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A� Oligomer-Induced Aberrations in Synapse Composition,
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Connectivity in Alzheimer’s Disease
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The basis for memory loss in early Alzheimer’s disease (AD) seems likely to involve synaptic damage caused by soluble A�-derived
oligomers (ADDLs). ADDLs have been shown to build up in the brain and CSF of AD patients and are known to interfere with mechanisms
of synaptic plasticity, acting as gain-of-function ligands that attach to synapses. Because of the correlation between AD dementia and
synaptic degeneration, we investigated here the ability of ADDLs to affect synapse composition, structure, and abundance. Using highly
differentiated cultures of hippocampal neurons, a preferred model for studies of synapse cell biology, we found that ADDLs bound to
neurons with specificity, attaching to presumed excitatory pyramidal neurons but not GABAergic neurons. Fractionation of ADDLs
bound to forebrain synaptosomes showed association with postsynaptic density complexes containing NMDA receptors, consistent with
observed attachment of ADDLs to dendritic spines. During binding to hippocampal neurons, ADDLs promoted a rapid decrease in
membrane expression of memory-related receptors (NMDA and EphB2). Continued exposure resulted in abnormal spine morphology,
with induction of long thin spines reminiscent of the morphology found in mental retardation, deafferentation, and prionoses. Ulti-
mately, ADDLs caused a significant decrease in spine density. Synaptic deterioration, which was accompanied by decreased levels of the
spine cytoskeletal protein drebrin, was blocked by the Alzheimer’s therapeutic drug Namenda. The observed disruption of dendritic
spines links ADDLs to a major facet of AD pathology, providing strong evidence that ADDLs in AD brain cause neuropil damage believed
to underlie dementia.
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Introduction
Early Alzheimer’s disease (AD) almost solely comprises severely
dysfunctional memory (Terry et al., 1991; Selkoe, 2002; Coleman
et al., 2004). This specificity likely is attributable to a vulnerability
of particular memory-focused synapses to degeneration (Selkoe,
2002; Scheff and Price, 2003; Coleman et al., 2004), and synapse
loss is considered to be the best correlate of AD dementia (DeKo-
sky and Scheff, 1990; Terry et al., 1991; Sze et al., 1997). Recent
evidence suggests that synapse degeneration begins at the level of
dendritic spines, which are the loci of memory-initiating mech-
anisms (Harris and Kater, 1994; Morris and Davis, 1994; Carlisle
and Kennedy, 2005; Segal, 2005). In AD and transgenic (Tg)
mouse AD models, significant decreases occur in spine density

(Ferrer and Gullotta, 1990; Moolman et al., 2004; Spires et al.,
2005; Jacobsen et al., 2006) and in molecules involved in spine
signaling (Sze et al., 2001; Mishizen-Eberz et al., 2004) and con-
trol of filamentous actin (F-actin) (Harigaya et al., 1996; Shim
and Lubec, 2002; Counts et al., 2006). Conceivably, AD dementia
may be initiated before synapse degeneration by spine aberra-
tions. In fact, spine shape distortions are evident in other severe
cognitive diseases such as mental retardation and prionoses.

Despite being of central importance to AD mechanisms, the
molecules that trigger spine pathology are not known. Involve-
ment of insoluble amyloid � (A�) fibrils has long been favored,
but abnormal neuropil in AD can occur in the absence of contig-
uous amyloid plaques (Einstein et al., 1994; Lue et al., 1999;
Coleman et al., 2004). In Tg mouse AD models, synapse abnor-
malities as well as memory impairments correlate poorly with
plaque burden and can occur before plaque formation (Holcomb
et al., 1999; Hsia et al., 1999; Larson et al., 1999; Mucke et al.,
2000; Jacobsen et al., 2006). Antibodies against A� prevent syn-
apse degeneration in Tg mice (Buttini et al., 2005), but memory
impairment is reversed without loss of plaques (Dodart et al., 2002;
Kotilinek et al., 2002). Thus, a toxin from A�, not present in plaques,
would appear to be responsible for synapse degeneration.

AD brains also contain small neurotoxins that comprise solu-
ble A� oligomers (Gong et al., 2003; Kayed et al., 2003; Lacor et
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al., 2004), which have been called A�-derived diffusible ligands
(ADDLs) (Lambert et al., 1998). ADDL-triggered neuronal dam-
age is now recognized as a central feature of AD pathology (Rodg-
ers, 2005; Standridge, 2006). Because ADDLs are gain-of-
function ligands that target synaptic spines (Lacor et al., 2004;
Klein et al., 2007) and disrupt synaptic plasticity (Lambert et al.,
1998; Wang et al., 2002), their cellular actions may be particularly
germane to neuropil damage (Klein et al., 2001; Klein, 2006).
This possibility is supported by findings that ADDLs induce ab-
normal expression of Arc (Lacor et al., 2004), a synaptic memory-
related protein, in a manner predicted to cause abnormal spine
shape and receptor trafficking (Lacor et al., 2004; Klein, 2006).
The current study has tested the impact of ADDLs on spines using
mature hippocampal neuron cultures, a preferred model for
studies of synapse cell biology (Boyer et al., 1998). Abnormalities
induced by ADDLs in spine composition, shape, and abundance
strongly support the hypothesis that ADDLs in AD brains initiate
toxic mechanisms underlying neuropil damage.

Materials and Methods
ADDL preparation and fractionation. A�1– 42 peptide (California Peptide
Research, Napa, CA or American Peptide, Sunnyvale, CA) or biotin–
A�1– 42 peptide (Recombinant Peptide, Athens, GA) were used to pre-
pare synthetic ADDLs and biotinylated ADDLs according to published
protocols (Lambert et al., 2001; Klein, 2002). A�1– 40 peptide was pur-
chased from rPeptide (Bogart, GA). Ultrafiltration of ADDLs and A�1– 40

preparations were done using either Nanosep 10K omega (Pall Corpora-
tion, Ann Arbor, MI) or Microcon YM-50 (Amicon, Bedford, MA), ac-
cording to the instructions of the manufacturer.

Hippocampal cell culture and treatments. Mature hippocampal cell cul-
tures [at least 21 days in vitro (DIV)] were prepared as described previ-
ously (Lacor et al., 2004) and treated with 500 nM ADDLs or equivalent
volume of F-12–vehicle for various incubation times. A�1– 40 prepared in
DMSO, filtrates, and retentates obtained by 10 and 50 kDa cutoff filters
were added to the cell culture at a final concentration of 500 nM. The
uncompetitive NMDA receptor (NMDA-R) antagonist memantine (3,5-
dimethyl-amantadine hydrochloride) (Sigma, St. Louis, MO) was added
to cell culture media, at the final concentration of 5 �M, 30 min before
ADDL or vehicle treatment. An equivalent volume of sterile distilled
water was used as a control for the memantine treatment. ADDL-
sensitive neurons in the vehicle-treated group were identified by expos-
ing the cells to ADDLs for 5 min before fixation.

