with SEC-isolated (Aβ1-40S26C)2 (Fig. 1A, B). The latter were used because
injected Aβ is much less well cleared in tPA mice (Melchor et al., 2003) thus offering the
possibility of more prolonged exposure to the Aβ immunogen and the potential for a
stronger immune response. An anti-Aβ dimer antibody response was elicited in all
immunized mice, with sera titers in the ~3,000–100,000 range, against plate-immobilized
(Aβ1-40S26C)2 (Fig. 1C & SFig. 2). The (Aβ1-40S26C)2 used for this screen had been
isolated by SEC and stored frozen at −80°C for approximately one month prior to plating,
and thus was likely comprised of mostly dimer plus a small percentage of pre-fibrillar dimer
assemblies (O’Nuallain et al., 2010). Serum from an unimmunized mouse lacked significant
amounts of anti-Aβ antibodies. Three to 4 positive hybridoma supernatants against plate-
immobilized (Aβ1-40S26C)2 were identified from each of the three fusions carried out (Fig.
1D). Each fusion used splenic B-cells from one of the three animals which gave the most
robust immune response. This included hybridomas from 2 BALB/c and 1 tPA knock-out
immunized mice. Six of the 7 most potent hybridoma supernatants contained IgMκ Abs that
preferentially bound to plate-immobilized (Aβ1-40S26C)2 relative to the reduced
(monomeric) peptide (Fig. 1E), all, but one of which, 4B5, came from BALB/c hybridomas.
In contrast, an IgG mAb 7D4 and a control anti-Aβ N-terminal reactive mAb, 6E10, bound
dimeric and monomeric peptides equally well, whereas, a murine isotype-matched control
IgM (M1520) exhibited no significant avidity (SFig. 3). Antibody binding curves for our
most potent anti-Aβ dimer mAbs, 3C6, 4B5, and 12A3 against plate-immobilized
(Aβ1-40S26C)2 and the reduced peptide demonstrated ~20- to 50-fold stronger binding to
(Aβ1-40S26C)2 versus Aβ1-40S26C (Fig. 1F). However, since 12A3 was poorly secreted by
its hybridoma, and proved difficult to purify, only 3C6 and 4B5 were characterized further.

Given that SDS-PAGE and BCA assay analyses of ultracentrifuged (Aβ1-40S26C)2 with or
without adjuvant (ALUM) confirmed that ~80% of the dimer immunogen was adsorbed onto
the adjuvant, and the dimer is prone to form pre-fibrillar aggregates (O'Nuallain et al.,
2010), we examined if mAbs 3C6 and 4B5 specifically recognized solution-phase as well as
plate-immobilized (Aβ1-40S26C)2, higher aggregates of (Aβ1-40S26C)2, and WT Aβ.
These studies were also motivated by our observation that freeze/thawing induced Aβ dimer
aggregation into ThT positive spherical-like assemblies with diameters of 11.4 ± 1+.6 nm
(O'Nuallain et al., 2010), and the immunogen and initial mAb characterization were
performed using (Aβ1-40S26C)2 that was frozen for up to ~3 month, (Fig. 2A–C). To
perform this analysis, we used freshly prepared highly pure SEC-isolated Aβ1-40S26C and
(Aβ1-40S26C)2 (Fig. 2D). Rechromatographing SEC-isolated Aβ1-40S26C conformers on a
10/300 Superdex 75 column confirmed their high purity and the absence of higher molecular
weight Aβ assemblies (Fig. 2E). To minimize the potential for spurious antibody reactivity
against higher molecular weight Aβaggregates, fresh (Aβ1-40S26C)2 and monomers were
stored on ice for ≤ 3 h, and the peptides coated onto microtiter plates at a concentration (10
µg/ml) that was below the critical concentration necessary for aggregation (O'Nuallain et al.,
2010). Highly similar results were obtained with both fresh and frozen (Aβ1-40S26C)2, with
EC50 values of ~3–5 nM and maximum signal amplitudes of ~1.5–1.9 (Fig. 2F–H, Table 1).
The antibodies had essentially no binding to freshly prepared plate-immobilized
Aβ1-40S26C monomers or (Aβ1-40S26C)2 that had been reduced to monomers (Fig. 2F–H,
Table 1). This indicated that the mAbs specifically recognized epitopes on (AβS1-4026C)2.
In contrast, the widely used anti-Aβ mAb 6E10 bound similarly to both peptide conformers.
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To investigate if the specificity of mAbs 3C6 and 4B5 for plate-immobilized
(Aβ1-40S26C)2 was artificially induced by surface adsorption (Giacomelli and Norde, 2005;
O'Nuallain et al., 2008), we employed a solution-based competition assay (O'Nuallain et al.,
2006). In contrast to the results obtained for direct ELISA, the solution-based competition
ELISA revealed that both 3C6 and 4B5 preferentially bound to freeze/thawed
(Aβ1-40S26C)2, with IC50 values ~0.01 and 0.03 mg/ml, respectively (Fig. 3, Table 2). Like
Aβ monomer, freshly prepared (Aβ1-40S26C)2 did not prevent 3C6 or 4B5 binding to the
immobilized Aβ conformer, and the IC50 produced by (Aβ1-40S26C)2 in solution was >0.1
mg/ml (Fig. 3, Table 2).

