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Certain Inhibitors of Synthetic Amyloid �-Peptide (A�)
Fibrillogenesis Block Oligomerization of Natural A� and
Thereby Rescue Long-Term Potentiation
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Recent studies support the hypothesis that soluble oligomers of amyloid �-peptide (A�) rather than mature amyloid fibrils are the
earliest effectors of synaptic compromise in Alzheimer’s disease. We took advantage of an amyloid precursor protein-overexpressing cell
line that secretes SDS-stable A� oligomers to search for inhibitors of the pathobiological effects of natural human A� oligomers. Here, we
identify small molecules that inhibit formation of soluble A� oligomers and thus abrogate their block of long-term potentiation (LTP).
Furthermore, we show that cell-derived A� oligomers can be separated from monomers by size exclusion chromatography under
nondenaturing conditions and that the isolated, soluble oligomers, but not monomers, block LTP. The identification of small molecules
that inhibit early A� oligomer formation and rescue LTP inhibition offers a rational approach for therapeutic intervention in Alzheimer’s
disease and highlights the utility of our cell-culture paradigm as a useful secondary screen for compounds designed to inhibit early steps
in A� oligomerization under biologically relevant conditions.
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Introduction
The onset of Alzheimer’s disease (AD) is remarkably insidious,
with impairment of short-term memory the earliest detectable
symptom. Analysis of cortical biopsies from patients with symp-
tomatic AD indicates that synaptic injury may occur early in the
disease process (Davies et al., 1987). Strong evidence suggests that
the amyloid �-peptide (A�) plays a central role in disease patho-
genesis (Hardy and Selkoe, 2002) and that A�-induced synaptic
dysfunction may underlie early memory loss (Selkoe, 2002).

We showed recently that maintenance of hippocampal long-
term potentiation (LTP) is inhibited by culture medium contain-
ing naturally secreted human A� oligomers (Walsh et al., 2002a;
Wang et al., 2004) and that the block of LTP was attributable to
soluble A� oligomers (Walsh et al., 2002a). These findings are in
accord with studies demonstrating that soluble, prefibrillar ag-
gregates of synthetic A� also confer neurotoxicity (Roher et al.,
1996; Lambert et al., 1998; Hartley et al., 1999) and that behav-
ioral and morphological alterations are found in amyloid precur-

sor protein (APP) transgenic mice before amyloid deposition
(Hsia et al., 1999; Mucke et al., 2000). Importantly, studies of
human brain demonstrate a strong correlation between the levels
of soluble A� and severity of dementia (Lue et al., 1999; McLean
et al., 1999; Wang et al., 1999). SDS-stable dimers and trimers
detected in the buffer-soluble fraction of human cortex (McLean
et al., 1999) are strikingly similar to the SDS-stable A� oligomers
detected in the lysates and conditioned medium (CM) of cul-
tured cells (Podlisny et al., 1995; Morishima-Kawashima and
Ihara, 1998). The A� species that we detected in CM were con-
firmed as bona fide A� oligomers by both N-terminal radiose-
quencing and precipitation with C-terminal-specific antibodies
(Podlisny et al., 1995; Walsh et al., 2000). Moreover, their patho-
genic relevance is supported by the finding that oligomer forma-
tion is increased by expression of AD-causing mutations in APP
or presenilin (Xia et al., 1997).

Based on these and other findings, inhibition of A� aggrega-
tion is a rational target for therapeutic intervention. Therefore,
we have characterized the effects on natural A� oligomerization
of four compounds known to inhibit synthetic A� fibril forma-
tion or neurotoxicity or both. RGKLVFFGR-OH (OR1) and
RGKLVFFGR-NH2 (OR2) are novel nonapeptides that potently
inhibit in vitro fibrillogenesis of synthetic A�. N,N�-bis(3-
hydroxyphenyl)pyridazine-3,6-diamine (RS-0406) prevents and
reverses fibril formation and ameliorates synthetic A�-mediated
toxicity and impairment of LTP (Nakagami et al., 2002a). A
structurally related compound, 6-ethyl-N,N�-bis(3-hydroxy-

Received Oct. 21, 2004; revised Jan. 18, 2005; accepted Jan. 18, 2005.
This work was supported by National Institutes of Health Grants AG05134 (D.J.S.) and AG19770 (D.M.H.), by the

Foundation for Neurologic Diseases, and by Wellcome Trust Grant 067660 (D.M.W.). We thank Dr. Yasuhiro Nak-
agami (Sankyo, Tokyo, Japan) and Dr. Russell Hagan (BTG International, London, UK) for the gift of RS-0406 and
RS-0466 and Dr. Vicki Betts for expert technical assistance.

*D.M.W. and M.T. contributed equally to this work.
Correspondence should be addressed to Dennis J. Selkoe, Center for Neurologic Diseases, Harvard Institutes of

Medicine, 77 Avenue Louis Pasteur, Room 730, Boston, MA 02115-5716. E-mail: dselkoe@rics.bwh.harvard.edu.
DOI:10.1523/JNEUROSCI.4391-04.2005

Copyright © 2005 Society for Neuroscience 0270-6474/05/252455-08$15.00/0

The Journal of Neuroscience, March 9, 2005 • 25(10):2455–2462 • 2455



phenyl)[1,3,5]triazine-2,4-diamine (RS-0466), does not inhibit
A� fibril formation but retains the ability to prevent A�-
mediated toxicity (Nakagami et al., 2002b).