Immunocytochemistry. Treated cells were rinsed to remove unbound
ADDLs and then fixed with 3.7% formaldehyde or 4% paraformaldehyde
in Neurobasal media (1:1 volume) for 20 min followed by an additional
20 min undiluted fixative. Cells were rinsed extensively in PBS. Cover-
slips were incubated in blocking solution (10% NGS in PBS with or
without 0.1% Triton X-100) for 45 min at room temperature (RT). An-
tibodies were used against the following proteins: NMDA-R1 and
NMDA-R2B, EphB2 (Santa Cruz Biotechnology, Santa Cruz, CA); dre-
brin (Stressgen, Victoria, British Columbia, Canada); A� species (6E10;
Senetek, St. Louis, MO) and ADDLs (M94 or NU-2) (Lambert et al.,
2001, 2007); spinophilin (Upstate Biotechnology, Lake Placid, NY); and
glutamic acid decarboxylase (GAD) 65/67 (Sigma). Primary antibodies
were diluted in blocking solution and incubated overnight at 4°C. After
rinses with PBS with 1% NGS, coverslips were incubated with appropri-
ate Alexa-conjugated secondary antibodies (Invitrogen, Carlsbad, CA)
diluted in PBS plus 1% NGS for 90 min at RT, rinsed extensively in PBS,
and mounted with ProLong Anti-fade media.

Image acquisition and analysis. ADDL-bound neurons and dendritic
branches were imaged using a Leica (Exton, PA) TCS SP2 laser confocal
microscope with laser intensity and signal detection settings held con-
stant to allow for quantitative comparison between experimental groups.
Optical serial sections of 0.5 �m intervals were taken through the cells
and reconstructed to generate a maximum intensity projection of z-stack
images from individual cells and dendritic branches. Five neurons per
experimental group were captured per experiment, and data from two or

three independent experiments were pooled for analysis. After distance
calibration and intensity threshold, one to two dendritic segments from
each neuron were used to determine spine density and length. Spine
density was automatically calculated by dividing the counted number of
spines per measured dendrite length. Spines were counted manually us-
ing MetaMorph software version 6.3 (Universal Imaging Corporation,
Downingtown, PA). Spines were defined as protrusions that could be
differentiated from the dendritic shaft and restricted to those that were
visible in the x- and y-axes. The length of spines was quantified manually
using the line segment tool in MetaMorph software; briefly, a line was
drawn from the limit of the dendritic shaft (base) to the tip of the pro-
trusions (head) and then ultimately binned into different categories with
0.5 �m intervals. All spine measurements were made on z-stack images of
dendritic segments. Surface receptor puncta were identified using
threshold held at a constant level for all images within an experiment and
then analyzed using the “integrated morphometry” feature after setting
the standard object size. Receptor density was obtained by dividing the
number of surface receptors by the length of the dendrite within a se-
lected dendritic region. Drebrin immunofluorescence in randomly se-
lected ADDL-targeted neurons from four different experiments was
measured after “despeckle” noise reduction and background subtraction
using NIH ImageJ 1.36b software. Integrated density measurement rep-
resents the sum of the gray values of all of the pixels in the selection
divided by the number of pixels. Values are relative to the vehicle-treated
controls set at 100%. All data are depicted as mean � SEM. All data were
analyzed by GraphPad (San Diego, CA) Prism4 software for statistical
significance using one-way ANOVA and, if overall p � 0.05, followed by
a multiple group comparison post hoc test (Tukey’s) in which p � 0.05
was the minimum level of significance.

Synaptosome preparation, treatment, and immunoprecipitation. Synap-
tosomes were prepared from rat forebrain as described by Dodd et al.
(1981) and for comparison of binding to forebrain versus cerebellar syn-
aptosomes as described by Raiteri’s protocol (Raiteri and Raiteri, 2000).
Synaptosomes (75 �g) were treated with 300 nM ADDLs or vehicle in
buffer A (PBS, pH 7.4, and 5% FCS) overnight at 4°C on a rotator. Free
ADDLs were removed by washing with buffer A and centrifugation at
6000 � g for 10 min. Dynabeads (M-500 subcellular; Invitrogen) were
coated with secondary antibody (goat anti-rabbit or anti-mouse IgG Fc
fragment; Jackson ImmunoResearch, West Grove, PA) according to the
directions of the manufacturer. Immunoprecipitation was done using
anti-rabbit IgG Dynabeads preincubated with anti-ADDL antibody
(M71/2, �5 �g/mg beads). Treated synaptosomes were suspended in 300
�l of buffer A and incubated with washed M71/2-coupled Dynabeads (1
mg) overnight at 4°C on a shaker. Beads were recovered with a magnet,
extensively washed in buffer and then PBS. Supernatant collected repre-
sented “unbound” and “wash” fractions, whereas the pellet corre-
sponded to the “bound” fraction. Unbound and wash fractions were
centrifuged at 20,000 � g for 20 min; the pellets were dissolved in 60 �l of
Laemmli sample buffer for Western blot analysis. Samples (15 �l) were
loaded on a 4 –20% Tris– glycine gel (Invitrogen), electrophoreted with
Tris-glycine SDS buffer, transferred onto nitrocellulose membrane, and
immunoblotted for postsynaptic density-95 (PSD-95) (1:4000, MA1–
045; Affinity BioReagents, Golden, CO) and synaptophysin (1:2000,
SVP-38; Sigma). Signal was visualized using horseradish peroxidase-
linked secondary antibody (Amersham Biosciences, Buckinghamshire,
UK) and developed with ECL substrate (SuperSignal West Femto Maxi-
mum Sensitivity substrate; Pierce, Rockford, IL). Fractionation of
ADDL-bound synaptosomes was done according to Phillips’s method
(Phillips et al., 2001). Proteins were measured in synaptic junctions,
PSDs, and active zones and analyzed by Western blot under reducing
conditions or dot blot using antibodies against ADDLs (NU-1), PSD95,
and synaptophysin. For coisolation of synaptic proteins and ADDLs,
synaptosomes (2 mg, 0.5 mg/ml) treated with 300 nM ADDLs in PBS for
1 h at 37°C were centrifuged at 6000 � g for 10 min at 4°C and washed.
The washed synaptosomes were resuspended to 1 mg/ml in PBS with 2.5
�g/ml NU-2 IgG, incubated on a rotator for 1 h at 4°C, centrifuged, and
washed. Synaptosomes resuspended in PBS and 0.2% (v/v) Triton X-100
were incubated on ice for 30 min, deoxycholic acid (DOC) was added to
0.1% (w/v), incubated for 30 min on ice, and then incubated with anti-
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mouse IgG Dynabeads (9 mg) overnight at 4°C.
The Dynabeads were extensively washed with 0.
3 M NaCl, 1% Triton X-100, 0.5% DOC in PBS,
and then sequentially extracted for 10 min each
with 120 �l of 1% DOC at RT, 1% Sarkosyl on
ice, and 1% Sarkosyl on ice. Finally, the Dyna-
beads were extracted with 120 �l of 0.1% SDS at
RT for 30 min. Samples (10 �l; unreduced or
treated with 50 mM dithiothreitol at 100°C for
10 min) were analyzed by SDS-PAGE Western
blot with antibodies to ADDLs (M69 –2,
1:2000), syntaxin (Millipore, Temecula, CA),
PSD-95, NMDA�1 (NR1, 1:500; Santa Cruz
Biotechnology), or NR2A/B (1:200; Millipore).
Blots were visualized as described above.

