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ABSTRACT: Amyloid â 1-42 (Aâ1-42) is a self-associating peptide that becomes neurotoxic upon
aggregation. Toxicity originally was attributed to the presence of large, readily formed Aâ fibrils, but a
variety of other toxic species are now known. The current study shows that Aâ1-42 can self-assemble into
small, stable globular assemblies free of fibrils and protofibrils. Absence of large molecules was verified
by atomic force microscopy (AFM) and nondenaturing gel electrophoresis. Denaturing electrophoresis
revealed that the globular assemblies comprised oligomers ranging from trimers to 24mers. Oligomers
prepared at 4°C stayed fibril-free for days and remained so when shifted to 37°C, although the spectrum
of sizes shifted toward larger oligomers at the higher temperature. The soluble, globular Aâ1-42 oligomers
were toxic to PC12 cells, impairing reduction of MTT and interfering with ERK and Rac signal transduction.
Occasionally, oligomers were neither toxic nor recognized by toxicity-neutralizing antibodies, suggesting
that oligomers could assume alternative conformations. Tests for oligomerization-blocking activity were
carried out by dot-blot immunoassays and showed that neuroprotective extracts ofGinkgo bilobacould
inhibit oligomer formation at very low doses. The observed neurotoxicity, structure, and stability of synthetic
Aâ1-42 globular assemblies support the hypothesis that Aâ1-42 oligomers play a role in triggering nerve
cell dysfunction and death in Alzheimer’s disease.

Alzheimer’s disease (AD)1 is a fatal progressive dementia
characterized pathologically by protein-based hallmarks
known as neurofibrillary tangles and amyloid plaques. The
major constituents of tangles and plaques are large fibrillar
molecules generated, respectively, from hyperphosphorylated
tau and amyloid beta (Aâ), an amphipathic peptide compris-
ing 39-43 amino acids and derived by complex proteolysis
from a membrane protein precursor (reviewed in refs1 and
2). Pathogenesis has been linked to accumulation of the

highly amyloidogenic Aâ1-42, whose production is fostered
by AD-promoting mutations and risk factors (3).

Preparations made from synthetic Aâ are capable of killing
neurons in cell culture. Activity requires peptide self-
association (4-6), as solutions of monomeric Aâ are at first
innocuous but with time develop neurotoxicity. Neurotoxic
preparations typically examined by electron microscopy
exhibit conspicuous, large amyloid fibrils, similar to those
observed in AD senile plaques. Neurotoxicity of amyloid
fibrils initially was taken as the basis for the amyloid cascade,
the most prominent hypothesis for Alzheimer’s pathogenesis
(7). However, subsequent studies have shown that neurologi-
cal dysfunction and degeneration can be linked to much
smaller, soluble assemblies of Aâ (8-10), which now have
been incorporated into a revised version of the amyloid
cascade hypothesis (11).

The initial indication that small, nonfibrillar Aâ structures
might be germane to AD pathogenesis was the observation
that apolipoprotein J (apoJ) increased the metabolic impact
of Aâ1-42 solutions on PC12 cells despite blocking large fibril
formation (12). Subsequent analyses showed that apoJ
fostered formation of small globular oligomers of Aâ1-42,
which have been referred to as ADDLs (8). ADDLs are
potent CNS neurotoxins that rapidly inhibit hippocampal
long-term potentiation (LTP), a classic model for CNS
synaptic plasticity. Over longer periods, low concentrations
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of ADDLs lead to neuron death (reviewed in ref13), which
is highly selective with respect to nerve cell subtype (13,
14) and appears to stem from an impact on signal transduc-
tion molecules (8, 15).

Other subfibrillar species derived from Aâ also are
neuroactive. Aâ dimers activate glial cells and can lead to
nerve cell death in co-cultures containing astrocytes, but these
dimers have no direct neurotoxicity (16). Direct action on
neurons is evident, however, with preparations of protofibrils,
which rapidly induce action potentials and other electro-
physiological responses, and, with longer exposure, cause
cell death (9, 10). Protofibrils are the largest of the subfibrillar
toxins, ranging to 400 nm in length and 1 000 000 Da in
mass, and they appear to be intermediates on the pathway
to amyloid fibril formation (17, 18). Previous evidence has
suggested that the various subfibrillar Aâ-derived toxins exist
in vivo (19-21) and correlate well with brain dysfunction
and degeneration in humans as well as transgenic mice (22-
24). Recently, small soluble Aâ-oligomers characterized as
equivalent to synthetic ADDLs have been found to ac-
cumulate in AD brain, with concentrations ranging up to 70-
fold greater than in age-matched control brain tissue (25).

The current study concerns the formation, structure, and
activity of ADDL molecules made in the absence of apoJ.
Results show that globular, neurotoxic ADDLs are one of
several outcomes possible from the spontaneous self-as-
sembly of Aâ1-42. These ADDLs are intrinsically stable
molecules, not short-lived intermediates as might be inferred
from the presence of ADDL-like structures in protofibril and
fibril preparations (6, 10). Their relative stability and neuronal
impact support the hypothesis that ADDLs contribute
significantly to AD pathogenesis and constitute useful targets
for AD therapeutic intervention.

EXPERIMENTAL PROCEDURES (MATERIALS
AND METHODS)

Chemicals and Reagents.All chemicals were obtained
from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Tissue culture reagents were obtained from CellGro (Media-
Tech, Herndon, VA). Peptides were obtained from California
Peptide (Napa, CA) or American Peptide (Sunnyvale, CA).

Cell Culture.PC12 rat pheochromacytoma cells (26) were
maintained in F12K, 2.5% fetal calf serum (FCS), 15% heat-
inactivated horse serum, and antibiotics (streptomycin,
penicillin, and fungizone) (all from Gibco Invitrogen Cor-
poration, Carlsbad, CA) in 6% CO2. For all experiments,
cells were plated at low density and grown to 70% conflu-
ence. Hippocampal cultures were prepared as previously
described (21). Briefly, E18 rat hippocampi were removed
and digested in papain (2 mg/mL, Sigma) for 30 min. Papain
was removed and hippocampi were triturated with a fire-
polished glass pipet. Cells were plated onto poly-L-lysine
coated coverslips in 60 mm culture plates at a density of 5
× 105 cells per plate. Cultures were maintained in 5% CO2,
37 °C incubator and medium was changed every week until
treatment.

Aâ-DeriVed Diffusible Ligand (ADDL) Preparation.AD-
DLs were prepared according to Lambert et al. (21) (see also
ref 27). Briefly, solid Aâ peptide was dissolved in cold
hexafluoro-2-propanol (HFIP). The peptide was incubated
at room temperature for at least 1 h to establish monomer-

ization and randomization of structure. The HFIP was
removed by evaporation, and the resulting peptide was stored
as a film at-20 or-80 °C. The resulting film was dissolved
in anhydrous DMSO at 5 mM and then diluted into the
appropriate concentration and buffer (currently, 100µM in
phenol red-free F12) with vortexing. Next, the solution was
aged 24 h at 4-8 °C. The sample was then centrifuged at
14000g for 10 min at 4-8 °C; the soluble oligomers were
in the supernatant. Usually, a small pellet was observed,
suggesting there was some pelletable material in 24 h
aggregations. The supernatant was diluted 10-200-fold for
experiments.