Here, we show that both RS-0406 and RS-0466 inhibit the
intracellular formation of cell-derived A� oligomers and that CM
from cells treated with RS-0406 or RS-0466 contained reduced
oligomer levels and no longer blocked LTP. Using nondenaturing
size exclusion chromatography, we physically separated A�
monomer from low-n oligomers and unambiguously identified
A� oligomers as the species responsible for perturbing synaptic
activity. Using this orthogonal approach, we confirmed that both
RS-0406 and RS-0466 inhibit natural oligomer formation. We
conclude that the fractionation protocol described here will be of
use in further investigating the biological activity of natural A�
oligomers and that compounds such as RS-0406 and RS-0466
may have utility in treating the earliest stages of synaptic dysfunc-
tion in AD.

Materials and Methods
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) un-
less otherwise stated. RS-0406 (Nakagami et al., 2002a) and RS-0466
(Nakagami et al., 2002b) were obtained from Dr. Yasuhiro Nakagami
(Sankyo, Tokyo, Japan) and Dr. Russell Hagan (BTG International, Lon-
don, UK), respectively. Peptides OR1 and OR2 were synthesized using
conventional Fmoc [N-(9-fluorenyl) methoxycarboxyl] chemistry and
purified on a Vydac (Columbia, MD) C4 column. Peptide purity
(�95%) and identity were confirmed by analytical HPLC and electros-
pray mass spectrometry.

A� peptides. A�(1-40) and A�(1-42) were synthesized and purified
essentially as described previously (Walsh et al., 1997). Peptide mass,
purity, and quantity were determined by a combination of matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry,
analytical HPLC, and quantitative amino acid analysis.

Thioflavin T-binding assay. A� peptides were dissolved in dimethyl-
sulfoxide (DMSO) to yield protein concentrations of �2 mM and then
diluted with milliQ water to yield a �200 �M stock solution. To initiate
reactions, 142.5 �l of 100 mM Tris-HCl, pH 7.4, was added to 150 �l of
A� stock solution with 7.5 �l of either 10 mM test compound in 10%
DMSO or 10% DMSO vehicle alone. Samples were vortexed briefly,
aliquots were assayed immediately, and the remainder was incubated at
37°C. At intervals of 24 and 48 h, samples were removed, vortexed for
10 s, and then assayed. Electron microscopy (EM) was performed on
samples after 48 h of 37°C incubation.

Thioflavin T (ThT) binding was assessed as described previously
(Walsh et al., 1999). Briefly, 25 �l of sample was added to a 1 cm 2 cuvette
containing 425 �l of water and 500 �l of 100 mM glycine-NaOH, pH 8.5.
The cuvette was vortexed, and then 50 �l of 100 �M ThT was added and
the solution was vortexed again. Fluorescence was measured at 90, 100,
110, and 120 s after ThT addition. Measurements were made using a
Hitachi (Tokyo, Japan) F-4500 fluorescence spectrophotometer with ex-
citation and emission at 446 nm (slit width, 5 nm) and 490 nm (slit width,
10 nm), respectively.

APP-expressing cells. Chinese hamster ovary (CHO) cells stably trans-
fected with a cDNA encoding APP751 containing the Val717Phe familial
AD mutation (referred to as 7PA2 cells) were cultured in DMEM with
10% fetal bovine serum (Hyclone, Logan, UT), as described previously
(Koo and Squazzo, 1994).

Antibodies. Antibodies to APP and its proteolytic derivatives have been
described previously (Walsh et al., 2000). Monoclonal antibody 2G3 was
raised to A�33-40 and specifically recognizes A� species ending at resi-
due 40, whereas monoclonal antibody 21F12 was raised to A�33-42 and
specifically recognizes A� species ending at residue 42. Both 2G3 and
21F12 were kindly provided by Drs. P. Seubert and D. Schenk (Elan
Pharmaceuticals, San Francisco, CA). Monoclonal antibodies 6E10 and
4G8 (Signet Pathology Systems, Dedham, MA) recognize epitopes within
the human A� sequence corresponding to residues 6 –10 and 17–24,
respectively; R1282 is a high-titer polyclonal antiserum raised to syn-

thetic A�1-40 (Haass et al., 1992). Polyclonal antiserum C7 was raised to
a peptide encompassing residues 676 – 695 of the APP sequence and was
used to immunodeplete cell lysates of full-length APP and its C-terminal
fragments (Walsh et al., 2000).

Treatment of cells with test compounds. Nearly confluent (95–100%) 10
cm 2 dishes of 7PA2 cells and their corresponding untransfected parental
CHO cell line were washed with serum-free medium (4 ml � 1) and
incubated with or without compound in serum-free medium for �15 h.
CM was then removed and cleared of cells by centrifugation at 200 � g
for 10 min at 4°C. Protease inhibitors (final concentration: 5 �g/ml
leupeptin, 5 �g/ml aprotinin, 2 �g/ml pepstatin, 120 �g/ml Pefabloc)
were added to the supernatant, and this CM was used for immunopre-
cipitation (IP) or concentrated �10-fold using Centriprep YM-3 centrif-
ugal filter devices (Millipore, Waltham, MA). Protease inhibitors, many
of which are biologically active, were not added to samples to be used for
electrophysiology; however, the absence of protease inhibitors did not
substantially alter the detection or the size exclusion chromatography
(SEC) elution pattern of A� monomer and oligomers.