Western blot analysis of drebrin. Treated cells
were washed with culture medium and once
with HBSS and then incubated with 500 �l of
PhosphoSafe extraction reagent (Novagen,
Madison, WI) for 5 min at RT and scraped from the dish. Lysates were
centrifuged at 16,000 � g for 5 min at 4°C, and protein concentrations
were measured in the supernatant by BCA protein assay kit (Pierce).
Samples were mixed with Laemmli sample buffer, boiled for 5 min, and
loaded (�5 �g of protein per lane) in a 4 –20% Tris– glycine SDS-PAGE
gel for electrophoresis. Proteins were blotted to a nitrocellulose mem-
brane (Hybond; Amersham Biosciences) for 1 h with transfer buffer (25
mM Tris, 192 mM glycine, 20% methanol, and 0.02% SDS, pH 8.3). After
a blocking step with 10% nonfat dry milk (NFDM) in PBS for 1 h at RT,
the membrane was incubated with drebrin antibody (1:200; MBL,
Nagoya, Japan) diluted in 1% NFDM in PBS for 1 h at RT. For loading
control, the membrane was blotted with cyclophilin antibody (1:10,000;
Affinity BioReagents) diluted in 5% NFDM in TBST (Tris-buffered sa-
line and 0.1% Triton X-100). After extensive washes with PBS, the mem-
brane was incubated with HRP-conjugated anti-mouse or anti-rabbit
IgGs (1:10,000; Amersham Biosciences) diluted in 1% NFDM–PBS or
TBST for 1 h at RT. After extensive washes, immunoreactive signal was
revealed using ECL substrate, imaged, and quantified using the Kodak
(Rochester, NY) IS440CF image station.

Results
Characterization of ADDL-bound cells
ADDL binding sites in mature hippocampal cultures were found
on microtubule-associated protein-2-positive cells (data not
shown) that express NMDA-R subunits NR1 and NR2B (Fig.
1A,B). No clusters of bound ADDL were found on astrocytes
(GFAP-positive cells; data not shown) or on inhibitory neurons
expressing GAD (Fig. 1C). ADDLs bound predominantly to den-
dritic arbors and typically were not observed within neuritic or
somatic cytoplasm, even under permeabilized conditions.

ADDL-binding sites are present on postsynaptic sites
We reported previously that ADDLs specifically colocalize with
PSD-95 and target calcium/calmodulin-dependent kinase II-
positive protrusions (Lacor et al., 2004) likely to be excitatory
synaptic spines. Dendritic spines are morphologically plastic pro-
trusions, critical for synaptic information storage and memory,
in which the majority of excitatory inputs occur. Additional evi-
dence for specific binding of ADDLs to spines was provided by
the immunofluorescence colocalization of ADDLs with drebrin
(Fig. 2A), a cytoskeletal marker known to be concentrated within
spine heads (Aoki et al., 2005). Synaptic localization indicated by
microscopy was confirmed and extended by immunoprecipita-
tion experiments in which synaptosomes were incubated with
ADDLs and subjected to magnetic bead immunoprecipitation
using ADDL-selective antibodies. Isolation of synaptosomes was
monitored by assaying for the presence of PSD-95 (Fig. 2B).

Synaptosomes from forebrain but not cerebellum were obtained
by this procedure, indicating a regional specificity for binding
consistent with previously observed ADDL toxicity (Kim et al.,
2003). Pull-down was dependent on ADDL binding, because syn-
aptic markers (PSD-95 and synaptophysin) were detected only in
the bound fraction of ADDL-treated synaptosomes, not vehicle-
treated ones (Fig. 2B, inset).

Detergent extraction of synaptosomes with Triton X-100 and
deoxycholate yielded an ADDL binding complex that still could
be pulled down by immunobeads. The complex appeared to be
postsynaptic because syntaxin, a presynaptic active-zone protein,
remained in the unbound fraction (data not shown). Increased
concentrations of Triton X-100 and deoxycholate did not release
ADDLs from the beads, which required stronger detergents (Sar-
kosyl and SDS). The stronger detergents also released PSD-95
and the NR1 and NR2A/B subunits of NMDA receptors (Fig. 2C),
markers of postsynaptic densities. To verify the apparent
postsynaptic attachment of ADDLs, synaptic junctional com-
plexes with bound ADDLs were subfractionated according to the
procedure of Phillips et al. (2001). ADDLs were found to coseg-
regate with postsynaptic densities (PSD-95 positive) rather than
presynaptic active zones (syntaxin positive) (Fig. 2D). In a paral-
lel ELISA assay, in which isolated PSDs or active zones were tested
for their ability to bind ADDLs, only PSD-coated wells generated
ADDL-immunoreactive signal (data not shown). Results from
microscopy and biochemical fractionation thus are in harmony
with the conclusion that ADDLs bind to excitatory synapses at
postsynaptic sites, consistent with a putative ability to locally
initiate dysfunction of hippocampal neuron synapses.

Plasticity-linked receptors show decreased levels after
ADDL exposure
Preferential binding to excitatory synapses at postsynaptic sites is
consistent with the inhibitory impact of ADDLs on NMDA-R-
dependent long-term potentiation (LTP) (Lambert et al., 1998;
Wang et al., 2002) and NMDA-R-mediated cAMP response
element-binding protein (CREB) phosphorylation (Tong et al.,
2001). Expression of Arc, a spine memory-linked protein that
influences F-actin, also is disrupted by ADDLs (Lacor et al.,
2004). The impact on Arc led to the prediction that synaptic
ADDL binding would disrupt receptor trafficking and expression
(Lacor et al., 2004; Klein, 2006). Here we tested whether ADDLs
affect levels of NMDA-R, potentially providing a cellular mech-
anism that would contribute to the significant loss of NMDA-R
in AD brain (Sze et al., 2001; Mishizen-Eberz et al., 2004). We also
tested the effect of ADDLs on EphB2 receptors, which can be

Figure 1. Characterization of ADDL-bound neurons. ADDLs (red) bind to neurons expressing NMDA-R subunits, such as NR1 (A,
green) and NR2B (B, green) but not to GABAergic neurons identified as GAD-positive cells (C, green). Cultured hippocampal cells
exposed to 500 nM ADDLs for 15 min were fixed and immunolabeled using an oligomer-raised antibody and NNDA-R subunits 1
and 2B or glutamic acid decarboxylase (GAD65/67) antibodies. ADDLs are highly concentrated along dendritic processes rather
than on the cell soma, suggesting preferential binding to excitatory synapses. Images are representative of several replicate
experiments. Scale bar, 30 �m.
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physically coupled to NDMA-R at synaptic sites (Dalva et al.,
2000). Like NMDA-R, EphB2 signaling is germane to mecha-
nisms of synaptic plasticity (Matynia et al., 2002; Carlisle and
Kennedy, 2005).