Protein Assay.Aâ stock (2 mg/mL) or bovine serum
albumin (2 mg/mL) was thawed, diluted 8-fold into F12
vehicle, and used for duplicate samples of a standard curve
of 1, 2, 3, 4, and 5µg/mL. The standards and unknowns
were diluted to 20µL with F12 vehicle before final dilution
to 1 mL with ddH2O. After addition of Coomassie Plus
Protein Assay reagent (1 mL, Pierce Biotechnology, Inc.,
Rockford, IL), the samples were vortexed and read at 595
nm.

MTT Reduction Assay.Impairment of MTT reduction by
ADDLs was as described (21). Briefly, PC12 cells were
plated on 96-well collagen-coated plates and allowed to grow
overnight. Cells were incubated with ADDLs for 4 h and
then MTT was added for 4 h. Following the MTT reduction
period, lysis buffer was added, and the plate was left
overnight to enhance total formazan product liberation.
Because the 96-well plate reader assay is susceptible to
experimental variance, each condition was run atN ) 8.
Absorbance was measured at 550/690 nm or 570/690 nm.

Atomic Force Microscopy (AFM).AFM was carried out
essentially as described (28). Samples containing Aâ were
prepared for AFM analysis by spotting 10µL of solution
onto freshly cleaved mica (Ted Pella, Inc., Redding, CA).
Protein was allowed to adhere to the surface for 10 min at
RT and then washed 2× with ddH2O to reduce background
and eliminate salts and buffer contaminants. Captured images
were obtained using the Nanoscope III Multimode Atomic
Force Microscope (MMAFM) workstation (Digital Instru-
ments, Santa Barbara, CA) using a “J”-type scanner with
xy range of 150µm. Tapping Mode (Digital Instruments)
was employed for all images using etched silicon TESP
Nanoprobes (Digital Instruments). At least four regions of
the mica surface were examined to ensure that similar
structures existed throughout the sample. Images presented
here were top view subtracted images containing both height
and error channel data. The amplitude channel (error channel)
took the derivative of the height data to highlight the edges
of features. These data were subtracted from the height data
to improve resolution and image quality. Section analysis
was accomplished by drawing a line over the individual
globular species and measuring the distance from the mica
surface to the top of the structure. This was done six times
and an average was obtained.

NatiVe Gel Electrophoresis.Fractions were diluted in
native sample buffer (BioRad, Hercules, CA), loaded under
native conditions onto precast 4-20% Tris-HCl gels (Bio-
Rad) and electrophoresed in native buffer (Bio-Rad) at 100
V for 1.5-2.5 h at 4°C. Following electrophoresis, gels were
either electroblotted to Hybond-ECL nitrocellulose (Amer-
sham Biosciences, Piscataway, NJ) at 100 V for 1 h at 4°C
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in transfer buffer (25 mM Tris-HCl, pH 8.3, 192 mM glycine,
20% v/v methanol) or silver stained (Silver Xpress silver
staining kit; Invitrogen Corporation, Carlsbad, CA). Follow-
ing the transfer, membranes were subjected to Western
blotting (see below) using antibodies directed against the Aâ
peptide.

SDS-PAGE and Western Blotting.Protein samples (0.09-
0.27 µg) were separated by electrophoresis at 100 V for 1
h, 45 min using 16.5% Tris-Tricine BioRad gels. Gels were
then silver stained using 2× incubation times or transferred
for immunoblotting. After transfer (1 h at 100 V at 4°C) to
Hybond ECL nitrocellulose, membranes were blocked in 5%
nonfat dry milk in TBST (10 mM Tris-HCl, pH 7.4, 0.9%
NaCl, 0.05% MgCl, and 0.1% Tween-20) for 1 h at RT.
The membrane was then incubated with anti-Aâ antibodies
(6E10 and 4G8, Signet; 26D6, Sibia; M94 (21)) for 1.5 h at
RT. Where noted, antibodies were used from mouse hybri-
doma cultures, which were generated by the Northwestern
University Core Antibody Facility from mice injected seven
times (30µg of ADDLs/mouse/injection) over 5 months;
positive hybridoma cultures were identified by dot blot and
assessed by Western blot. Secondary antibodies conjugated
to HRP (Amersham) were used to identify bound proteins.
Proteins were visualized with chemiluminescence (Pierce,
SuperSignal West femto) and quantified using film or Kodak
1D Image Analysis software for the Kodak IS440CF Image
Station.

2D (NatiVe/SDS) PAGE.ADDL preparations (50-100
pmol) were electrophoresed using the native polyacrylamide
gel system of Betts et al. (29) (10%T acrylamide, 5%C
resolving gels; 4.3%T, 5%C stacking gels) in a Bio-Rad mini
Protean II apparatus at 120 V for approximately 3.5 h at 4
°C. A strip 2-3 mm wide was cut from the center of each
sample lane and the gel equilibrated for 3-5 min in sample
buffer (70 mM Tris-HCl, pH 6.8, 20% w/v glycerol, 2% w/v
SDS, 0.0025% w/v bromphenol blue). The gel strip was
electrophoresed in the second dimension by SDS-PAGE gel
electrophoresis (30) (12%T acrylamide, 5%C resolving gel;
4.3%T, 5%C stacking gel) by pressing the gel strip onto the
prepared SDS gel and sealing them together with 1% agarose
(Seakem LE, FMC Corp., Rockland, ME) in sample buffer.
The gel was run at 50 V for 30 min and 120 V for
approximately 2 h at 4°C. The 2D gels were analyzed by
silver stain or Western blot using an anti-ADDLs antibody
(Bethyl Laboratories, Inc., Montgomery, TX, M26) similar
to those described previously (21).

Temperature Jump Reorganization.After ADDLs were
made, the solution was diluted 10-100-fold into F12 media.
Samples were either brought to 37°C or left in the cold and
incubated for 20 min to 24 h. Following the incubation, the
samples were analyzed by electrophoresis and AFM.

ERK Assay.PC12 cells were plated at 1.5× 106 cells/mL
in collagen-coated 6-well dishes and allowed to grow
overnight. The cells were then differentiated for 5 days using
100 ng/mL NGF. Cells were transferred to serum-free and
NGF-free medium for 24 h. Cells were then stimulated with
NGF (50 ng/mL, 10 min) with or without ADDLs (10µM).
In addition, some cells were pretreated with ADDLs for 1 h
before stimulation with NGF as above. Cells were harvested
in 150 mM NaCl, 1% deoxycholic acid, 0.1% SDS, 10 mM
Tris, pH 7.2, 1 mM EGTA, 20 mM p-NPP, 50µM sodium
orthovanadate, and 1× complete protease inhibitor cocktail

(31) by scraping, transferred to ultracentrifuge tubes, and
lysed for 30 min. Lysates were clarified by ultracentrifugation
(100000g, 4 °C, 1 h). The supernatant was separated and
frozen at-80 °C until needed. Equal amounts of protein
extract (5-10 µg) were added to an equal volume of
Laemmli sample buffer (Bio-Rad, under nonreducing condi-
tions), boiled for 5 min, and then centrifuged briefly. Samples
were loaded onto 10% Tris-HCl gels (Bio-Rad) and SDS-
PAGE carried out at 100 V. Proteins were transferred to
nitrocellulose membrane as above. Membranes were blocked
in 2% BSA/TBST for 1 h at RT.Membranes were then
incubated in primary antibody (anti-active ERK, 1:5000 and
anti-pan ERK, 1:10000; Promega, Madison, WI) for 1 h at
RT. After washing of the membrane, secondary antibody
(donkey anti-rabbit HRP-conjugated IgG, 1:10000, Amer-
sham) was incubated with the membranes for 1 h at RT.
Proteins were visualized with chemiluminescence and ana-
lyzed as described above.