The concentrations of test compounds were determined empirically;
in the case of RS-0406 and RS-0466, the concentrations used (102 and 9.3
�M, respectively) were the maximum tolerated without inducing cyto-
toxicity. For OR-1 and OR-2, the concentration used (18.5 �M) was
determined by the solubility of these peptides. In all cases, the ratios of
compound to A� were far in excess of those used in experiments in which
RS-0406, OR-1, and OR-2 were shown to inhibit in vitro fibrillogenesis
(see Fig. 1).

Immunoprecipitation/Western blot analysis. A highly sensitive IP/
Western blot (wblot) protocol that can readily detect as little as 200 pg of
naturally secreted A� (Walsh et al., 2000) was used for the detection of
natural, secreted A� in samples that were not radiolabeled. Samples were
immunoprecipitated with the high-affinity antibody R1282 at a dilution
of 1:75. After IP, samples were electrophoresed on 10 –20% tricine gels
and transferred to 0.2 �M nitrocellulose membranes at 400 mA for 2 h.
Filters were boiled for 10 min in PBS (Ida et al., 1996) and then blocked
overnight at 4°C with 5% fat-free milk in 20 mM Tris-HCl, pH 7.4,
containing 150 mM NaCl and 0.05% Tween 20 (TBS-T). After washing
the membranes in TBS-T, they were probed with monoclonal 6E10 (1
�g/ml). Bound antibody was visualized with horseradish peroxidase-
conjugated donkey anti-mouse Ig (at 1:25,000) (Jackson ImmunoRe-
search, West Grove, PA) and the ECL� detection system (Amersham
Biosciences, Arlington Heights, IL).

Radiolabeling, immunoprecipitation, and gel fluorography. Nearly con-
fluent (95–100%) 10 cm 2 dishes of cells were starved of methionine for
30 min and were then labeled with 750 �Ci [ 35S]methionine for �15 h
with or without the test compounds used above. Media were harvested
and immunoprecipitated (Podlisny et al., 1995). After electrophoresis on
10 –20% tricine gels, bands were visualized by gel fluorography.

Size exclusion chromatography. A Superdex 75 10/30 HR column at-
tached to an AKTA FPLC system (Amersham Biosciences, Piscataway,
NJ) was used for all experiments and calibrated using unbranched dex-
tran standards of molecular masses: 123,600; 66,700; 43,800; 21,400;
9890; and 4440 (Pharmacosmos, Holbaek, Denmark). Concentrated CM
(1 ml) was injected onto the Superdex 75 column and eluted with 50 mM

ammonium acetate, pH 8.5, at a flow rate of 1 ml/min. One milliliter
fractions were lyophilized, resuspended in 2� SDS-tricine sample buffer
(20 �l), boiled for 10 min, and then electrophoresed on 10 –20% tricine
gels. Proteins were transferred onto 0.2 �M nitrocellulose and used for
Western blotting as described above.

Preparation of brain slices. Coronal sections of mouse hippocampus
(males and females; 14 –35 d of age) were used for all experiments. After
asphyxiation with CO2, the brain was rapidly removed and placed in
ice-cold oxygenated artificial CSF (ACSF) containing sucrose that con-
tained the following (in mM): 206 sucrose, 2 KCl, 2 MgSO4, 1.25
NaH2PO4, 1 CaCl2, 1 MgCl2, 26 NaHCO3, 10 D-glucose, pH 7.4, �315
mOsm (Moyer and Brown, 1998). Transverse slices (350 �m thick) were
cut and transferred to a holding chamber containing artificial CSF that
contained the following (in mM): 124 NaCl, 2 KCl, 2 MgSO4, 1.25
NaH2PO4, 2 CaCl2, 26 NaHCO3, 10 D-glucose, pH 7.4, �310 mOsm, in
which they were allowed to recover for at least 1 h. The slices were then
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transferred to a recording chamber for submerged slices and continu-
ously superfused at a rate of 3 ml/min (�22°C). Slices were incubated in
the recording chamber for 20 min before stimulation. A closed-loop
system containing 15 ml of ACSF was used to minimize the bath volume
and hence the volume of CM.

Electrophysiological recordings. Standard electrophysiological tech-
niques were used to record field potentials in the CA1 of hippocampus
(Stanton et al., 1987). A unipolar stimulating electrode (World Precision
Instruments, Sarasota, FL) was placed in the Schaffer collaterals to deliver
baseline stimuli and tetani. A borosilicate glass recording electrode con-
taining ACSF was positioned in the CA1, �75–200 �m from the stimu-
lating electrode. The intensity of the stimulus (typically between 10 and
20 �A) was set to obtain 20 –30% of the maximal field potential response,
and test stimuli were delivered at 0.05 Hz. To induce LTP, four tetani
(100 Hz for 1 s) were delivered 5 min apart. Field potential responses
were amplified 100� using an Axoprobe 1A. The data were sampled at 10
kHz and filtered at 2 kHz. Traces were analyzed using the LTP Program
(www.ltp-program.com). The slope of the field potential was estimated
using �10 – 60% of the total response.

For analysis of the effects of 7PA2 and CHO-CM, media were concen-
trated �15-fold using Centriprep YM-3 centrifugal filter devices and
frozen at �80°C. On the day of the experiment, concentrated CM sam-
ples were diluted 1:15 with ACSF immediately before analysis. For com-
parison of monomeric and oligomeric A�, concentrated 7PA2 or
CHO-CM was subjected to SEC as described, and 1 ml fractions were
collected. Samples were lyophilized and, on the day of the experiment,

reconstituted in 10 ml of ACSF. An aliquot (1.5 ml) of each reconstituted
fraction was used for IP/wblot analysis, and the remaining 8.5 ml was
used for electrophysiology.