Mature hippocampal cells were treated with ADDLs for vari-
ous times and immunolabeled for NR1 or NR2B subunits, or
EphB2, and receptor levels were quantified using confocal mi-
croscopy. Representative images demonstrate a loss of labeled
puncta along dendrites (Fig. 3A–C). Neurons with bound ADDLs
after 1 and 3 h showed a lower number of NR1 subunits per
dendritic length compared with neurons with ADDLs bound
only for 2 min (Fig. 3A) (ANOVA over all groups, p � 0.01).
NMDA-R subunits were measured specifically for surface expres-
sion, using nonpermeabilized conditions and antibodies against
extracellular epitopes. On average, 14 NR1 puncta/10 �m of den-
drite were detected in ADDL for 2 min or vehicle for 3 h. In
contrast, after 3 h of ADDL treatment, NR1 surface expression
dramatically decreased (78%; p � 0.005). Earlier times showed

insignificant decreases. Over this time
course, ADDLs themselves maintain their
original structure (Lacor et al., 2004), al-
though their binding pattern continues to
comprise small puncta. Results obtained
by immunolabeling of NR2B provided an
identical conclusion. After 3 h ADDL
treatment (Fig. 3B), there was a 70% de-
crease in the amount of plasma
membrane-inserted NR2B subunit com-
pared with vehicle treated at the same time
point ( p � 0.001). Measurements of fluo-
rescence intensity per puncta also demon-
strated that NR2B puncta were less bright
in ADDL treated compared with vehicle
treated ( p � 0.001), suggesting a loss of
receptor number inside a cluster in addi-
tion to complete loss of NR2B clusters. A
surface biotinylation assay also confirmed
that ADDLs significantly reduced cell sur-
face NMDA-R but had no effect on the
total amount of receptors (data not
shown). Similarly, EphB2 showed a major
decrease in response to ADDL exposure.
EphB2 were labeled using N-terminal an-
tibodies after 3 and 6 h with ADDLs, and
the average number of puncta was deter-
mined (Fig. 3C). Eph family receptors in
mature neurons cluster at synapses
(Torres et al., 1998), and neurons treated
with vehicle showed normal puncta-like
EphB2 staining. Neurons incubated with
ADDLs exhibited a 60% decrease in EphB2
puncta after 6 h ( p � 0.001), again dem-
onstrating that ADDLs deleteriously im-
pact key synaptic receptors that participate
in synaptic plasticity.

ADDLs induced changes in spine shape
Our next experiments concerned the im-
pact of ADDLs on spine shape, which, like
receptor expression, is a facet of spine cell
biology with major ramifications for sig-
naling and plasticity (Harris and Kater,
1994; Carlisle and Kennedy, 2005). Both

spine shape and spine receptors are F-actin sensitive, and both
were previously predicted to be affected by ADDLs (Lacor et al.,
2004; Klein, 2006). In these experiments, 21 DIV hippocampal
neurons with mature spines were exposed to ADDLs for increas-
ing times and then fixed and double immunostained for ADDLs
and drebrin. Drebrin is an excellent spine marker that localizes to
the cortical cytoskeleton of dendritic spines forming excitatory
synapses (Allison et al., 2000; Aoki et al., 2005), in which it plays
a physiological role in actin assembly and clustering of PSD-95
(Takahashi et al., 2003).

ADDLs can be seen to induce marked changes throughout the
dendritic arbors. ADDL exposure induces an evident reduction
of drebrin immunoreactivity and drebrin-labeled spines (Fig. 4)
as well as dramatic changes in spine morphology and density (Fig.
5). By 6 h, dendrites showed abnormally elongated protrusions
rather than distinctive headed protrusions characteristic of ma-
ture dendritic spines such as the ones observed in the 5 min
ADDL-treated and 24 h vehicle-treated groups (Fig. 5A). Even at

Figure 2. ADDL binding sites are postsynaptic. A, High-magnification image demonstrates that ADDLs bind to dendritic spines,
protrusions receiving excitatory inputs. Mature hippocampal neurons exposed to 500 nM ADDLs for 15 min were double immu-
nolabeled for bound ADDLs (cyan) with a monoclonal oligomer-selective antibody (NU-2) and drebrin (red), a dendritic spine
marker highly expressed in dendritic spines. Merged image demonstrates a high level of colocalization (white represents the
overlap, arrow) of ADDL puncta with dendritic spines. B, ADDL binding is region specific. Different amounts of forebrain or
cerebellar crude synaptosomes (5–125 �g) were incubated with 500 nM ADDLs. ADDL-bound synaptosomes were immunopre-
cipitated using Dynabeads coupled to a polyclonal anti-oligomer-selective antibody (M71/2). The amount of immunoprecipitated
material was assayed using PSD-95 antibody. Increasing PSD-95 immunoreactivity was observed from the forebrain synapto-
somes, whereas cerebellar synaptosomes generated no signal. This suggests that ADDLs strongly bind to forebrain synapses but
poorly to cerebellar synapses and demonstrates region specificity reminiscent of the brain area sensitivity to AD. Inset, ADDL-
treated (AD) or vehicle-treated (VEH) synaptosomes (syn) were immunoprecipitated using M71/2-coupled Dynabeads. Bound (B)
and unbound (UnB) fractions generated by the immunoprecipitation was assessed for the presence of synaptic markers (PSD-95
and SVP-38, respectively as postsynaptic and presynaptic markers). Only the “AD-syn” bound fraction showed immunoreactivity
for both synaptic markers, and immunoprecipitation was specific and dependent on ADDL binding, confirming that ADDLs bind to
a portion of the isolated synapses. OD, Optical Density. C, ADDL-treated synaptosomes (AD), labeled with anti-ADDLs (NU-2),
incubated with Triton X-100 and DOC, and immunoprecipitated with anti-mouse IgG Dynabeads (as described in Materials and
Methods) show a coisolation of ADDLs (M69 –2) with postsynaptic proteins (PSD-95, NR1, and NR2A/B), all released in second
Sarkosyl (SKL-2) and SDS detergent extraction. No syntaxin band was detected in these fractions (data not shown). No immuno-
reactive material appears in the vehicle-treated synaptosomes (VEH). Left line represents standard marker molecular weights.
ADDL binding complex segregates with postsynaptic markers. D, Presynaptic and postsynaptic compartments of ADDL-bound
synaptosomes were dissociated according to the protocol of Phillips et al. (2001). Dissociation demonstrates that ADDLs, detected
by dot blot (0.5 �g of protein) using a selective anti-oligomer antibody (NU-1), cofractionate with synaptic junctions (SJ) and
PSDs, and both fractions assayed by Western blot (3 �g of proteins) were immunopositive for PSD-95, a postsynaptic scaffolding
protein. However, the active zone (AZ) fraction, which is immunoreactive for syntaxin, an integral membrane protein of the
presynaptic exocytic fusion complex, did not contained ADDL-immunoreactive signal. These results confirm that ADDLs bind to
excitatory synapses at postsynaptic sites.
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3 h, few filopodia-like thin spines were al-
ready observed. Although the figure shows
only drebrin immunoreactivity to illus-
trate spine changes, the neurons shown are
typical of those with bound ADDLs. The
change in spine appearance caused by
ADDLs is especially interesting because
the elongated shape resembles that of im-
mature spines or of diseased spines found
in mental retardation and prionoses (Fiala
et al., 2002).