Rac ActiVation Assay.PC12 cells were cultured on two
collagen-coated 6-well dishes (2× 106 cells per well) in
low serum medium (F12K, 1% fetal bovine serum, 1%
antibiotic/antimycotic). After 18-24 h (t ) 0), the medium
in two wells was replaced with ADDLs (500 nM) or DMSO
(0.6%) diluted in warm low serum medium to the indicated
final concentration. Att ) 5 min, this procedure was repeated
for the remaining wells. Att ) 10 min, the cells were washed
once with PBS then suspended in the lysis buffer provided
with the Rac Activation Assay kit (Cytoskeleton, Denver,
CO). Duplicate wells were pooled. The lysates were pro-
cessed and assayed for Rac1 activity according to the
protocol provided by the manufacturer. The kit used “PAK-
PBD Protein Beads” [PAK) p21 activated kinase 1 and
PBD ) p21 binding domain (also called CRIB region for
Cdc42/Rac interactive binding region)]. PBD is 14 aa long
(aa 74-88). The beads contained an 83-amino acid portion
of PAK (aa 67-150). The PAK was also GST tagged.

Dot Blot Assay.ADDLs were prepared at 10 and 100 nM
Aâ in F12 with or without varied concentrations ofGinkgo
bilobaextract. An aliquot (2µL) of each ADDL preparation
was applied to nitrocellulose after the indicated incubation
time. The membrane was then processed to determine the
presence of ADDLs using the immunoblotting protocol
described above for Western blotting. TheG. bilobaextracts
were a gift of S. Moreau of Biomeasure Inc. (Milford, MA).
EGb761 is a complex substance derived from the leaves of
G. bilobaplant. IPS 200 is the injectable formulation of EGb
761.

Size Exclusion Chromatography (SEC).ADDLs (∼14
nmol) were fractionated by the A¨ kta Explorer HPLC ap-
paratus with a Superdex 75 HR 10/30 or a Superdex 200
HR 10/30 (Amersham Biosciences) column using ice cold
F12 culture medium as the liquid phase at a flow rate of 0.4
mL/min. Fractions were collected in 300-500 µL aliquots.
Columns were calibrated with at least four protein standards
of known molecular weight spanning the column’s separation
range and void volume was established with blue dextran.

ELISA.Polyclonal anti-ADDLs IgG (Bethyl, M90, similar
to ref 21; 0.25µg/well) in 20 mM Tris-HCl, pH 7.5, 0.8%
w/v NaCl (TBS) was plated on Immulon 3 Removawell strips
(Dynatech Labs, Chantilly, VA) for 2 h at RT. Thewells
were blocked with 3× 250 µL of 2% BSA in TBS× 10
min at RT and 1× 200 µL of 1% BSA in F12 for 1 h at 4
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°C. ADDLs (0.1-5 nM) and SEC peak fractions (1:300
dilution) in BSA/F12 were incubated 100µL/well for 2 h at
4 °C followed by washing 3× 10 min with BSA/TBS at
RT. Monoclonal 6E10 was diluted 1:1500 in BSA/TBS and
incubated 100µL/well for 2 h at RTfollowed by washing
as above. Biotinylated anti-mouse IgG (Vectastain ABC kit,
Vector Labs, Burlingame, CA) was diluted 1:1000 in BSA/
TBS and incubated 100µL/well overnight at 4°C followed
by washing as above. An avidin-biotinylated-HRP complex
(Vectastain ABC kit; 1:1000 dilution in BSA/TBS) was
formed for 30 min and the complex incubated 100µL/well
for 75 min at RT. Following washing as above and rinsing
3× under running dH2O, binding was visualized using 100
µL/well of Bio-Rad peroxidase substrate and read at 405 nm
on a Dynex Technologies (Chantilly, VA) MRX-TC micro-
plate reader.

Immunocytochemistry.Hippocampal cultures (18 DIV)
were treated with 500 nM SEC peak fractions, nonpeak
control, or unfractionated ADDLs at 37°C, 5% CO2 for 15
min. Cells were washed in Neurobasal medium and fixed
with 3.7% formaldehyde for 40 min. Cells were washed in
phosphate buffered saline (PBS), blocked with 10% normal
goat serum (NGS) in PBS for 30 min. In parallel, cells from
the groups mentioned above were permeabilized with 0.01%
Triton X-100 in PBS/10%NGS for 30 min. Cells were then
incubated with a rabbit Aâ oligomer-generated polyclonal
antibody M94 (21) at dilution of 1:5000 in PBS/10% NGS/
0.01% Triton at 4°C overnight. Cells were washed 3× 10
min in PBS/1% NGS then incubated with Alexa Fluor488-
conjugated anti-rabbit secondary antibody (Molecular Probes,
Eugene, OR) at a dilution of 1:500 in PBS/1% NGS at RT
for 2 h. Cells were washed 3× 10 min in PBS, mounted on
slides in a ProLong Antifade kit (Molecular Probes), and
then imaged on a Leica Microsystems (Heidelberg, Germany)
TCS SP2 confocal Scanner DMR XE7 microscope. Confocal
images were collected using a 40× objective for image
analysis. Filter cube I3 (excitation wavelength 450-490 nm)
was used. Channel 1 was used to acquire M94-Alexa Fluor

488 immunofluorescence and channel 2 was used to acquire
a Nomarski image using the transmitted light. A z-series scan
at 0.5 µm intervals from individual fields was captured.
Images presented are an overlay of channels 1 and 2.

RESULTS

Aâ Peptide Self-Assembles into Multiple AlternatiVe
Structures.Aâ1-42 is an amphipathic peptide that readily self-
associates into aggregates that are toxic to cultured cells.
These structures can be imaged by atomic force microscopy
(AFM), which detects not only large fibrils (Figure 1, panel
A) but also subfibrillar assemblies such as rings (panel B),
protofibrils, and ADDLs (panel C). Multiple structures often
coexist, possibly consistent with precursor-product relation-
ships. Varying lengths of rod-shaped protofibrils, e.g., are
suggestive of beadlike addition of globular subunits, ranging
from 2 to 15 in the micrograph shown here (panel C).
Because Aâ assembly leads to varying outcomes, it can be
difficult to characterize the properties of a specific product
such as ADDLs. However, the sensitive imaging of AFM
provides a convenient means to assess structural homogeneity
of a preparation.