Statistics. The effect of test compounds on A�1-42 fibrillogenesis was
compared with the no-compound control using an unpaired t test with
Welch correction, and the Bonferroni multiple comparison test was used
to compare treatment and control EPSP slope at 60 min after high-
frequency stimulation (HFS).

Results
A hydroxyanaline derivative and two A�-derived peptides
decrease synthetic A� fibrillogenesis in vitro
We examined four compounds known to alter A� fibrillogenesis
and/or neurotoxicity. RS-0406 (Fig. 1), a hydroxyanaline com-
pound, has been reported to prevent and reverse synthetic A�
fibrillogenesis and consequent toxicity, whereas another hy-
droxyanaline, RS-0466 (Fig. 1), appears not to inhibit synthetic
A� fibrillogenesis but can prevent its toxicity. OR1 and OR2 are
peptides that have sequences similar to the central hydrophobic
core of A�. OR1 and OR2 are novel compounds that potently
inhibit synthetic A� fibrillogenesis. We assessed in vitro fibrillo-
genesis by ThT binding and EM. Preliminary experiments had
revealed that under the conditions used, the fibrillogenesis of 100
�M A�1-42 reached a plateau by 24 h (data not shown), so the

Figure 1. Hydroxyanaline derivatives RS-0406 and RS-0466 inhibit A� oligomerization A, Synthetic A�(1-42) was incubated at 100 �M in 50 mM Tris-HCl, pH 7.4, at 37°C with and without 0.25
mM of each test compound, and aliquots were assayed for thioflavin T binding. RS-0406, OR1, and OR2 each significantly decreased in vitro synthetic fibrillogenesis (*p � 0.05). Error bars represent
SD. B, 7PA2 cells were grown to near confluence in 10 cm 2 dishes and allowed to condition serum-free medium with and without test compounds [(in �M): 102 RS-0406, 9.3 RS-0466, 18.5 OR1, and
18.5 OR2]. After 15 h, the CM was collected, cleared of cells, and analyzed by IP with R1282 and Western blotting with 6E10. Only RS-0406 and RS-0466 decreased natural oligomer levels. M, D, and
T designate A� monomer, dimer, and trimer. C, 7PA2 cells were grown to near confluence in 10 cm 2 dishes as described in B but labeled with [ 35S]methionine for 15 h with and without RS-0406
or RS-0466. Thereafter, the CM was collected, cleared of cells, immunoprecipitated with R1282, and analyzed by SDS-PAGE and autoradiography. M, D, and T are as in B. A� monomer, 5 kDa A�,
and p3 (the latter being the proteolytic product of the �- and �-cleavages of APP) do not appear as discrete bands at the exposure time necessary to visualize A� oligomers. Again RS-0466 and
RS-0406 decreased oligomer levels. D, 7PA2 cells were grown in the presence or absence of RS-0406 or RS-0466, and lysates were prepared and immunoprecipitated with R1282. Both A� monomer
(M) and dimer (D) bands are readily detected in lysates from untreated cells (0), but the dimer bands are significantly reduced in lysates of cells grown in the presence of RS-0406 or RS-0466. Because
6E10 also detects the more abundant APP C-terminal fragment, C99, the trimer is not discernible. Both compounds decreased the amount of dimers detected intracellularly. E, 7PA2 cells were grown
to near confluence in 10 cm 2 dishes as described in B and allowed to condition serum-free medium in the absence of any compounds. After harvesting and removing the cells by low-speed
centrifugation, the CM was incubated with and without RS-0406 or RS-0466 for 15 h at 37°C. Neither compound altered the pattern of detection of oligomers, thus confirming that these
hydroxyanaline compounds do not act by breaking up preexisting oligomers but rather act by inhibiting oligomerization.
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effect of each compound was compared at 0 and 24 h. In agree-
ment with published findings (Nakagami et al., 2002a), RS-0406
caused a significant decrease in the amount of ThT-positive
fibrillar material (Fig. 1A) as well as in the number of fibrils
detected by EM (data not shown), whereas RS-0466 decreased
neither parameter. Indeed, RS-0466 caused a slight increase in
ThT binding; this was not attributable to intrinsic fluorescence of
RS-0466 or an interaction between RS-0466 and ThT, because the
time-zero ThT reading for the no-compound control was indis-
tinguishable from that for the RS-0466-containing sample. In
contrast, both OR1 and OR2 caused a substantial decrease in ThT
binding (Fig. 1A) and in the amount of fibrils detected by EM
(data not shown), thus demonstrating that like RS-0406, both
OR1 and OR2 are capable of inhibiting in vitro fibrillogenesis.