Anti-Aβ dimer IgMs recognizes high-molecular weight Aβ assemblies
The 3C6 and 4B5 antibodies bound similarly to plate-immobilized (Aβ1-40S26C)2 and
(Aβ1-40S26C)2 protofibrils, with EC50 values of ~3–7 nM and maximum signal amplitudes
of ~1.3–1.9 (Table 1). MAb 4B5 also exhibited similar binding to WT Aβ fibrils (EC50
values of ~5 nM), but 3C6 had ~4-fold weaker reactivity, with an EC50 values of ~20 nM
(Fig. 2H, I, Table 1). The similar maximum signal amplitudes for the mAbs binding to
diverse Aβ conformers indicated that the same/or similar recognition sites were highly
accessible on all plate-immobilized Aβ conformers studied, from dimer to fibrils. To further
validate mAbs 3C6 and 4B5 reactivity with aggregated Aβ, we demonstrated that both
antibodies were prevented from binding to plate-immobilized (Aβ1-40S26C)2 by solution-
based (Aβ1-40S26C)2 protofibrils and WT Aβ fibrils, with IC50 values of ~0.002 mg/ml,
respectively (Fig. 3, Table 2). Unlike other pan-amyloidogenic antibodies that recognize
conformational epitopes on amyloidogenic assemblies independent of the protein’s sequence
(Linke et al., 1973; Korth et al., 1997; Goldsteins et al., 1999; O'Nuallain and Wetzel, 2002;
Kayed et al., 2003; O'Nuallain et al., 2006; Adekar et al., 2010), 3C6 and 4B5 did not bind
to plate-immobilized or solution-based IAPP and LC amyloid fibrils either when plate-
immobilized or in solution (Tables 1 and 2). Peptide epitope mapping, using plate-
immobilized Aβ fragments, indicated that an important binding stretch for mAb 3C6 is
within residues 19–35 of the Aβ peptide (SFig. 6), but both mAbs 3C6 and 4B5 bound
immeasurably stronger to (Aβ1-40S26C)2. Unlike 6E10, mAb 3C6 did not bind to either
full-length APP or C99 (SFig. 4), suggesting that 3C6 recognized an epitope that was both
conformation- and sequence-dependent, with the conformation of the same sequence present
in APP different from that in (Aβ1-40S26C)2.

MAb 3C6 specifically binds and neutralizes synaptic plasticity-disrupting AD brain-derived
soluble Aβ