Preparation of Fibril-Free Aâ Oligomers.Analysis of
conventional preparations of aggregated Aâ indicates that
multiple assembly pathways are energetically and kinetically
accessible under typical laboratory conditions, resulting in
formation of multiple structures. It is possible, however, to
restrict assembly products to ADDLs by incubating Aâ1-42

with apoJ (8), but because apoJ is difficult to obtain, we
developed an alternative procedure (21, 27) in which
hexafluoro-2-propanol-(HFIP)-treated Aâ1-42 is serially di-
luted into neat DMSO and then into cold F12 culture medium
(Figure 2). When commercial peptide is suspended im-
mediately in water or DMSO, fibrillar material forms rapidly
because of seed structures (32), but HFIP appears to reduce
or eliminate such seeds. AFM of Aâ dried from HFIP shows
no evidence of structures larger than 2 nm (33), consistent
with the predominant monomer band seen in electrophoresis
(Figure 2). The products obtained after 24 h in cold F12

FIGURE 1: Diverse structural outcomes from different aggregation protocols. AFM images containing a spectrum of Aâ structures are
shown. (A) Fibrils: Aâ1-42 aged in ddH2O for one week contains periodic and smooth fibrils throughout the field. Fibrils of diverse size
and length are present. (B) Rings: Aâ1-42 aged in F12 at 37°C for 24 h and not centrifuged contains many ring-like structures. There are
also a few short linear protofibrils present in this field. (C) ADDLs/protofibrils: Aâ1-42 aged in PBS for 48 h at RT contains many linear
protofibrillar structures and small, spherical structures. Protofibrillar structures appear to contain bead by bead assemblies of multiple
globular structures. The line represents 400 nm in each panel. The results suggest that aggregation parameters of temperature and aggregation
solution are critical for proper ADDLs formation.
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and brief centrifugation consist entirely of small globular
molecules (confirmed independently in ref34). These were
indistinguishable from ADDLs prepared in the presence of
apoJ (8). F12 medium at low temperature was found suitable
for ADDL formation even at relatively high monomer
concentrations, distinguishing it from HEPES or phosphate
buffered saline, where high monomer concentrations (100
µM) lead to a mixture of ADDLs and abundant rod-shaped
protofibrils. When low concentrations of monomer (10-100
nM) are incubated in these buffers, only ADDLs are
observed.

The globular nature of individual ADDL molecules was
confirmed at higher AFM magnification, illustrated here by
section analysis (Figure 3A). Z-height measurements gave
a diameter of∼5 nm for the ADDLs shown, with diameters
varying from 3 to 8 nm (mean of 5( 3 nm; SD). Globular
structures of this size occurred only at very low levels in
DMSO monomer solutions (not shown). Small soluble
proteins gave Z-heights in the same range. Fibroblast growth
factor (17 kDa), e.g., measured 3( 2 nm, and carbonic
anhydrase (29 kDa) measured 4( 3 nm. Overall, the AFM
analysis established that the ADDL preparations contained

an abundance of small globular molecules not found in
monomer stocks; further, these preparations were completely
free of rod-shaped fibrils and protofibrils (Figure 3B; typical
result from more than 50 preparations over a five-year
period).

ADDLs Are Heterogeneous.Z-height measurements from
AFM, although imprecise (as indicated, e.g., by fibroblast
growth factor measurements), suggested possible heterogene-
ity of the globular ADDL molecules. Heterogeneity was
confirmed by electrophoresis, which also verified the conclu-
sion from AFM that ADDL preparations were free of large
molecules (Figure 4). By native gel analysis (Figure 4A),
ADDL solutions showed a major component that migrated
near the 17 kDa standard (for reference only). Several minor
bands, migrating faster as well as slower, were detectable
by silver staining and Western blotting. Excision of the native
gel lane and subsequent separation using SDS-PAGE (a 2D
gel format) revealed that this major band contained trimer,
tetramer, and pentamer (Figure 4D, middle). Minor amounts
of monomer were observed when immunoblots used an
antibody that recognizes monomer in addition to oligomers
(Figure 4D, right). The faint, faster migrating band in the
1D native gel was exclusively monomer in the 2D analysis.
A faint spectrum of higher molecular weight species also
was evident (by immunoblotting, but not by silver stain).
All species, however, entered the separating gel.

Assessment of size using standard denaturing gel condi-
tions (1D SDS-PAGE), followed either by silver stain or
immunoblotting, showed multiple bands whose size was
consistent with discrete oligomeric forms of Aâ (Figure
4B,C). Tetramer was prominent and higher molecular weight
oligomers (through 24mer) also were seen (particularly in
the immunoblots; differences between antibodies are con-
sidered later). Resolution of bands in ADDL preparations
varied with buffer and gel composition (33). The results
shown here were obtained by 16.5% Tris-tricine SDS-
PAGE. Molecular weights from SDS-PAGE Tris-tricine
gels (n ) 7) of the oligomer ladder gave discrete species
derived from 4.5 kDa subunits of Aâ monomer (data not
shown), although the gel conditions were not optimal for
analysis of higher molecular weight oligomers. The method
used to make ADDLs for all experiments in the current study
was chosen to provide relatively concentrated solutions, but
less than the expected concentration for micelles, which tend
to form at lower pH (35). Final Aâ concentrations therefore
were 25-100µM. Oligomerization also can be attained using
Aâ concentrations as low as 10 nM (36).

ADDLs at 37 °C Remain Oligomeric.An important
question was whether ADDLs prepared at 4°C remained as
globular oligomers when subjected to bioassay conditions
of lower ADDL concentrations and physiological tempera-
tures. ADDLs therefore were analyzed by AFM and elec-
trophoresis after dilution in F12 culture medium (final Aâ
1-10 µM) and incubation for 24 h at 37°C. Under these
bioassay conditions, ADDL solutions still showed no fibrillar
structures (Figure 5A). Possible changes in size by AFM
were not striking, but immunoblots following native gel
electrophoresis (Figure 5B) indicated some decrease in the
large band near the 17-22 kDa markers and an increase in
slower migrating species. These changes were observed also
by silver stain (not shown). When analyzed by SDS-PAGE
(Figure 5C), the heated ADDLs showed a shift toward larger

FIGURE 2: Spontaneous formation of ADDLs from pure monomeric
Aâ1-42. Panels show sequential stages of the ADDL preparation.
Left: solid Aâ peptide is dissolved in HFIP (5 mg/mL) for 1 h.
HFIP is evaporated and the peptide film is resuspended in 100%
HFIP or 10%HFIP/90%DMSO and separated by a silver-stained
SDS-PAGE. The major species is Aâ monomer, migrating to∼4.5
kDa. Lane 1: molecular weight markers. Lane 2: monomeric HFIP
stock (100% HFIP). Lane 3: DMSO/HFIP stock (10% HFIP: 90%
DMSO). Right: AFM image of ADDLs. DMSO stock is diluted
into F12 (100µM) and aged for 24 h at 5°C. Following incubation
and centrifugation, the supernatant is spotted onto freshly cleaved
mica.

FIGURE 3: AFM shows ADDLs comprise globular oligomers of
similar size. AFM images of ADDL preparations at higher and
lower resolution are shown. (A) Section analysis of ADDLs was
performed to determine the diameter of the oligomers. In this
sample, the average Z height was found to be 5 nm. (B) AFM image
of ADDLs contains primarily oligomers of Aâ, represented by the
pink features. No fibrils or protofibrils are present in the solution
represented here.
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oligomers, mostly 12/24mer species, but again, all material
readily entered the separating gel. Whether analyzed by
native or SDS gels, all material entered the separating gel.
In contrast, preparations of protofibrils or fibrils (verified
by AFM) aged under the same conditions contained material
that was retained in the wells and stacking gel (see, e.g.,
Figure 4C-d). ADDLs incubated with cultured hippocampal
neurons yielded oligomer profiles consistent with Figure 5
(not shown), with neither media nor cell extracts containing
material excluded from gels. ADDLs once formed thus were
relatively stable molecules that did not convert readily to

protofibrils or larger assemblies, although fibrillar structures
eventually can emerge following prolonged incubations (34).