Dendrites were imaged at high magni-
fication (Fig. 5A) to quantify changes in
spine length. Initial time points showed
short protrusions with spine heads close to
the shaft, characteristic of mature (stubby
and mushroom types) spines. Thin
filopodia-like morphology developed with
continued ADDL exposure time (e.g., Fig.
5B shows an elongated spine with branch-
ing morphology). For quantification,
spine length measurements were per-
formed on one to two dendritic branches
obtained in at least five separate images per
incubation time for each experiment. The
histogram summarizes the time course of
ADDL-induced dendritic spine lengthen-
ing (Fig. 5C).

For additional morphometric analysis,
spines were grouped into two classes based
on analysis of morphology in mature hip-
pocampal neurons (Boyer et al., 1998;
Fiala et al., 2002): mature spines with spine
lengths ranging from 0.2 to 2 �m and ab-
normal protrusions longer than 2 �m.
With ADDLs, spine populations shifted
significantly toward the abnormal, longer
class (Fig. 6A). More than 95% of spines
exhibited a small length (�2 �m) in 5 min
ADDL-treated cells, but, as early as 3 h, a
progressive shift toward longer spines (�2
�m) was observed (14%; p � 0.01). After
24 h, elongated spines represented almost
40% of the spines. Use of spinophilin as an
alternative spine marker to drebrin pro-
vided similar conclusions (Fig. 6B). At 1 h,
no significant spine length changes were
detectable (data not shown), but, by 3 h,
35% of the dendritic protrusions were ab-
normally long (�2 �m) compared with
only 7% in vehicle-treated neurons. Aver-
age spine length of ADDL-treated cells was
2 � 0.1 �m compared with 1.2 � 0.1 �m
in incubation-time-matched control neu-
rons ( p � 0.005).

Decreased spine density and loss of
drebrin caused by ADDL exposure
In AD and in Tg mice AD models, there is
a significant decrease in the number of
synaptic terminals (Ferrer and Gullotta,
1990; Selkoe, 2002; Scheff and Price, 2003;
Coleman et al., 2004; Moolman et al.,

Figure 3. NMDA-R and EphB2 surface expressions are decreased after ADDL exposure. Surface expression of NR1 and NR2B
subunits and EphB2 were measured using antibodies against an extracellular epitope at the N-terminal portion of the receptor for
immunolabeling under nonpermeabilizing conditions and analyzed using MetaMorph. A, Quantification represents the number of
NR1-labeled puncta per length of dendrite (number of NR1 puncta/10 �m dendrite). Patterned bars represent ADDL treatment at
the indicated incubation time, and black bar represents vehicle treatment at 3 h. Density of NR1 tends to decrease after AD 1 h
(10.1 � 2.2; n � 11; NS) and highly decrease after AD 3 h (3.3 � 0.7; n � 11; p � 0.002) compared with controls represented
by AD 2 min (14.3 � 4.8; n � 9) and VEH 3 h (13.1 � 1.4; n � 9). The follwoing dendritic lengths were measured over the
different groups of treatment: AD 2 min, 383 � 36 �m; AD 1 h, 325 � 25 �m; AD 3 h, 348 � 32 �m; VEH 3 h, 252 � 29 �m.
B, A significant decrease in the number of NR2B puncta per field was observed after AD 3 h ( p � 0.001; n � 10). The average
number of puncta for treated neurons was normalized against the mean value of vehicle-treated ones. A similar decrease was
observed after 1 h biotinylated ADDL (bADDLs) treatment. Black bar represents vehicle, and white bar represents ADDL or bADDL.
C, A significant decrease in the number of EphB2-labeled puncta per length of dendrite was observed after AD 6 h ( p � 0.0005;
n � 15), although the difference at 3 h was not significant ( p � 0.55). The average number of puncta per length of dendrite for
ADDL treated was normalized against the mean value of vehicle treated. Black bar represents vehicle, and white bar represents
ADDL. Right panel shows representative images of dendritic branches labeled with NR1 (A), NR2B (B), and EphB2 (C) antibodies at
indicated time points of treatment. Scale bar, 8 �m. **p � 0.0005.

Figure 4. Time-dependent changes in drebrin distribution attributable to ADDLs. Cells treated with ADDL for 5 min (A), 6 h (B),
and 24 h (C) and vehicle for 24 h (D) and immunolabeled for drebrin, an actin binding protein enriched in dendritic spines, were
imaged by confocal laser-scanning microscope. A reduction in drebrin labeling is particularly pronounced at 24 h after ADDL
treatment. Scale bar, 30 �m.
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2004; Spires et al., 2005; Counts et al., 2006; Jacobsen et al., 2006),
which is considered the best correlate of dementia (DeKosky and
Scheff, 1990; Terry et al., 1991; Sze et al., 1997). Tg mice also
exhibit decreased drebrin (Calon et al., 2004), consistent with loss
of spines. The molecular basis for this loss of terminals is un-
known. Analysis of the current data establishes that terminal loss
could be instigated at the molecular level by ADDLs.

Neurons with bound ADDLs by 24 h showed a striking change
in density of drebrin-labeled spines (Fig. 5A,D). At 3 h, spine
density was not significantly changed, but, by 6 h, a decrease of
33% was observed ( p � 0.001). By 24 h, the decrease in spines
was 50% ( p � 0.001), and, at this time, there also was an overall
decrease in drebrin immunofluorescence. In contrast, neurons
exposed for 24 h to vehicle displayed normal dendritic drebrin,
spine density, and shape, identical to that observed with a 5 min
ADDL incubation; neurons not targeted by ADDLs also were

identical to neurons exposed only to vehi-
cle. Throughout the experiment, cultures
showed only ADDL-positive punctate
binding on cells, never exhibiting the large
deposits evident in cultures incubated
with protofibrillar or fibrillar A� de-
scribed by Hartley et al. (1999). The data
provide direct cell biological evidence for
the hypothesis that the mechanism of
spine degeneration in AD is instigated at
the molecular level by the binding of AD-
DLs to synaptic terminals.

Drebrin loss is attributable to
A� oligomers
We reported previously that synaptic li-
gands found in preparations of soluble A�
oligomers pass readily through 100 kDa
but not 10 kDa cutoff filters (Lacor et al.,
2004). Extending this analysis, we ob-
served that 50 kDa filters retained essen-
tially all synaptic binding activity (Fig. 7A,
50k-R), although approximately half of
the protein passed into the filtrate (Fig.
7B). The synaptic ligands thus were com-
posed of oligomers of size comprised
between 50 and100 kDa. This finding par-
allels previous fractionations of binding
activity by size exclusion chromatogra-
phy-HPLC (Chromy et al., 2003; Lacor et
al., 2004). As expected, no ligand activity
passed through 10 kDa filters (Fig. 7A,
10k-F). In these experiments, binding was
assessed using the 6E10 monoclonal anti-
body, which recognizes monomers as well
as higher-order species. Interestingly, the
10 kDa cutoff filtrates had very little pro-
tein, �1% of the total (Fig. 7B). ADDLs
prepared by our protocol thus contained
almost no A� monomers; in fact, the mo-
nomeric band in the 10 kDa filtrate was
visible by silver stain only by loading 26
times more filtrate than retentate (Fig. 7B).
As a control, the ability of monomer to
pass readily through the 10 kDa filter was
confirmed by use of A�1– 40 (Fig. 7B),
which is known to remain monomeric un-