The two hydroxyanaline derivatives prevent formation of
SDS-stable oligomers of natural A� in living cells
We reported previously that the CM of CHO cells stably express-
ing human APP751 with the V717F FAD mutation (designated
7PA2 cells) contains SDS-stable oligomers of A� (Podlisny et al.,
1995). The A� assemblies we detected in CM have been con-
firmed as bona fide A� oligomers by both N-terminal radiose-

quencing and precipitation with A�40- and A�42-specific
C-terminal antibodies (Podlisny et al., 1995; Walsh et al., 2000).
These oligomers migrate in denaturing gels principally as dimers
and trimers, plus a small amount of tetramers (Podlisny et al.,
1995; Walsh et al., 2002b). The pathogenic relevance of these
natural A� oligomers is supported strongly by the finding that
oligomer formation is augmented by expressing AD-causing mu-
tations in APP or presenilin that are known to increase A�42

production (Xia et al., 1997) and by the demonstration that the
oligomer-containing CM can block maintenance of hippocampal
LTP both in vivo (Walsh et al., 2002a) and in slices (Wang et al.,
2004). Therefore, we tested the effect of compounds known to pre-
vent synthetic A� fibrillogenesis in vitro on the formation of these
cell-derived A� oligomers. Treatment of 7PA2 cells with RS-0406
and RS-0466 decreased detection of oligomers in CM (Fig. 1B), but
neither OR1 nor OR2, both of which potently inhibit synthetic A�
fibrillogenesis (Fig. 1A), altered the quantity of natural A� oligomers
detected (Fig. 1B). Similarly, a number of other compounds known
to potently inhibit in vitro fibrillogenesis had no effect on formation
of cell-derived oligomers (data not shown). RS-0406 and RS-0466
decreased the amount of A� dimers and trimers detected in the CM,
as assessed by our sensitive IP/wblot protocol (Fig. 1B) or by IP/

Figure 2. Conditioned medium from 7PA2 cells treated with RS-0406 or RS-0466 do not alter hippocampal LTP. A, Perfusion of hippocampal slices with 7PA2 CM (blue), but not with CHO-CM
(black), blocked LTP of excitatory synaptic transmission in the CA1 area [131.3 � 8.3% at 60 min after HFS (indicated by arrows); mean � SEM percentage of baseline; n 	 6; p � 0.05 compared
with pre-HFS baseline]. Insets show typical EPSPs �5 min pre- (1) and �60 min post-HFS (2). Calibration: 10 ms, 1 mV. Asterisk denotes addition of test media. B, Perfusion of hippocampal slices
with CM from 7PA2 cells conditioned in the presence of RS-0406 (red) or RS-0466 (green) resulted in no inhibition of LTP (196.7 � 11.3% at 60 min post-HFS, n 	 7, p � 0.05; 196.7 � 19.4% at
60 min post-HFS, n 	 7, p � 0.05, respectively). Calibration: 25 ms, 2 mV. C, Perfusion of hippocampal slices with 7PA2 CM spiked acutely with RS-0406 (red open circles) or RS-0466 (green open
circles) did not reverse the inhibition of LTP (113.9 � 3.6% at 60 min post-HFS, n 	 5, p � 0.05; 111.1 � 8.4% at 60 min post-HFS, n 	 7, p � 0.05, respectively), Calibration: 25 ms, 2 mV. D,
Magnitude of LTP at 60 min post-HFS (percentage of baseline � SEM). Treatments and the number of slices examined per treatment are indicated beneath each histogram. All treatments refer to
the use of 7PA2 CM unless otherwise indicated. The term post indicates that compound was added to medium after it had been conditioned by cells, as opposed to addition before conditioning.
Medium conditioned by 7PA2 cells in the presence of either RS-0406 or RS-0466 facilitated normal LTP, whereas addition of either compound after conditioning did not prevent the oligomer-
mediated block of LTP. Error bars represent SEM.
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autofluorography of CM from [35S]methionine-labeled cells (Fig.
1C). By both methods, the level of the monomer band was modestly
increased (Fig. 1B).

Because we had shown previously that A� oligomerization in
these cells appears to be initiated in the subcellular vesicles in
which A� is generated (Walsh et al., 2002a), we next asked
whether RS-0406 and RS-0466 inhibit intracellular oligomeriza-
tion or rather cause the disassembly of oligomers secreted into the
medium. 7PA2 cells were conditioned in the presence or absence
of each hydroxyanaline derivative, and whole-cell lysates were
prepared and analyzed. Both compounds caused the reduction of
intracellular A� oligomer levels, whereas A� monomer was es-
sentially unchanged, compared with cells treated with vehicle
alone (Fig. 1D). In contrast, when RS-0406 and RS-0466 were
added to oligomer-containing CM in vitro, the monomer and
oligomer patterns were indistinguishable from the CM lacking
these compounds (Fig. 1E). Together, these results demonstrate
that RS-0406 and RS-0466 can prevent intracellular oligomeriza-
tion of A� but appear not to disassemble the natural oligomers
once they are released from the cell.

Conditioned medium from 7PA2 cells treated with RS-0406
and RS-0466 no longer block LTP
In agreement with our recent demonstration that oligomer-
containing 7PA2 CM can block LTP in rat hippocampal slices
(Wang et al., 2004), we found that 7PA2 CM also caused a dra-
matic reduction of the maintenance of LTP in the CA1 of mouse
hippocampus (Fig. 2A). In accord with our previous studies, CM
from sister cultures of untransfected CHO cells had no effect on
LTP (Fig. 2A). Importantly, medium from 7PA2 cells condi-

tioned with either RS-0406 or RS-0466
produced no inhibition of LTP (Fig. 2,
compare A,B). Indeed, the potentiation
observed with the CM of cells treated with
either of the hydroxyanaline compounds
did not differ significantly from that ob-
tained in the presence of plain CHO-CM
at 60 min post-HFS (CHO, 232.9 �
17.3%; RS-0406, 196.7 � 11.3%; RS-0466,
192.1 � 19.4%; mean � SEM percentage
of baseline; n 	 3 and n 	 4; p � 0.05),
compared with the pre-HFS baseline (Fig.
2D).