BioactiVity of Spontaneously Formed ADDLs.Self-as-
sembled ADDLs were tested for bioactivity with the PC12
pheochromacytoma cell line. The first tests assessed interfer-
ence with MTT reduction, a measure of oxidative metabolism
and vesicle trafficking (37). As previously reported for
ADDLs made with apoJ, self-assembled ADDLs (1µM total
Aâ) caused a decrease in MTT reduction that was linear at
low cell density (Figure 6A). The decrease occurred as early
as 90 min (Figure 6B) and reached a plateau after 4-8 h
incubation (not shown). For PC12 cells, the maximum impact
was reached at concentrations slightly less than 5µM total
Aâ (Figure 6C). Hippocampal primary cultures were more
sensitive than PC12 cells to low doses of ADDLs, with a
35% decrease in MTT reduction seen at 50 and 100 nM
peptide (n ) 8 for each condition).

Two subsequent tests for ADDL bioactivity, again in PC12
cell culture, focused on short-term responses. We first
investigated a possible impact on nerve growth factor (NGF)
signaling. NGF alone, when added to cells for 10 min, caused
a 10-fold increase in active ERKs (Figure 7A), similar to
published reports (38). When ADDLs were added at the same
time as NGF, phosphorylation was further stimulated (by
33 and 48% for ERK 42 and ERK 44, respectively).
However, when cells were preincubated with ADDLs for
60 min before the addition of NGF, the response to NGF
was greatly attenuated. ADDLs thus could enhance or
decrease NGF-mediated signaling, depending on order of
exposure. Total levels of ERKs in these experiments did not
change (not shown). Activation of ERK by NGF in PC12
cells thus was rapidly perturbed by ADDLs.

Since previous work has shown a link between ADDL
activity and Src-family kinases (Fyn;8), we next tested the
effect of ADDLs on an upstream component of that signal
transduction cascade, Rac 1. Activated Rac was isolated by

FIGURE 4: Electrophoretic analysis of ADDL solution shows
presence of multiple oligomers. (A) ADDLs (∼65 pmol/lane) were
separated on a Tris-HCl polyacrylamide gel under native, nonre-
ducing conditions and analyzed using silver stain and immunoblot
procedures (see Methods). The silver stain and immunoblot (using
6E10 antibody) both show a large band near the 17 kDa marker
(used for reference only), minor bands just before 17 kDa and
between 22 and 30 kDa markers, and smears of other molecular
weight structures. In addition, the immunoblot shows a broad band
at higher molecular weight not found in the silver stain. (B) ADDLs
were separated and analyzed as above, this time using denaturing,
nonreducing conditions. The silver stain and immunoblot both show
five major bands corresponding to monomer through pentamer
species, with the higher oligomers through 24mer also evident. (C)
ADDL and fibril preparations were separated using SDS-PAGE
and immunoblot procedures (see above and Methods) and analyzed
using different antibodies. (a) A monoclonal antibody to amino acids
3-12 of Aâ sequence, 26D6, recognizes all of the putative oligomer
species (monomer through 24mer). (b) A monoclonal antibody to
amino acids 17-24 of Aâ sequence, 4G8, recognizes primarily
lower molecular weight oligomers, with a preference for dimer.
(c) A new polyclonal antibody raised against oligomers, M94 (21),
recognizes primarily higher molecular weight oligomer species,
without recognizing monomer and dimer. (d) M94 polyclonal
detects high molecular weight species (top of gel) and oligomers
in fibril preparations. (e) Hybridoma-produced antibody detects only
oligomers. (D) ADDLs were separated using native PAGE (left);
this gel was transferred to a 2D gel for SDS-PAGE (see above
and Methods). Analysis used the ADDL-selective polyclonal
antibody M26 (middle, see Methods) and a monoclonal antibody
that recognized total Aâ (6E10, right). The major band seen in
native analysis has monomer, slight trimer, tetramer, and pentamer.
The leading band is exclusively monomer. The trailing band is
primarily tetramer and pentamer.

FIGURE 5: ADDLs remain oligomeric under bioassay conditions.
(A) ADDLs were diluted to 1µM, incubated an additional 24 h at
37 °C, and imaged by AFM. No protofibrils or fibrils are present
in this preparation. (B) Native gel. ADDLs incubated for an
additional 24 h at either 5 or 37°C were analyzed on a 4-20%
Tris-HCl gel using native, nonreducing conditions. The two lanes
were immunoblotted using 26D6 antibody. The appearance of a
smear between approximately 60 and 148 kDa indicates reorganiza-
tion of the ADDLs into higher molecular weight oligomers but not
into fibrillar or protofibrillar species. (C) Denaturing gel. ADDLs
incubated as above were analyzed by immunoblot procedures on a
16.5% Tris-Tricine gel using denaturing, nonreducing conditions.
The presence of oligomeric multiples of Aâ are visible with both
samples, but the sample maintained at 37°C for an additional 24
h shows an increased amount of the 12mer and 24mer structures.
Neither sample has immunoreactive material in the protofibrillar
or fibrillar range.
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binding to the CRIB domain of the Rac effector protein PAK.
Bound proteins were then separated by SDS-PAGE and
visualized with a polyclonal anti-Rac antibody. PC12 cells
incubated for 10 min with ADDLs showed a 15-fold increase
in activated Rac1 compared to incubation with vehicle
(Figure 7B). Rac stimulation was maximal at approximately
10 min and robust at low doses of ADDLs (50 nM). With
respect to timing and dose, this cellular response to ADDLs
is the most sensitive detected so far.

Anti-ADDL Action of Gingko biloba.Given their bioac-
tivity, ADDLs may prove good targets for therapeutic drugs.
This possibility was suggested by a recent study of neuro-
protectiveG. biloba (39), which was reported to lower Aâ
neurotoxicity and also appeared to inhibit ADDL formation.
To verify whetherG. bilobaextracts block ADDL formation,
we assessed their potency with sensitive dot immunoblotting
that detects very low levels of oligomers within a milieu of
monomer (21, 40). ADDLs were made with and without two
different formulations of the neuroprotectiveG. biloba
extract. Both were found to retard formation of Aâ oligomers
(Figure 8), although the EGb form of the extract was more
effective at retarding oligomer formation than the soluble
form (IPS 200). EGb only partially blocked the bioactivity
of ADDLs in the PC12 MTT assay, which is measured at
relatively high ADDL doses (not shown). As can be seen in
Figure 8, even at 100 nM Aâ, the extracts did not prevent
oligomer formation with longer incubations. Protection by

FIGURE 6: Spontaneously formed ADDLs cause decreased MTT
reduction in PC12 cells. (A) PC12 cells were plated at the indicated
cell number and allowed to grow overnight. After incubation of
the sample with a 24 h ADDL preparation (1µM) for 4 h, the
MTT assay was performed (see Methods). (B) PC12 cells were
plated at 30 000 cells/well and allowed to grow overnight. ADDLs
(10 µM) were added for the indicated times before the MTT assay
was performed. Toxicity levels became significant by 3 h. (C) PC12
cells (plated as above and grown overnight) were treated with
ADDLs at the indicated concentrations for 4 h and assayed for
toxicity (MTT assay). Results show ADDL toxicity in PC12 cells
is linear, prominent within 3 h, and occurs at sub-micromolar doses
of Aâ.