der the conditions used here. We also noted that oligomers in 10
and 50 kDa retentates showed prominent small species after SDS-
PAGE (monomers, trimers, and tetramers), consistent with de-
naturation of larger oligomers as originally reported (Lambert et
al., 1998). Ligands in the retentates of 10 and 50 kDa filters pro-
vided characteristic punctate binding on dendritic processes,
and, most significantly, their binding led to severe drebrin loss
(Fig. 8). In contrast, A�1– 40 monomers, as well as species that
might have formed during the 24 h incubation with cells, did not
affect drebrin expression (Fig. 8). Overall results demonstrate
that soluble A� species that bind to dendritic processes and in-
duce synapse loss comprise A�1– 42 oligomers between 50 and 100
kDa. With respect to size, these synaptotoxic oligomeric ligands
are consistent with the prominent 12-mers found in AD brain
(Gong et al., 2003) and with a 56 kDa A� species reported for a Tg
AD mouse model (Lesne et al., 2006).

Figure 5. ADDL-induced aberrations in dendritic spine morphology and density. A, Confocal microscopy images representative
of individual dendritic branches decorated with spiny protrusions immunolabeled for drebrin after ADDL or vehicle (Veh) treat-
ment. Longer and more irregularly shaped spines appear after as early as 3 h treatment and are more pronounced after 6 h. Also
note the fewer amount of dendritic spines present after 24 h ADDL. Scale bar, 5 �m. B, Illustration of zoomed dendritic branches
harboring “spines” demonstrates the dramatic lengthening of dendritic protrusions after 6 h of ADDL treatment. The line marks
the dendritic shaft. C, D, Histograms represent average length and density of drebrin-labeled dendritic spines after ADDL (pat-
terned bars) or vehicle (black bars) incubation at various times. Spine measurements were obtained from a minimum of five
separate images per group of treatment and from two independent experiments. Spine lengths were as follows (in �m): AD
5 min, 1.1 � 0.02, n � 365 spines; Veh 24 h, 1.2 � 0.03, n � 315, NS vs AD 5 min; AD 1 h, 1.3 � 0.05, n � 219, p � 0.05 vs
controls; AD 3 h, 1.3 � 0.04, n � 233, p � 0.01; AD 6 h, 1.8 � 0.06, n � 322, p � 0.001; AD 24 h, 2.0 � 0.10, n � 110, p �
0.001. Spine densities per 10 �m of dendrite were as follows: AD 5 min, 9.2 � 0.6, n � 18 dendritic branches; AD 1 h, 7.9 � 0.7,
n � 10, p � 0.05; AD 3 h, 7.8 � 0.6, n � 9, p � 0.01; AD 6 h, 5.7 � 0.3, n � 18, p � 0.0001; AD 24 h, 4.0 � 0.7, n � 10, p �
0.001; Veh 24 h, 7.7 � 0.7, n � 16, p � 0.05.
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Prevention of drebrin loss by memantine
Although evidence from model membranes (Lin et al., 2001)
suggests that ADDLs ostensibly might exert synaptotoxicity by
creating annular pores within plasma membranes, the specificity
of binding to particular synaptic spines has been suggested to
support a receptor-mediated mechanism in situ (Lacor et al.,
2004; Klein et al., 2007). Because the Alzheimer’s drug Namenda
(memantine) is thought to function therapeutically as an open-
channel blocker of NMDA receptors (Lipton, 2006) and NMDA
receptors codistribute in hippocampal cultures with ADDLs, we
tested whether memantine might exhibit efficacy in blocking
ADDL-induced drebrin loss.

Relative drebrin immunofluorescence was expressed as inten-
sity per unit neuronal area, which was measured at high magni-
fication and typically contained one or two ADDL-positive neu-
rons per field (Fig. 9A). As expected, neurons pretreated with
water (solvent for memantine) for 30 min followed by 24 h ADDL
treatment exhibited �40% loss of drebrin expression (Fig. 9C).
However, neurons pretreated with memantine followed by
ADDL treatment failed to exhibit such decreases in drebrin. Ben-
efit from memantine occurred without blocking of ADDL bind-
ing (Fig. 9B). Confirmation that ADDL attachment was identical
with or without memantine has been obtained by quantitative
image analysis of acute binding (30 min memantine followed by

60 min ADDL exposure) (F. De Felice and W. L. Klein, unpub-
lished observation). Lack of inhibition does not rule out, how-
ever, the possibility of ADDL binding to some domains within or
nearby NMDA receptors. Results obtained by imaging were con-
firmed by Western blot analysis (Fig. 9D). Drebrin loss was not
attributable to neuronal loss because levels of neuron-specific
enolase were comparable between the treatment groups (data not
shown). These results show that ADDL synaptotoxicity is depen-
dent on memantine-sensitive receptors and suggest that cogni-
tive benefits conferred to AD patients by memantine derive from
protection against the deleterious synaptic impact of ADDLs.

Discussion
Synapse loss is the most robust correlate of AD-associated cogni-
tive deficits (DeKosky and Scheff, 1990; Terry et al., 1991; Sze et

Figure 6. Shift in dendritic spine length monitored by drebrin (A) and spinophilin (B). A,
Spine length distribution in hippocampal neurons incubated with 500 nM ADDLs (AD) or vehicle
(VEH) at different times. The curves represent the observed shift in dendritic spine length after
ADDL treatment. Although most of the spines have a length of 0.5–2 �m in AD 5 min, AD 1 h,
and VEH 24 h, occurrence of longer spines is significantly increased in AD 6 h and AD 24 h. B,
Labeling of spinophilin, another cytoplasmic scaffolding protein highly concentrated in spines,
showed that dendritic spine length was increased after AD 3 h (average spine length was
1.99 � 0.1 �m) compared with time-matched vehicle (1.23 � 0.04 �m) ( p � 0.005, 10
dendritic branches from different neurons imaged, �200 spine length measurements per
group of treatment). High-magnification images of spinophilin IF show dendritic branches
harboring spines under vehicle (left) or ADDL (right) treatment. Scale bar, 8 �m.