IP/wblot analyses of the CM used for
the electrophysiology experiments shown
in Figure 2B were almost identical to those
shown in Figure 1B (i.e., they contained
abundant monomer but very little oli-
gomers) (data not shown). To determine
whether this recovery of LTP was caused
by a reduction in the oligomer content of
the 7PA2 CM (Fig. 1B) or rather to a direct
action of the hydroxyanaline derivatives
on hippocampal slices, we performed a
number of control experiments. CM from
7PA2 cells was directly spiked with either
RS-0406 or RS-0466 (at the same concen-
trations used in Fig. 1) and then tested im-
mediately on hippocampal slices. Such
medium still contained abundant oli-
gomers (Fig. 1E) and still caused a block of
LTP indistinguishable from that induced
by untreated 7PA2 CM (Fig. 2D, compare

A,C). Moreover, addition of RS-0406 and RS-0466 to 7PA2 CM
caused no change in basal synaptic activity (RS-0406, 108.1 �
9.5%; RS-0466, 98.4 � 6.5% at 60 min post-HFS; mean � SEM
percentage of baseline; n 	 3 and n 	 4; p � 0.05) compared with
the pre-HFS baseline (Fig. 2D). Also, we observed normal induc-
tion and maintenance of LTP in the presence of CHO-CM spiked
with either compound (RS-0406, 200.4 � 9.4%; RS-0466,
207.1 � 24.6% at 60 min post-HFS; mean � SEM percentage of
baseline; n 	 4 and n 	 3; p � 0.05) compared with the pre-HFS
baseline (Fig. 2D). Together, these negative controls strongly suggest
that treatment of 7PA2 cells with RS-0406 and RS-0466 allows the
maintenance of normal LTP because of their ability to decrease the
oligomer content of 7PA2 CM. These results add to the burgeoning
evidence that A� oligomers, not A� monomers, can induce synaptic
dysfunction that results in altered LTP.

Size exclusion fractionation of secreted A� monomers
and oligomers
The above findings demonstrate that the specific reduction of
oligomer levels (Fig. 1) results in a loss of the ability of 7PA2 CM
to inhibit maintenance of LTP (Fig. 2). This result is in accord
with our previous demonstration that pretreatment of 7PA2 CM
with insulin-degrading enzyme, which can degrade A� mono-
mers but not oligomers, did not prevent the inhibition of LTP
(Walsh et al., 2002a). Although these distinct approaches strongly
support the concept that low-n oligomers, but not monomers, of
A� are synaptotoxic, we sought to provide additional evidence
for this hypothesis. To this end, we developed a method to frac-
tionate 7PA2 CM under nondenaturing conditions to separate
A� monomers from oligomers. SEC fractionates on the basis of

Figure 3. Size exclusion fractionated oligomers are detected by antibodies to the mid region, N terminus, and C terminus of
A�. Conditioned media from CHO and 7PA2 cells were concentrated �10-fold and then chromatographed on a Superdex 75
column, and 1 ml fractions were collected, lyophilized, and Western blotted. Lanes are labeled according to elution volume, and
the elution of dextran standards is indicated by vertical arrows. Antibodies to the mid region (C; 4G8), N terminus (D; 6E10), and
C terminus (A, 2G3; B, 21F12) of A� revealed the resolution of A� monomers (M), dimers (D), and trimers (T). The specificity of
these bands is confirmed by the fact that they are only detected in fractions of 7PA2 CM (fraction numbers in bold type) and not in
fractions of CHO-CM. Samples shown in A and B were from the same fractionation, and those shown in C and D were from separate
fractionations. In each case, the blots shown are representative of at least three different experiments.
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molecular weight, is performed using non-
denaturing and nondisaggregating buff-
ers, and has proved useful in the isolation
and characterization of intermediates of
synthetic A� fibrillogenesis (Walsh et al.,
1997, 1999; Hartley et al., 1999; Ye et al.,
2004). Using a Superdex 75 column and a
volatile, mildly alkaline buffer, we
achieved the complete separation of A�
monomer from A� oligomers, as judged
by Western blotting of each SEC fraction
(Fig. 3). Cell-derived A� monomer and
oligomers are detected by a variety of anti-
bodies to the mid, N-, and C-terminal re-
gions of A� (Podlisny et al., 1995; Walsh et
al., 2000). Therefore, to confirm the au-
thenticity of the various bands detected by
Western blotting of SEC-fractionated
7PA2 CM, we used four anti-A� monoclo-
nal antibodies directed to different regions
of A�.

The p3 peptide (the proteolyic product
of �- and �-secretase processing of APP),
A� monomer, and A� oligomers were all
detected in SEC fractions immunoblotted
with 2G3 (an antibody that specifically de-
tects A� peptides with C termini ending at
residue 40). SEC separates molecules such
that larger molecules elute in earlier frac-
tions and smaller ones in later fractions.
For instance, the �3 kDa p3 peptide eluted
in fractions 11 and 10, whereas A� mono-
mer was detected in fractions 10, 9, and 8.
As the amount of A� monomer fell, the
amounts of a �5 kDa A� species [a con-
former of the A� monomer (Walsh et al.,
2002a)] and the dimer increased (Fig. 3A,
fraction 7). Dimers and trimers were most
abundant in fractions 7 and 6, respectively
(Fig. 3A). In fractions 5 and 4, a faint pu-
tative tetramer band was detected (Fig. 3A). No bands migrating
between 3 and 17 kDa were detected by 2G3 in CM from CHO
control cells.