FIGURE 7: ADDLs alter NGF-dependent ERK stimulation and
stimulate Rac1 in PC12 cells. (A) Quantitation of active ERKs is
plotted above the original immunoblot data. By itself, NGF increases
actiVe ERKs p42/44 by 10-fold as expected. However, when
ADDLs and NGF are added together, an additional increase of 33
and 48%, respectively, for p42 or p44 ERKs was observed.
Pretreatment of PC12 cells with ADDLs followed by addition of
NGF results in ERK activation only∼33% as high as that obtained
with NGF alone. Total ERKs did not change upon addition of NGF,
ADDLs, or both (data not shown), indicating that the effect was
due to phosphorylation, not protein production. (B) PC12 cells were
treated with ADDLs or vehicle for 5 or 10 min and then lysed
with the commercial kit lysis buffer. Active Rac was then
precipitated with agarose beads conjugated to the binding domain
of the Rac effector protein PAK. The bound proteins were then
separated and analyzed using SDS-PAGE and an anti-Rac poly-
clonal antibody. Data show that active Rac is induced by ADDLs
after 10 min incubation.
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G. biloba against low doses of Aâ, however, may be
significant with respect to subtle effects at synapses, which
have been suggested to alter memory function (8, 11).

Oligomers HaVe Conformationally Unique Epitopes.Im-
munoblotting of ADDLs described above (Figure 4) was
done with five antibodies: two monoclonals that recognize
epitopes at the amino terminal of Aâ (6E10, 26D6), a
monoclonal that recognizes an internal Aâ epitope (4G8),
and two polyclonal antibodies that are oligomer-selective
(M94, M26). The amino terminal antibodies, 26D6 (Figure
4C-a) and 6E10 (Figure 4B), identified oligomers up to the
24mer and had the greatest similarity to the silver-stained
pattern. The internal epitope-directed 4G8 showed a high
affinity for dimer and smaller oligomers (Figure 4C-b), but
did not recognize higher molecular weight oligomers as
avidly. The polyclonal antibodies M94 and M26, generated
by vaccination with ADDLs (21), selectively bound oligo-
mers rather than monomer or dimer. These antibodies can
also recognize higher molecular weight Aâ species (protofibrils
and fibrils) if they are present (e.g., Figure 4C-d). The
apparent differential accessibility of epitopes suggests pos-
sible conformational differences among the oligomers.

Differences in oligomer conformation of a different sort
may be related to oligomer activity. As previously described
for fibrils (41), some lots of synthetic Aâ1-42 give minimal
toxicity. The same situation is true for ADDL toxicity. For
example, Figure 9a shows an ADDL preparation that had
almost no impact on MTT reduction. Fortuitously, this
particular inactive lot also was analyzed by gel electrophore-
sis. Silver stain profiles showed the presence of oligomers
apparently equivalent to those found in toxic preparations
(Figure 9b). However, immunoblots revealed distinguishing
properties. The small oligomers seen by silver stain were
not recognized by M94, a conformation-sensitive antibody
generated by ADDL vaccination (21), even when overex-
posed (Figure 9c; compare with Figure 4C-c). The same blot
stripped of M94 and reprobed with 6E10 monoclonal clearly
showed the presence of immunoreactive oligomers (Figure
9d). This blot also showed dimer, typically a nonabundant
species with little 6E10 immunoreactivity. Note that both
6E10 and M94 detect the trace high molecular weight
species, but only 6E10 detects the trimers and tetramers.
Thus, while M94 normally is highly reactive toward small
molecular weight oligomers, it was unable to bind them in
these nontoxic preparations, despite their demonstrated
presence by silver stain and by 6E10. This result was

uncommon and was observed only one other time. It
indicates, however, that same-sized oligomers thus can exist
in different conformations, perhaps in a manner related to
toxicity. The issue of conformation additionally has bearing
on the relationship between small globular oligomers and
large fibrils. A screen of hybridomas generated from ADDL-
vaccinated mice produced one culture that secreted antibodies
capable of binding oligomers but not fibrils (Figure 4C-e).
These selective antibodies also detected ADDLs bound to
hippocampal cells (not shown, but equivalent to Figure 10C),
indicating that the bound species remained nonfibrillar.

Results comparing large and small oligomers separated
by HPLC-SEC (peaks 1 and 2, respectively; Figure 10A)
suggest that different oligomer conformation states also may
occur in preparations that are toxic. Relative abundance of
the two peaks varied between preparations, but their proper-
ties were consistent. Peak 1 elutes shortly after the void
volume (75 kDa cutoff) and on native gels comprises a slow
migrating species (inset, silver-stain 1). Peak 2 elutes near
13 kDa and on native gels comprises a faint band corre-
sponding to monomer (inset, silver-stain 2) and a major band
corresponding mostly to tetramer (asterisk, silver-stain 2;
compare with Figure 4D). Solution properties of the two
peaks were examined by sandwich ELISAs (Figure 10B) and

FIGURE 8: Neuroprotective extracts ofGinkgo bilobaretard formation of Aâ oligomers. Left: ADDLs (10 nM) were prepared with and
without Ginkgo bilobaextract (EGb) or the injectable form of the material (IPS) at the indicated concentrations. Aliquots were assayed for
the presence of oligomers in a dot blot assay using an oligomer-selective antibody (see Methods). Both extracts retarded the formation of
oligomers for up to 2 h at 1.0mg/mL. Right: BothGinkgo bilobaextract (EGb) and the injectable form (IPS) at 1.0 mg/mL are also able
to significantly block the formation of ADDLs at a higher concentration of Aâ (100 nM).

FIGURE 9: Immunoreactivity can discriminate active/inactive oli-
gomers. (a) MTT assay (see Methods) of Aâ lot that produced
oligomers with low toxicity. Value is normalized to controls set at
100% reduction. (b) Silver stain of SDS-PAGE verifies that same
Aâ batch produced oligomer bands. (c) Immunoblot of inactive
Aâ batches with ADDL-selective antibody detects trace amounts
of high MW material but only minimally detects the abundant small
MW oligomers. (d) Stripping blot “C” and reprobing with 6E10
detects the high MW material but also detects multiple species of
low molecular weight oligomers.
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by specific binding to differentiated hippocampal neurons
(Figure 10C,D). Oligomers in peak 1 were readily detected
by both assays. In contrast, equal amounts of peak 2 provided
minimal signal in ELISA and no binding to hippocampal
neurons. Data suggest the hypothesis that tetramers in peak
2 exist in a conformation poorly recognized by antibody and
not competent to assemble into larger oligomers.