Figure 7. ADDLs species �50 kDa are synaptic ligands. A, Immunolabeling of A�-bound
species with 6E10, a monoclonal antibody that recognizes monomeric form of A� as well as
higher A� species, revealed that only ADDL species above 50 kDa, but not monomer, bind in a
hot spot pattern on dendritic process of hippocampal cells. Cells were incubated for 15 min with
either filtrate or retentate from 10 kDa cutoff filter (10k-F and 10k-R, respectively), filtrate or
retentate from 50 kDa cutoff filter (50k-F and 50k-R, respectively), or A�1– 40. B, Ultrafiltration
shows that ADDL preparations contain almost no monomers. ADDLs were separated by 10 and
50 kDa cutoff filters into filtrate (Filt.) and retentate (Ret.) fractions and then analyzed by
SDS-PAGE and silver stain. The bands illustrated are those migrating to the monomer position,
which is the predominant silver-stained species after oligomer disassociation in SDS as de-
scribed previously (Lambert et al., 1998). Material in the 10 kDa filtrate is negligible compared
with the retentate fraction; to obtain the faint signal shown, the loading volume used for filtrate
was 26 times greater than for retentate. For the 50 kDa cutoff fractions, equal loading volumes
were used. Data show that essentially all material in ADDL preparations was larger than mono-
mer, and approximately half was larger than 50 kDa. A control (A�1– 40) shows that monomers,
when present, pass readily through 10 kDa cutoff filters.
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al., 1997; Masliah et al., 2001; Selkoe, 2002; Coleman et al., 2004),
but the mechanism responsible for loss of connections is not
established. Originally, synapse loss was thought to depend on
the toxicity of insoluble amyloid fibrils. More recently, it has been
hypothesized that synapse dysfunction and degeneration are the
early consequences of soluble A� oligomers (Klein et al., 2001;
Selkoe, 2002; Walsh and Selkoe, 2004; Klein, 2006; Standridge,
2006), which are potent CNS neurotoxins (Lambert et al., 1998)
that accumulate in AD brain (Gong et al., 2003) and CSF (Geor-
ganopoulou et al., 2005). Current findings provide direct cell
biological evidence for this hypothesis, establishing that ADDLs
alter spine composition, morphology, and density.

Changes in spine properties induced by ADDLs extend previ-
ous findings that ADDLs rapidly block LTP (Lambert et al., 1998;
Wang et al., 2002) by binding directly to dendritic spines (Lacor
et al., 2004). The premise that ADDLs occur extracellularly was
verified recently in nanotechnology-based assays (Georganopou-
lou et al., 2005; Haes et al., 2005), which established disease-
dependent accumulation of ADDLs in CSF. In AD brain, ADDL
immunoreactivity distributes perineuronally with no intracellu-
lar staining, as also seen in cell biological observations (Lacor et

al., 2004; Lambert et al., 2007). Although ADDLs accumulate
intraneuronally in some Tg mice, these models show a dynamic
partitioning between intracellular and extracellular oligomers
(Oddo et al., 2006a), consistent with the ability of stereotaxic
injection of oligomer-specific antibodies to reverse transgene-
dependent tau hyperphosphorylation (Oddo et al., 2006b). In Tg
mice, onset of memory failure coincides with the accumulation of
a 12-mer (Lesne et al., 2006), a 54 kDa species shown previously
to accumulate in AD brain and in vitro (Klein, 2002; Chromy et
al., 2003; Gong et al., 2003). In our current studies, the synapto-
toxic ADDL species were �50 kDa. It has been reported that
trimers that form in cell-conditioned culture medium also show
neurological effects (Townsend et al., 2006).

Because ADDLs block onset of LTP and reversal of LTD and
they disrupt NMDA-receptor-mediated CREB phosphorylation
(Tong et al., 2001), it has been predicted that surface glutamate
receptor levels would be altered by ADDL exposure (Gong et al.,
2003). Supporting this possibility, ADDLs ectopically induce Arc
(Lacor et al., 2004), a spine cytoskeletal protein that influences
glutamate receptor trafficking (Mokin et al., 2006). Current re-
sults confirm that ADDLs cause a major loss of surface NMDA-
Rs. Loss of these receptors has been shown in AD brain (Sze et al.,
2001; Mishizen-Eberz et al., 2004) and Tg2576 mice (Snyder et
al., 2005) and correlates with synaptic alterations and cognitive
deficits (Terry et al., 1991; Sze et al., 1997; Counts et al., 2006).
The large decrease in receptor expression seen here occurs before
any major change in spine density, consistent with synaptic plas-
ticity being compromised before degeneration.

In addition to affecting NMDA-Rs, ADDLs were observed to
induce a major decrease in EphB2. These two synaptic receptors
physically interact via their extracellular domains (Dalva et al.,
2000) and are functionally related to plasticity. NMDA-Rs play a
central role in the induction of LTP (Morris and Davis, 1994).
and EphB2 exerts control over NMDA-dependent LTP (Matynia
et al., 2002). Interestingly, both receptors also influence dendritic
spine morphology and maintenance (Carlisle and Kennedy,
2005).

We reported previously that neuronal binding of synthetic
and Alzheimer’s brain-derived ADDLs is highly specific (Lacor et
al., 2004), despite the potential of A� for generically inserting into
lipid bilayers (Lin et al., 2001). The current data verify that extra-
cellular ADDLs act as pathogenic gain-of-function ligands that
target synaptic spines, shown by the codistribution of ADDLs
with the spine marker drebrin. Specific binding requires adven-
titious attachment of ADDLs to particular membrane proteins,
because binding sites are eliminated by mild proteolysis of cell
surfaces (Lambert et al., 1998) or synaptosomes (A. Sanz Clem-
ente, P. T. Velasco, and W. L. Klein, unpublished observation). As
with other synaptic proteins, ADDL binding sites are presumably
enriched at synapses by mechanisms involving postsynaptic den-
sities (Sheng, 2001) and possibly lipid rafts (Hering et al., 2003).
Consistent with this possibility, development of clustered bind-
ing sites in hippocampal cultures shows late onset, with puncta
becoming abundant during the third week in conjunction with
molecular maturation of postsynaptic domains (P. N. Lacor, un-
published observation). Association of ADDL binding sites with
synaptic scaffolding is further supported by fractionation exper-
iments, in which extraction of ADDL-labeled synaptosomes with
mild detergents yielded complexes containing ADDLs and PSD
proteins (Fig. 2). The ADDL binding site itself is not yet known,
but it is likely that ADDLs bind near or to NMDA receptors,
which are implicated in ADDL-mediated spine dysfunction and
cofractionate with ADDLs released from synaptosomes. Recent

Figure 8. Drebrin loss is attributable to A� oligomers. Cells double labeled for drebrin
(green) and ADDLs (M94, red) show major drebrin loss when ADDL-binding species are bound to
the dendritic processes. Cells were treated for 24 h with either filtrate or retentate of 10 or 50
kDa cutoff filters (10k-F, 10k-R, 50k-F, and 50k-R, respectively). Representative images show
high drebrin in the absence of ADDL binding (10k-F, 50k-F) but very low drebrin labeling in
dendritic processes in the presence of ADDL labeling (10k-R, 50k-R). Note that A�1– 40 prepa-
rations showed neither binding nor drebrin loss.
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work has shown, moreover, that preincu-
bation of neurons with antibodies against
extracellular domains of NMDA receptors
greatly reduces ADDL binding and
ADDL-induced reactive oxygen species
formation (Klein et al., 2007). Although
current findings show that the NMDA re-
ceptor antagonist memantine inhibits
ADDL-induced drebrin loss without pre-
venting ADDL binding, this pattern is
consistent with the known action of me-
mantine as an uncompetitive open-
channel blocker.