Having established 3C6 and 4B5 specific reactivities with synthetic Aβ assemblies, we
determined whether one of these antibodies, 3C6, could bind to and neutralize the plasticity-
disrupting activity of Aβ extracted from AD brain. We have previously shown that certain
linear sequence-directed anti-Aβ antibodies can neutralize SDS-stable Aβ dimers (Klyubin
et al., 2008), thus, we sought to determine if one of our conformer-specific antibodies, 3C6,
could also ameliorate the inhibitory activity of Aβ. IP/Western blot analyses confirmed that
mAb 3C6 specifically bound to a portion of Aβ present in AD brain TBS extract (Fig. 4A,
B). However, when the supernatant from AD TBS extract IP’d with 3C6 was removed and
then IP’d with AW7, additional Aβ monomer and dimer bands were detected, suggesting
that only a portion of the total Aβ present in the extract was recognized by 3C6. Whether the
Aβ that migrated on denaturing acrylamide gels actually existed in solution as monomer and
dimer is uncertain since we have previously shown that Aβ derived from human brain elutes
from SEC with a range of molecular weights, but that when subjected to SDS-PAGE only
monomer and dimer are detected (Shankar et al., 2008). We take these results to mean that
Aβ from the aqueous phase of human brain can exist in different sized assemblies, built up
of Aβ monomer and/or SDS-stable Aβ dimer (for discussion see O’Nuallain et al., 2010, and
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Freir et al., 2011), and that mAb 3C6 does not recognize authentic Aβ monomer and dimer,
but larger Aβ assemblies.

Acute i.c.v. injection of AD TBS extract (containing 50 ng/ml and 70 ng/ml Aβ dimer and
monomer, respectively) into anesthetized rats completely inhibited hippocampal LTP (107 ±
5 % baseline, n= 4, at 3 h post-HFS, p>0.05 compared with pre-HFS baseline; p<0.05
compared with 135 ± 5 % for vehicle alone, n= 8, p<0.05) (Fig. 4C), but specific removal of
all Aβ produced a TBS extract that was no longer capable of impairing LTP (131 ± 6, n = 6;
p < 0.05 compared with baseline; p > 0.05 compared with vehicle injected controls at 3 h)
(SFig. 5). Similarly, co-injection of 5 µg of mAb 3C6 abrogated the plasticity impairing
effect of the AD TBS extract with robust LTP detected up to 3 h post-HFS (Fig. 4D; 130 ± 5
%, n= 5, p<0.05 compared with pre-HFS baseline or AD TBS extract alone). The beneficial
effect of mAb 3C6 appeared to be related to its ability to bind and neutralize synaptotoxic
Aβ since an unrelated IgM isotype-matched antibody, M1520 (8 µg), could not ameliorate
the effect of the Aβ-containing AD TBS extract (105 ± 5 %, n= 5, p<0.05 compared with
TBS extract + 3C6; p>0.05 compared with pre-HFS baseline or AD TBS extract alone).

Having established mAb 3C6’s ability to abrogate the synaptotoxic effect of soluble AD
brain extract on rodent LTP when co-injected, we determined if the antibody had
prophylactic properties. Panel E of Figure 4 shows that i.c.v. administration of mAb 3C6 15
min prior to AD TBS extract prevented impairment of LTP (138 ± 5 %, n = 4, p >0.05
compared with AD vehicle injected controls).

Discussion
Immunotherapy against Aβ is a promising approach for the treatment of AD, but the optimal
assembly form of Aβ to target, and the window for therapy have yet to be defined (Gandy,
2010). An array of water-soluble non-fibrillar Aβ assemblies are thought to be pathogenic
(Shankar and Walsh, 2009) and growing evidence suggests that SDS-stable Aβ dimer
assemblies may be the basic building blocks of AD-associated synaptotoxicity (Vigo-Pelfrey
et al., 1993; Roher et al., 1996; Mc Donald et al., 2010; O'Nuallain et al., 2010; Villemagne
et al., 2010). Consequently, targeting dimers may deliver maximum therapeutic benefit and
detection of dimers may prove useful for diagnosis of AD (Villemagne et al., 2010). In the
absence of sufficient amounts of highly pure brain-derived Aβ dimers, we used synthetic
disulfide cross-linked Aβ dimers to generate conformation-specific mAbs.