DISCUSSION

Since the initial report that Aâ1-42 can form oligomers
that are potent CNS neurotoxins (8), other studies have
demonstrated that oligomer formation is a relatively general
phenomenon applicable to multiple proteinopathies (42-44),
including spongiform encephalopathies (prions;45) and

Parkinson’s (R-synuclein;46). Thus, while Aâ oligomers are
specifically relevant to AD, they may also provide a new
paradigm for understanding the pathology associated with
other proteinopathies where protein oligomer formation and
toxicity can be documented.

The current paper confirms and extends our earlier studies
on the assembly of Aâ1-42 into a mixture of soluble, globular
neurotoxic oligomers (ADDLs). Previous cell culture studies
showed that small soluble Aâ oligomers were neurotoxic at
concentrations much lower than those seen with amyloid
fibrils (8, 10) and capable, moreover, of rapidly blocking
long-term potentiation, a memory-associated type of synaptic
information storage. More recently, chronic exposure to these
oligomers has been shown to induce highly selective neu-
rotoxicity in CA1 hippocampal neurons, with much reduced
impact on adjacent CA3 neurons and no impact on cerebel-
lar neurons (14), recapitulating the highly selective neuro-
pathology manifest in AD. Further data implicating ADDLs
in AD pathology have come from a recent study that found
up to 70-fold higher concentrations of oligomers in AD brain
tissue compared to aged-matched control brain tissue (25).

As established in the current study, the molecular weights
of ADDLs formed in vitro are consistent with Aâ trimer,
tetramer, pentamer, and higher, up to a putative 24mer.
Analyses by AFM and gel electrophoresis show that ADDLs
are stable, independent entities rather than short-lived
structures that rapidly convert into much larger assemblies
such as protofibrils. Prolonged incubations (7 days) of
concentrated ADDL preparations can lead to fibrillar struc-
tures (34), although it is clear that such large structures are
not essential for bioactivity. When dilute solutions are
incubated at 37°C, the smaller trimeric and tetrameric
ADDLs reorganize into larger (12-24mer) assemblies, but
the solutions remain free of fibrils and protofibrils for at least
24 h. Although ADDL formation is known to be fostered
by apoJ (8), the current results show this chaperone-like
activity is not required for stable oligomerization. As with
apoJ-fostered ADDLs, spontaneously formed ADDLs sup-
pressed MTT reduction by PC12 cells. NGF stimulation of
ERK phosphorylation also was suppressed. Toxicity inherent
in stable Aâ oligomers is consistent with their predicted role
in AD, supported by recent findings that oligomer levels are
elevated in AD brain (25, 27, 47). Neurotoxic Aâ oligomers
thus can be considered viable targets for therapeutic inter-
vention. In a prototype assay for discovery of formation-
blocking drugs,G. biloba extracts were confirmed (39) to
retard aggregation of Aâ monomer into oligomeric Aâ,
particularly at low doses.

Imaging Structures Assembled from Aâ. The critical factor
for obtaining preparations of neurotoxic oligomers on a
consistent basis has been the ability to establish a starting
Aâ peptide that was exclusively monomeric, assessed using
AFM and gel electrophoresis. Here, as in other studies (48),
failure to eliminate fibril-nucleating seeds from the initial
peptide solutions resulted in predominant fibril formation.
Other reports have used sonication and filtration techniques
for removal of such seeds from stock (17, 18, 49); however,
we have found that HFIP pretreatment ensures more repro-
ducible monomer production. HFIP has been used for
solubilization of amylin (50) and prion (51) proteins, and it
has been reported previously to enhance theR-helical content
of the Aâ peptide (52). This treatment effectively dissolves

FIGURE 10: Large and small oligomers separated by HPLC-SEC
exhibit distinct conformational characteristics. (A) ADDLs subjected
to HPLC-SEC (Superdex 75 HR 10/30 column) produced two
major peaks. Peak 1 elutes near the void volume and peak 2 elutes
near 13 kDa. Silver-stained native gel confirmed the separation into
large (inset, lane 1) and small oligomers (asterisk, lane 2). (B) A
sandwich ELISA using ADDL-generated polyclonal antibodies to
capture oligomers and a monoclonal antibody for detection showed
higher sensitivity for the larger oligomers. Unfractionated ADDLs
were used as a quantitative standard. (C and D) Immunofluorescence
microscopy of embryonic rat hippocampal cultures demonstrated
that large ADDLs bind selectively to the surface of cell bodies and
processes at distinct puncta (identified as synapses; P. Lacor,
unpublished) (C), while smaller ADDLs showed no cell labeling
(D).
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higher order aggregates, eliminating fibril-forming “seeds”
and erasing any “structural history” associated with previous
peptide aggregation (32). SDS-PAGE (Figure 2) and AFM
(not shown) established that the initial Aâ solution in HFIP
was monomer.

Aggregation of Aâ1-42 peptide in cold F12 media resulted
in SDS-stable oligomers that were structurally distinct from
protofibrils. AFM images established the globular nature of
the oligomeric structures and suggested possible heterogene-
ity. ADDLs congregate around an average Z height of 5 nm,
which is similar to the Z height found for carbonic anhydrase,
a globular protein of 29-40 kDa molecular mass. Globules
of 5 nm diameter are consistent with structures that might
contain 6-9 monomers of Aâ (53). The average diameter
is somewhat larger than expected for the prevalent tetramer/
pentamer structures, due probably to the presence of oligo-
mers as large as 24mers, which likely correspond to the
largest 8 nm globules observed by AFM.

Aggregation of monomeric Aâ1-42 in PBS generates a
much broader range of structures including oligomers,
protofibrils, and fibrils. The elongated, metastable protofibrils
are rope-like structures reported to have diameters of 3-4
nm by AFM (18) and 6-8 nm via EM (17). Protofibrils
appear to be valid, on-pathway intermediates in fibril
formation (10, 49) as they continue to aggregate to form
insoluble fibrillar material similar to that found in plaques
(54). Protofibrils form from Aâ1-42 in PBS or HEPES
regardless of HFIP treatment (data not shown;17, 33). Ring-
shaped structures, which were atypical for Aâ (Figure 1B),
were described earlier forR-synuclein (46, 55), and may be
related to pore-like structures reported for Aâ in bilayers
(56).

Electrophoretic Analysis of Composition and Structure.
Gel electrophoresis provided further evidence that ADDLs
are oligomeric assemblies of Aâ1-42 and confirmed that
ADDL formation occurs under F12 medium conditions
without formation of fibrillar or protofibrillar structures.
Electrophoresis in denaturing gels revealed a spectrum of
oligomers including dimers, trimers, tetramers, pentamers,
and higher order oligomers up to 24mers. Native gel
electrophoresis showed one major oligomeric species, sand-
wiched between two minor ones. Re-electrophoresis by
SDS-PAGE in the second dimension resolved the major
native band into tetramer and pentamer, with smaller amounts
of monomer and trimer. The fainter, leading band in the
native gels comprises exclusively monomer, while the slower
migrating band is primarily tetramer and pentamer. Western
blotting of denaturing gels with sensitive antibodies to
ADDLs or Aâ monomer epitopes revealed a broad spectrum
of oligomers from dimer to 24mer, with tetramer appearing
as the predominant structure. Although monomer is prevalent
in the one-dimensional SDS-PAGE profiles, the two-
dimensional native-SDS analyses revealed only small amounts
of monomer in ADDL preparations, suggesting that SDS can
dissociate some oligomers into monomer. Both native and
SDS electrophoresis demonstrated that oligomer size distri-
bution is dependent on time and temperature of incubation.
When predominantly tetrameric ADDL preparations were
warmed to 37°C, the tetramer diminished and larger bands
corresponding to 12mer and 24mer formed. No protofibrils
or fibrils developed under these conditions (by AFM as well
as gel electrophoresis). ADDLs thus exist as independent

molecules for at least 24 h, sufficiently long-lived to account
for the biological activity in these preparations. Whether
ADDLs under some conditions aggregate to form protofibrils,
as might be suggested by the incremental protofibril lengths
seen in Figure 1C, remains to be determined.