Western blotting with 21F12 (an antibody that specifically
recognizes A� peptides with C termini ending at residue 42) pro-
duced a closely similar pattern of staining of p3, A� monomer, 5
kDa A� conformer, dimer, and trimer to that revealed by 2G3
(compare Fig. 3A,B). However, there were two notable differ-
ences using 21F12: (1) the putative tetramer band (�16 –17 kDa)
was much more intensely labeled than it was by 2G3; and (2) a
ladder of bands between �30 and �75 kDa was detected that was
not present in the corresponding fractions of the CHO-CM. The
authenticity of the �30 –75 kDa bands is questionable, because
they were not detected by any of the other anti-A� antibodies
tested (Fig. 3A–D).

Like 2G3 and 21F12, 6E10, an antibody to residues 6 –10 of
A�, detected A� monomer, 5 kDa A� conformer, dimer, trimer,
and a faint tetramer band but did not detect p3, as would be
expected from the absence of the 6E10 epitope in p3. 6E10 also
detected soluble APP, which can be seen in the high-molecular-
weight range of the gel. Monoclonal antibody 4G8, an antibody to
the mid region of A�, produced a pattern similar to that of 2G3. It is
noteworthy that the detection of the putative tetramer was more

variable than that of the monomer, dimer, and trimer bands, which
were detected in all blots and by all antibodies tested in �50 inde-
pendent experiments. Moreover, the elution pattern was highly sim-
ilar, but much weaker, when unconcentrated CM was used for SEC.

Size exclusion chromatography confirms that compounds
RS-0406 and RS-0466 inhibit oligomer formation and that
oligomers are responsible for the block of LTP
CM from 7PA2 cells grown in the presence of the two compounds
shown to inhibit oligomer formation (Fig. 1B) was subjected to
SEC, and the fractions were analyzed by Western blotting. The
CM of 7PA2 cells not exposed to RS-0406 or RS-0466 produced a
pattern highly similar to that shown previously (compare the first
7 lanes of Fig. 4A with lanes 4 –10 of the 7PA2 samples in Figs.
3A–D); again SEC fractions 9 and 10 contained A� monomer,
fraction 8 contained both dimer and trimer, and fraction 7 con-
tained dimer, trimer, and tetramer. Treatment of the cells with
either RS-0406 or RS-0466 resulted in a near-complete loss of
oligomers without significantly changing A� monomer levels.
The fact that the SEC-isolated oligomer species are specifically
removed by the action of these compounds supports the authen-
ticity of these fractionated species as A� oligomers.

Because we showed above that CM from 7PA2 cells grown in

Figure 4. SEC-isolated A� oligomers, but not monomers, inhibit LTP. A, 7PA2 cells were allowed to condition serum-free
medium in the presence or absence of RS-0406 or RS-0466 for 15 h, and the CM was concentrated as described. The concentrated
CM was subjected to SEC, and fractions were analyzed by Western blotting using a combination of 2G3 and 21F12. A� monomers
(M), dimers (D), and trimers (T) are indicated by arrows. B, SEC fractions containing monomeric or oligomeric A� were lyophilized
and reconstituted in 10 ml of ACSF, and an aliquot (1.5 ml) was analyzed by IP/Western blot. C, Perfusion of hippocampal slices
with oligomeric A� (fraction 7) inhibited LTP (115.8 � 10.0% at 60 min post-HFS; mean � SEM percentage of baseline; n 	 6;
p � 0.05 compared with pre-HFS baseline), whereas perfusion with monomeric A� (fraction 9) did not alter LTP (227.1 � 22.6%
at 60 min post-HFS; mean � SEM percentage of baseline; n 	 6; p � 0.05 compared with pre-HFS baseline). Insets show typical
EPSPs �5 min pre- (1) and �60 min post-HFS (2). Calibration: 25 ms, 2 mV. Arrows signify the period of HFS, and the asterisk
indicates addition of test media.
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the presence of either RS-0406 or RS-0466 contained little or no
oligomers (Figs. 1B,C, 4A) and that this CM did not inhibit LTP,
we sought to confirm the electrophysiological effects of the SEC-
isolated A� monomer and oligomer fractions (Fig. 4B). As ex-
pected from the previous data, the oligomer-containing SEC
fractions caused a dramatic block of LTP (Fig. 4C), whereas
monomer-containing SEC fractions caused no such block (oli-
gomer, 109.6 � 4.9% vs monomer, 194.2 � 14.1% at 60 min
post-HFS; mean � SEM percentage of baseline; n 	 3 and n 	 4;
p � 0.05) compared with the pre-HFS baseline (Fig. 4C). This was
not a result of differences in A� concentration, because the total
amount of A� in the monomer-containing fraction far exceeded
that in the oligomer-containing fraction of the same SEC run (Fig.
4B). Importantly, the Western analysis shown in Figure 4B demon-
strates that the lyophilization and subsequent dilution of SEC-
isolated A� species does not alter the aggregation state of the frac-
tionated peptides.