Two such antibodies, 3C6 and 4B5, bound robustly to aggregated (Aβ1-40S26C)2, when
plate-immobilized or in solution (Table 3). In contrast, the same antibodies only reacted
strongly with (Aβ1-40S26C)2 when plate-immobilized and not in solution. This difference
may be due to epitope exposure on the dimeric peptide as a consequence of a subtle
conformational change, aggregation, and/or an increase of binding avidity when the peptide
is surface adsorbed (Giacomelli and Norde, 2005; O'Nuallain et al., 2008). Notably, Aβ
dimer adsorption onto surfaces and the subsequent exposure of cryptic conformational
epitopes may be physiologically relevant since in vivo Aβ is thought to be bound to proteins
such as albumin (Biere et al., 1996), and the blood-borne dimeric peptide is purported to be
exclusively present on cellular membranes (Villemagne et al., 2010).

The inability of 3C6 and 4B5 to react with native Aβ dimers in solution may reflect the lack
of ordered structure in the dimer and/or that the smallest Aβ assembly that the epitope is
exposed on is aggregated dimers (i.e. tetramers and larger) (O'Nuallain et al., 2010). In
contrast, strong antibody interactions with aggregated (Aβ1-40S26C)2 presumably reflect
the exposure of conformational epitopes that are stabilized on these high-ordered assemblies
(O'Nuallain et al., 2010). On first appearance, it seems surprising that antibodies generated
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against (Aβ1-40S26C)2 only bound to the conformer when aggregated or surface adsorbed.
However, it is important to reiterate that a significant portion of (Aβ1-40S26C)2 that was
used to generate the anti-Aβ dimer mAbs was adsorbed onto adjuvant. Also, since the
sample had been frozen prior to use and freeze/thawing induces dimer aggregation
(O'Nuallain et al., 2010), it is likely that at least a small portion of the immunogen existed as
pre-fibrillar aggregates.

Given the enormous interest in Aβ-specific antibodies as therapeutic, diagnostic, and basic
research reagents, numerous antibodies have been generated and these can be grouped into 4
classes based on their ability to recognize: (1) linear epitopes (Seubert et al., 1992; Solomon
et al., 1996; Jensen et al., 2000), (2) conformational epitopes exposed on all aggregated Aβ
species (Lambert et al., 2001; Lee et al., 2006; Englund et al., 2007; Lambert et al., 2007),
(3) epitopes on only a subset of Aβ assemblies (Barghorn et al., 2005; Lambert et al., 2007;
Lafaye et al., 2009; Hillen et al., 2010), or (4) generic amyloidogenic epitopes (O'Nuallain
and Wetzel, 2002; Kayed et al., 2003). Antibodies from all four groups have shown
therapeutic potential in animals of AD (Games et al., 2006; Gandy, 2010; Hillen et al., 2010)
and results from our studies suggest that pre-clinical assessment of (Aβ1-40S26C)2 for
active immunization is merited. Specifically, mAbs 3C6 and 4B5 recognize conformational
epitopes on synthetic assemblies formed from Aβ dimers. Moreover, such antibodies that
recognize epitopes conserved on pathogenic Aβ assemblies without binding to the non-
pathogenic “useful” peptide should have a clear therapeutic advantage over antibodies that
bind to all Aβ species. Antibody binding to conformational epitopes involves interactions
with sequentially discontinuous segments that are close together in three-dimensional space
(Barlow et al., 1986; O'Nuallain et al., 2007). Although, it is not yet known which regions of
Aβ are involved in 3C6- and 4B5-binding, preliminary studies using plate-immobilized Aβ
fragments indicated that a binding stretch for mAb 3C6 lies within residues 19–35 of the Aβ
peptide (SFig. 6). Such recognition may at least partly account for 3C6’s specificity for Aβ
aggregates. The fact that 3C6 bound immeasurably stronger to (Aβ1-40S26C)2 than any
fragment peptide, and did not bind APP or C99, indicates that these conformational epitopes
are cryptic in nature. Further insights into the molecular basis of such Aβ-antibody
interactions may be gleaned using random peptide phage display-generated consensus
sequences (O'Nuallain et al., 2007).