SDS-stable oligomers are undetectable when the starting
material is Aâ1-40 (data not shown), although other studies
using cross-linking of Aâ1-40 show the presence of monomer,
dimer, trimer, and tetramer assemblies which form in a pH-
dependent process (57). Higher order oligomers also could
be visualized in the high-concentration cross-linking of I125

Aâ1-40 with oligomeric glutaraldehyde (58). Very recent
work with cross-linking of Aâ1-42 indicates a different
manner of oligomerization from Aâ1-40, preferentially giving
pentamer/hexamer species (59). It is possible that the
formation of highly stable oligomers by Aâ1-42 but not
Aâ1-40 is the underlying basis for the pathogenic role of
Aâ1-42.

Western blot detection of specific oligomers varied,
depending on the particular antibody employed (Figures 4
and 9), suggesting conformational differences between
aggregates that present unique epitopes for antibody genera-
tion. Antibodies raised to N-terminal peptide epitopes
recognized all structures. The 4G8 antibody, raised to
residues 17-25 of Aâ, was highly sensitive to dimer and
recognized other small oligomers to some extent, but did
not efficiently recognize the larger 12mer or 24mer structures.
The ADDL-selective rabbit polyclonals M93 and M26
exhibited high selectivity for trimer, tetramer, and higher
oligomers and poor recognition of monomer, similar to
previously described rabbit polyclonal antibodies (21). Two
oligomer preparations that unexpectedly showed little activity
in the MTT bioassay did not show trimer/tetramer recognition
by the ADDL-generated antibodies (Figure 9), suggesting
that alternate, inactive assembly conformations may exist.
Similar low reactivity toward ADDL-generated antibodies
was evident for the small oligomer fraction obtained by SEC
(Figure 10), suggesting that even in toxic preparations,
oligomers might possibly assume alternate conformations.

Biological ActiVity. Consistent with the properties of apoJ-
chaperoned ADDLs, the oligomeric Aâ1-42 species produced
in cold F12 were bioactive in PC12 cell assays. Impact was
evident within 90 min when tested for suppressed reduction
of MTT, an assay that measures vesicle trafficking and
oxidative metabolism (37). Signal transduction events were
perturbed even more quickly, as revealed by ADDL desen-
sitization of ERK activation by NGF within 60 min. This
effect is consistent with a recently reported effect of low,
sublethal doses of Aâ1-42 on CREB signaling in rat primary
cortical cultures (60), known to be coupled to ERK signaling
(61). A similar effect of Aâ on MAPK and CREB in
hippocampal slices also has been observed (62). The Aâ1-42

solutions used in these studies were likely to contain
oligomers, which form at nanomolar doses of monomer (36).
The impact of ADDLs on ERK and, putatively, on CREB
signaling may explain their ability to inhibit long-term
potentiation (LTP), which has been documented in hippo-
campal slices (8, 63) and in vivo (2, 64) at low oligomer
doses and in less than 1 h. Other toxic Aâ species, in
particular synthetic Aâ1-40 protofibrils prepared at high
concentrations, have not been linked to LTP inhibition, but
can cause changes in membrane properties such as EPSPs,
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action potentials, and membrane depolarization (9). ADDL
treatment of PC12 cells also was found to rapidly stimulate
Rac1 activity. This effect is intriguing because activated Rac
is associated with synaptic spine growth (65), and ADDLs
have been shown to bind specifically to synapses in hippoc-
ampal cell cultures (66). These effects add to the growing
body of evidence that ADDLs act via specific signal
transduction pathways, and they are fully consistent with the
hypothesis that memory failure in early AD is a synaptic
dysfunction attributable to soluble Aâ oligomers (8, 11, 13).

Link to Memory Failure: ADDLs as New Targets for
Therapeutic Vaccines and Drugs.The link between soluble
forms of toxic Aâ and memory impairment has been
strengthened recently by results from multiple AD mouse
models. In one study, mice overexpressingâ-APP751, that
forms diffuse deposits but not plaques, exhibited age-
dependent spatial learning deficits, suggesting that accumula-
tion of soluble Aâ assemblies was responsible (67). In
another transgenic mouse that does express plaques, memory
impairment correlated negatively with Aâinsol levels (68), with
results implicating a soluble neurologically active species.
Very recent studies demonstrated the presence of soluble Aâ
oligomers in older mice, which showed a correlation between
oligomer levels and memory impairment (24). In related Tg
mice, vaccination with aged Aâ preparations, which are
known to contain ADDLs, gave protection against age-onset
memory deficits even though substantial insoluble Aâ
deposits remained (69), suggesting depletion of a soluble
form of amyloid. In another study, multiple injections of Aâ
antibody reversed memory impairment in aged mice (70),
independent of plaque reduction or of significant brain Aâ
reduction. Finally, passive vaccination of the PDAPP Tg
mice with the anti-Aâ monoclonal antibody m266 afforded
dramatic reversal of memory failure within 24 h of a single
antibody injection, again with no effect on plaque levels (71).
Aâ/antibody complexes were found in the plasma and CSF
of this mouse after immunization, leading to the supposition
that m266 was clearing a nonfibril, nonmonomer, soluble
Aâ species. Use of antibodies that specifically target soluble
Aâ assemblies (a possibility suggested by Figure 4-e) may
provide the memory benefits seen in transgenic mouse studies
without the CNS inflammation observed in recent clinical
vaccine trials (72); it is especially noteworthy that a subset
of individuals in the same clinical trial actually did show
striking cognitive benefits (73). Although not yet tested for
memory benefits, protection against Aâ pathology has been
found in tg-mice given ibuprofen (74) or gelsolin (75),
providing potential alternatives to antibody administration.

Since antibodies give reversal of memory deficits puta-
tively by neutralizing Aâ oligomers, it should be of value
to identify small molecules capable of blocking oligomer
assembly. The recent report (39) that neuroprotective extracts
of G. biloba(EGb) could block ADDL assembly prompted
our current experiments to confirm this effect. Previous
studies had attributed the neuroprotective effects of EGb to
putative antioxidant properties (76), but our results here using
a sensitive immunoassay clearly indicate that the specific
EGb fraction fromG. biloba completely blocked ADDL
assembly at 1.0µg/mL, in harmony with the reported
neuroprotection (39). Recently, we reported that submicro-
molar doses of certain functionalized cyclodextrins also can
effectively block ADDL assembly and neurotoxicity (36, 40).

These findings suggest that ADDL blockade by small
molecules could potentially lead to effective AD drugs. The
present results, coupled with earlier findings of ADDL-
selective antibodies (21), provide a strong rationale to target
ADDLs as an effective Alzheimer’s disease therapeutic and
preventative strategy.
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