Because of ADDL impact on Arc, a
spine protein that associates with F-actin,
it also has been predicted that spine shape
would be altered by ADDL exposure (La-
cor et al., 2004). As predicted, ADDLs were
found to produce marked changes in spine
shape, generating elongated filopodia-like
dendritic protrusions typically associated
with deafferentation, prionoses, and vari-
ous mental retardation disorders (Fiala et
al., 2002). The known relationship be-
tween abnormal spine morphology and
cognitive dysfunction implies that ADDL-
induced spine pathology could be a factor
in the loss of functional connectivity in
AD. Overall, ADDL-induced responses are
consistent with anomalous activation of
NMDA receptors (Lacor et al., 2004; Klein
et al., 2007), and abnormal spine shape hy-
pothetically could involve NMDA recep-
tor stimulation of extracellular signal-
regulated kinase (ERK) activity. ERK is
involved in the structural remodeling of
excitatory synapses (Alonso et al., 2004),
possibly by affecting the ability of spi-
nophilin to bundle F-actin (Futter et al.,
2005) or by altering the expression of Arc
(Ying et al., 2002). Remodeling of actin fil-
aments is a key determinant of spine shape
(Matus, 2000) and plays a role in LTP
(Okamoto et al., 2004; Zito et al., 2004).
F-actin organization also is affected by
drebrin, another cytoskeleton protein
concentrated in dendritic spines that nor-
mally is regulated by NMDA receptors
(Sekino et al., 2006). In response to ADDLs, drebrin undergoes
major redistribution, being nearly eliminated from spines and
dendrites after 24 h. Consistent with these findings, drebrin is
decreased in AD patients (Hatanpaa et al., 1999; Shim and Lubec,
2002) and Tg mouse AD models (Calon et al., 2004), reinforcing
the idea that ADDL-induced spine dysfunction contributes to
cognitive failure in AD. Although ERK stimulation by low levels
of soluble forms of A� could be germane to abnormalities in-
duced in spine shape, at higher levels of A�, it appears to mediate
neurotoxicity (Chong et al., 2006), possibly through glial activa-
tion (Combs et al., 1999). At this time, however, given that mul-
tiple signaling pathways are relevant to spine morphology (Ethell
and Pasquale, 2005), the exact mechanism affected by ADDLs
remains uncertain.

The current experiments have focused on the shape of den-

dritic spines rather than presynaptic terminals because ADDL
binding appears primarily postsynaptic. We have noted, how-
ever, that presynaptic terminals (labeled for synaptophysin) have
larger sizes after 6 h ADDL treatment, without changes in the
total number of synaptophysin puncta (Klein et al., 2007). There
are similar indications of enlarged boutons in early AD
(Mukaetova-Ladinska et al., 2000; Scheff and Price, 2003). This
pathological enlargement could constitute a homeostatic com-
pensation to preserve synaptic function.

Morphological reorganization initiated by ADDLs ultimately
culminates in a loss of dendritic spines. Pathological loss of spines
and their associated molecules is well documented for AD brain
(Scheibel, 1983; Shim and Lubec, 2002; Scheff and Price, 2003)
and Tg mouse AD models (Lanz et al., 2003; Calon et al., 2004;
Moolman et al., 2004; Spires et al., 2005; Jacobsen et al., 2006).

Figure 9. Memantine prevents ADDL-induced dendritic drebrin loss. A, Confocal microscopy images of drebrin immunofluo-
rescent labeling in 21 DIV cultured rat hippocampal neurons. Grayscale intensities ranging from black to white were converted in
a pseudocolor lookup table with increasing values of gray intensity. Black (0) is representing the darkest intensity, and white (255)
is the brightest. Intermediary values are as follows: 20, violet; 65, cyan; 80, turquoise; 115, green; 155, yellow; 220, red. As
indicated by the arrows, dendrites of neurons treated with ADDLs for 24 h (AD) exhibit decreased drebrin immunofluorescence
when compared with the abundance of drebrin hot spots (yellow–red) present in the neurons treated with F-12 vehicle for 24 h
(VEH). Whereas neurons treated with memantine 30 min before 24 h ADDL treatment (MEM-AD) exhibit dendritic drebrin
immunofluorescence similar to that of vehicle-treated neurons and neurons treated with memantine before 24 h F-12 vehicle
treatment (MEM-VH). B, Cells treated for 24 h with 500 nM ADDL (AD) or memantine before ADDLs (MEM-AD) were double labeled
for ADDLs using M94 (red) and drebrin (green). Similar distribution of M94-immunoreactive hot spots is observed in both groups
of treatment, demonstrating that memantine prevents ADDL-induced drebrin loss but does not alter ADDLs binding to synapses.
C, Bar graph illustrating quantification of drebrin immunofluorescence integrated density from confocal image sets as shown in A.
Values are normalized to vehicle-treated cells (VEH) for 24 h. Difference between VEH (n � 25) versus AD (n � 31) and AD versus
MEM-AD (n � 31) are highly significant (**p � 0.001), whereas VEH versus MEM-AD are comparable ( p � 0.05). Memantine by
itself did not have any effect on drebrin (MEM-VEH, n � 10). D, Western blotting of hippocampal neuron extracts treated in the
same manner as neurons imaged in A. Blots were probed with anti-drebrin, and antibody against cyclophilin was used as control
of protein loaded in each lane.
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The identity of molecules that cause spine deterioration has not
been established, but, because both AD subjects (Gong et al.,
2003; Lacor et al., 2004) and Tg mice accumulate substantial
levels of ADDLs (Chang et al., 2003; Oddo et al., 2006b; Ohno et
al., 2006), it has been proposed that these synaptic ligands are the
responsible toxins (Lacor et al., 2004; Klein, 2006). The current
data substantiate this possibility, providing direct evidence that
ADDL attachment to synapses induces spine loss. Protection against
ADDL pathological effects on synapses is afforded by memantine
(Namenda), currently prescribed as a means of temporarily preserv-
ing cognitive capacity in AD patients. The anti-ADDL activity of
memantine may provide a neuropharmacological mechanism ger-
mane to understanding and possibly improving the therapeutic
benefits of the drugs.

Findings here show that ADDLs rapidly stimulate loss of crit-
ical spine proteins, concomitantly producing aberrant spine
morphology and eventually causing a significant reduction in
spine abundance. Results thus provide a cell biological mecha-
nism to account for synaptic degeneration in AD. This new im-
pact on synapses complements previous studies showing that
ADDLs selectively compromise synaptic plasticity (Lambert et
al., 1998; Klein et al., 2001; Wang et al., 2002) and nerve cell
viability (Lambert et al., 1998). More recently, other investiga-
tions have established that ADDLs also stimulate generation of
reactive oxygen species and AD-type tau hyperphosphorylation
(Klein et al., 2007). Together, these findings indicate that the
neuronal impact of ADDLs could provide a unifying pathogenic
mechanism for AD, explaining why early AD is specific for mem-
ory loss and accounting for the major facets of AD neuropathol-
ogy. Because the pathogenic consequences of ADDLs derive from
a ligand-like attachment to specific synaptic proteins (Gong et al.,
2003; Lacor et al., 2004), it will be important in the future to
identify these toxin receptors and determine their role in induc-
ing the cellular substrates of dementia. Novel therapeutic strate-
gies aimed at blocking ADDL attachment to synapses or contra-
vening its consequences should ultimately be successful at
preserving cognitive function by preventing the critical patholog-
ical loss of synaptic connectivity.
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