Like 3C6, the other two “dimer assembly-specific” antibodies identified in the current study
were IgMs. Why we only obtained anti-dimer specific IgMs and not any IgGs is unclear, but
given that the utility of IgMs is more limited than is the case for IgGs our results should be
regarded as providing a proof of principle of the usefulness of covalent dimers as
immunogens, rather than the identification of lead therapeutic or diagnostic agents.
Nevertheless, in a recent study the anti-Aβ IgM antibody, L11.3, was shown to cross the
blood brain barrier and to reverse Aβ-related learning impairments (Banks et al., 2007). The
potential disadvantage of using an anti-Aβ IgM versus an IgG is that these molecules are
bulky, have generally low affinity for their targets, and are inherently more polyreactive than
IgGs (Notkins, 2004). In addition, IgMs are less useful for ELISA and immunoprecipitation
assays. Thus the development of anti-Aβ IgG antibodies with similar specificity to 3C6
should yield agents more suited for diagnostic and therapeutic use.

The pan-Aβ aggregate specificity of 3C6 and its ability to neutralize toxic human brain-
derived Aβ is akin to the anti-amyloidogenic activity of previously described antibodies
(Lambert et al., 2001; Lee et al., 2006; Englund et al., 2007; Lambert et al., 2007). However,
mAb 3C6 has demonstrated unique reactivity since: (1) it binds to a conformational epitope
present on surface adsorbed Aβ dimers, solution-phase Aβ dimer aggregates, as well as
fibrils and pre-fibrillar aggregates and (2) it is specific for Aβ but does not recognize APP or
C99. Moreover, the antibody’s ability to abolish the synaptic plasticity disrupting effects of

O'Nuallain et al. Page 9

J Neurochem. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



soluble AD brain-derived Aβ by binding to only a portion of the extracted peptide suggests
that the IgM specifically targeted pathogenically relevant Aβ assemblies. Indeed we are not
aware of any other conformation-specific antibodies that have been shown to bind and
ameliorate the toxic effects of water-soluble AD brain-derived Aβ.

Despite progress in understanding the underlying disease mechanisms of AD, there remains
an urgent need to develop methods for use in ante-mortem diagnosis. This is a problem, not
only from a clinical standpoint, but also because it affects the integrity of clinical trials and
epidemiological research. Thus the development of a simple test to aid clinical diagnosis of
AD is of great importance and antibodies with specificity similar to 3C6 could be of
significant utility. Indeed, insights into the molecular basis of the cryptic epitope(s) that
these antibodies recognize could prove invaluable for the design of novel peptide
immunogens and the development of improved second generation mAbs or identification of
small molecules that specifically target synaptotoxic Aβ species.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