Discussion
A� fibrillogenesis is a principal target for therapeutic interven-
tion in Alzheimer’s disease and related human �-amyloidoses
(Findeis, 2002). However, in view of the growing literature sug-
gesting a potentially key pathogenic role for soluble oligomers of
A� (Rochet and Lansbury, 2000; Hardy and Selkoe, 2002; Cohen
and Kelly, 2003; Walsh et al., 2003; Klein et al., 2004), it is impor-
tant that inhibitors of fibrillogenesis act to inhibit the initial
stages of oligomerization. If inhibition of fibril formation were to
lead to an accumulation of pathologically active prefibrillar as-
semblies such as low-n oligomers, this strategy might lead to
enhanced rather than decreased neurotoxicity.

Here, we show that certain small-molecule inhibitors of syn-
thetic A� fibrillogenesis can also block formation of cell-derived,
secreted oligomers of A� and that inhibition of these natural
oligomers fully prevents the well characterized block of LTP that
is mediated by A�. In contrast, two peptidic compounds, OR1
and OR2, both of which are more potent inhibitors of synthetic
fibrillogenesis than RS-0406 or RS-0466, do not alter formation
of the cell-derived oligomers. The reason for this failure is unclear
but could involve one or more of three factors: (1) the inability of
OR1 and OR2 to prevent initial oligomerization (i.e., they may
inhibit formation of large oligomers and polymers but do not
alter the formation of soluble, low-n oligomers), (2) the failure of
these compounds to access the appropriate subcellular compart-
ment in which oligomerization occurs, or (3) a lack of stability of
these compounds in cell culture. We have shown previously that
A� oligomerization (i.e., dimer formation) can begin intracellu-
larly (Walsh et al., 2000, 2002a), and it is not clear that OR1 and
OR2 can penetrate the cell. This lack of efficacy of OR1 and OR2
in the face of successful inhibition by RS-0406 and RS-0466 high-
lights the utility of our cell-culture paradigm as a useful and
important secondary screen for compounds designed to inhibit
early steps in A� oligomerization under biologically relevant
conditions.

We have demonstrated previously that A� oligomer-
containing culture medium can consistently inhibit the mainte-
nance of hippocampal LTP (Walsh et al., 2002a; Wang et al.,
2004). Here, we use size fractionation of A� to show that this
effect on synaptic plasticity can be attributed to low-n oligomers,
principally dimers and trimers. In a previous study, we used in-
sulin degrading enzyme (IDE), an enzyme that specifically de-
grades A� monomer, but not oligomers, to deplete 7PA2 CM of
A� monomer and concluded that the observed block of LTP was
caused by A� oligomers (Walsh et al., 2002a). An important ad-

vantage of SEC over the use of selective degradation by IDE is the
ability of SEC to resolve A� oligomers from both A� monomer
and p3, whereas IDE degrades A� monomer but leaves p3 unaf-
fected. Thus, our SEC paradigm allows us to unambiguously at-
tribute the A�-mediated block of LTP to low-n oligomers in the
absence of fibrillar and monomeric A� and p3. Furthermore,
elution of A� oligomers in the included volume of the column
under nondenaturing conditions provides additional evidence
that the A� species that migrate on denaturing PAGE at low
molecular weight are not electrophoresis artifacts or breakdown
products of larger assemblies such as protofibrils.

Using SEC and Western blotting, we confirmed that RS-0406
and RS-0466 block natural oligomer formation and that these
compounds prevent the A�-mediated block of LTP specifically
by inhibiting oligomer formation. In the case of RS-0406, these
results are in accord with a previous study that found RS-0406 to
effectively inhibit synthetic A� aggregation and thus relieve the
A�-mediated block of LTP (Nakagami et al., 2002a). However,
our results with RS-0466 are slightly different from previous
work (Nakagami et al., 2002a). Like Nakagami et al., we found
that RS-0406, but not RS-0466, inhibited fibrillogenesis of syn-
thetic A�1-42 (Nakagami et al., 2002b), whereas in our cell-
culture experiments, both compounds inhibited the formation of
natural A� oligomers. Furthermore, these compounds were only
effective in preventing the A�-mediated block of LTP under con-
ditions in which they prevented new oligomer formation by in-
tact cells and not when added to CM already containing oli-
gomers (Fig. 2A,B).

In the experiments conducted by Nakagami et al. (2002a,b),
synthetic A�1-42 was incubated at 100 �M for 1–2 d, diluted to 1
�M in ACSF with or without RS-0406 or RS-0466, and incubated
on hippocampal slices for an additional 5 h. Slices were then
perfused with fresh ACSF and used to record LTP. It is not clear
how RS-0406 and RS-0466 prevented the block of LTP mediated
by A�1– 42: did they bind to or destabilize synthetic A� oli-
gomers, or did they act directly on the neurons? Although these
compounds did not appear to destabilize the natural, SDS-stable
oligomers once they were formed, we speculate that oligomers
formed by synthetic A� are less stable than these natural oli-
gomers and that RS-0406 and RS-0466 may be able to destabilize
the former. In this regard, it is noteworthy that we previously
found natural cell-derived A� to be at least two orders of magni-
tude more potent at inhibiting LTP than was synthetic A�1-42
applied under otherwise identical conditions (Wang et al., 2004).
It is clear that both RS-0406 and RS-0466 are capable of inhibiting
oligomerization of cell-derived A� and preventing the A�-
mediated block of LTP. Thus, our work establishes the utility of a
novel A�-secreting cell culture system for screening and optimiz-
ing compounds that inhibit the earliest stages of natural A� as-
sembly without inducing cellular injury.
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