AD Alzheimer’s disease

Aβ amyloid β-protein

BSA bovine serum albumin

PBS phosphate-buffered saline

ELISA enzyme-linked immunoassay

HFS high frequency stimulation

HPLC high performance liquid chromatography

i.c.v. intracerebroventricular

IAPP islet amyloid polypeptide

LTP long-term potentiation

SDS sodium dodecyl sulfate

ThT Thioflavin T

tPA tissue plasminogen activator

TBS Tris-buffered saline
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Figure 1. Aβ dimer purification and generation of anti-Aβ dimer IgM mAbs
Disulfide cross-linked Aβ dimers were generated by atmospheric oxidation of 20 µM
Aβ1-40S26C in 20 mM ammonium bicarbonate, pH 8.5, for 5 days at room temperature. (A)
The (Aβ1-40S26C)2 product was isolated by SEC using a Superdex™ 75 10/300-GL
column eluted with 50 mM ammonium acetate, pH 8.5. The dashed box indicates the SEC
fractions that were pooled and subsequently used as immunogen. Arrows indicate elution of
unbranched dextran standards, and the hash symbol represents the void volume determined
using the elution of blue dextran 2000. (B) SDS-PAGE analysis of SEC fractions from the
major SEC peak confirmed the presence of disulfide cross-linked Aβ dimer. Gels have been
cropped to show the region between 2 and 10 kDa because no higher migrating species were
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detected. (C) Representative antibody titration curves against plate-immobilized
(Aβ1-40S26C)2 for three BALB/c immunized mice (●, □, ▲) had titers in the range of
3,000 to 100,000. Serum from an unimmunized mouse (◊) did not contain antibodies
capable of detecting the immobilized peptide. (D) Representative initial screen of
supernatants from 55 of 384 murine hybridomas against plate-immobilized (Aβ1-40S26C)2.
The solid horizontal line represents the mean value of all supernatants examined. The
dashed line represents the cut-off value used to select positive clones and was arbitrarily set
at twice the value of the solid horizontal line. (E) Reactivity of our best hybridoma
antibodies against plate-immobilized (Aβ1-40S26C)2 (■) and the same dimer reduced to
monomer by β-mercaptoethanol (□). The bar chart shows that all 6 IgMκ antibodies had
preference for the intact dimer. In contrast, 7D4, an IgG2bκ mAb, and an anti-Aβ N-
terminal-reactive IgG mAb, 6E10, detected monomer and dimer similarly well. (F)
Antibody binding curves for IgMκ's 12A3 (●, ○), 4B5 (♦, ◊), and 3C6 (■, □) against plate-
immobilized (Aβ1-40S26C)2 (closed symbols) and the reduced conformer (open symbols).
All antibody studies were carried out using hybridoma supernatants diluted 1:1 to 1:512 into
PBSA containing 1% BSA and 0.05% Tween 20, pH 7.4.
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Figure 2. Aβ dimer aggregation, conformer purification, and antibody binding
Negative contrast EM was performed on a 10 µM (Aβ1-40S26C)2 solution that was stored at
−80 °C for 1 month in 25 mM ammonium acetate, pH 8.5 (A), and after 3 d at 37 °C in 20
mM sodium phosphate, pH 7.4 (B). For comparison, fibrils formed by incubating 30 µM
monomeric WT Aβ for two weeks are also shown (C). Size bars in Panels A–C are 100 nm.
(D) Cross-linked dimer and unreacted monomer from oxidized Aβ1-40S26C were isolated
by SEC using a HiLoad 16/60 Superdex™ 75 column eluted with 25 mM ammonium
acetate, pH 8.5. The dashed bars indicate the dimeric and monomeric fractions that were
separately pooled and used in further experiments. Arrows indicate elution of unbranched
dextran standards, and the hash symbol represents the void volume, which was determined
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using blue dextran 2000. (E) Rechromatographing of SEC-isolated (Aβ1-40S26C)2 ( )
and Aβ1-40S26C ( ) samples on a Superdex™ 75 10/300-GL column eluted with 25
mM ammonium acetate, pH 8.5, confirmed their high purity and the absence of higher
molecular weight Aβ assemblies. (F) Antibody binding curves for purified IgMκ's 3C6 (■,
□) and 4B5 (▲,Δ), and control mAb 6E10 (♦, ◊) against plate-immobilized freshly isolated
(Aβ1-40S26C)2 (closed symbols) and Aβ1-40S26C (open symbols). Antibody binding
curves were also determined for 3C6 (G) and 4B5 (H) binding to: freshly-isolated
(Aβ1-40S26C)2 (●); (Aβ1-40S26C)2 stored for ~1 month at −80 °C in 25 mM ammonium
acetate, pH 8.5, (▼); Freshly-isolated Aβ1-40S26C monomers (□), and WT Aβ1-40 fibrils
(◊). Antibody binding studies were carried out in PBSA containing 1% BSA and 0.05%
Tween 20, pH 7.4.
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Figure 3. Anti-Aβ dimer mAbs 3C6 and 4B5 binding to solution-phase Aβ conformers
Antibody binding to solution-phase Aβ conformers was established in a competition assay
whereby mAbs 3C6 (A) and 4B5 (B) binding to plate-immobilized (Aβ1-40S26C)2 was
determined in the presence of: freshly-isolated (Aβ1-40S26C)2 (●); (Aβ1-40S26C)2 stored
for ~1 month at −80 °C in 25 mM ammonium acetate, pH 8.5, (▼); Freshly-isolated
Aβ1-40S26C monomers (□), and WT Aβ1-40 fibrils (◊). Antibody binding was carried out
in PBSA containing 1% BSA and 0.05% Tween 20, pH 7.4.
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Figure 4. MAb 3C6 binds Aβ and ameliorates the block of LTP induced by AD brain extract
A TBS extract of AD brain was examined by immunoprecipitation (IP)/Western blotting
using the polyclonal anti-Aβ antibody, AW8, for IP and a combination of anti-Aβ mAbs,
2G3 and 21F12, for Western blotting (A). The first two lanes of the Western blot show that
the untreated TBS extract and buffer-exchanged extract contained highly similar amounts of
Aβ monomer and SDS-stable Aβ dimers. The third lane shows that the first round of IP had
effectively depleted the extract of all detectable Aβ. Molecular weight standards are
indicated on the left, and Aβ monomers (M) and dimers (D) labeled with arrows on the
right. Based on standard synthetic Aβ1-42 included on the blot, the test samples contained
50 ng/ml and 70 ng/ml Aβ dimer and monomer, respectively (B). Western blot of Aβ IP’d
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from AD brain TBS extract by the anti-Aβ polyclonal IgG, AW7; anti-IgM alone, and mAb
3C6 are shown in duplicate in lanes 1–6. To determine if 3C6 bound all the Aβ present in
the AD TBS extract, the material not IP’d by 3C6 was used for IP with AW7 (lanes 7+8).
Similarly, to determine the specificity of the bands detected by 3C6, this antibody was also
used to IP a TBS extract from a non-demented control (lane 9). The blot shows that both
3C6 and AW7, but not the control IgM, IP’d Aβ assemblies that migrated on polyacrylamide
gels as monomers and SDS-stable dimers. (C) Intracerebroventricular (i.c.v.) injection (*) of
AD TBS brain extract inhibited high frequency stimulation (HFS, arrow) induced LTP (107
± 5 %, n = 4, baseline, p>0.05 compared with pre-HFS baseline, and p<0.05 compared with
vehicle injected controls (135 ± 5 %, n = 8)). (D) Co-injection of 5 µg of 3C6 prevented the
inhibition of LTP by AD TBS extract (130 ± 5 %, n = 5, compared p<0.05 compared with
AD TBS alone, n = 5), whereas co-injection of a control IgMκ, M1520, did not (105± 5 %,
p<0.05, n = 5, compared with AD TBS extract + 3C6, p>0.05 compared with AD TBS
extract alone). (E) LTP was not impaired when 10 µg of 3C6 (hash symbol) was i.c.v.
injected 15 min before AD TBS brain extract (138 ± 5 % (n= 4) baseline, p<0.05 compared
with 136 ± 6 % (n = 5) vehicle injected controls). Insets show representative EPSP traces at
the times indicated. Calibration bars: vertical, 1 mV; horizontal, 10 ms.
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Table 2
Inhibitory potencies of amyloidogenic conformers against mAbs 3C6 and 4B5 binding to
plate-immobilized S26C dimers

IC50 values and maximum binding signal amplitudes were determined from sigmoidally fit binding curves
such as those shown in Fig. 3. NB, no binding.

Competitor1

10−2 × IC50
(mg/ml)

3C6 4B5

Fresh (Aβ1-40S26C)2 dimers >10 >7

Frozen (Aβ1-40S26C)2 dimers 0.70 ± 0.09 2.8 ± 0.2

Fresh (Aβ1-40S26C)2 monomers >7 >7

Fresh WT Aβ1-40 monomers >7 >7

Aβ1-40 fibrils 0.74 ± 0.03 0.22 ± 0.03

Jto fibrils NB NB

1
IAPP and Jto fibrils were prepared according to standard procedures and shown to bind to ThT and form typical amyloid fibrils.
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Table 3
MAbs 3C6 and 4B5 binding to plate-immobilized and solution-phase amyloidogenic
conformers

NB, no binding, and ND, not determined

Aβ Conformer
3C6 4B5

Plate Solution Plate Solution

(Aβ1-40S26C)2 monomers X X X X

(Aβ1-40S26C)2 dimers √ X √ X

Reduced (Aβ1-40S26C)2 dimers X ND X ND

(Aβ1-40S26C)2 protofibrils √ √ √ √

WT Aβ1-40 monomers X X X X

Aβ1-40 fibrils √ √ √ √

IAPP fibrils NB ND NB ND

Jto fibrils NB ND NB ND

J Neurochem. Author manuscript; available in PMC 2012 October 1.


