
Neurobiology of Disease

Neutralization of Soluble, Synaptotoxic Amyloid � Species
by Antibodies Is Epitope Specific

Wagner Zago,1 Manuel Buttini,1 Thomas A. Comery,2 Christopher Nishioka,1 Shyra J. Gardai,1 Peter Seubert,1

Dora Games,1 Frédérique Bard,1 Dale Schenk,1 and Gene G. Kinney1

1Janssen Alzheimer Immunotherapy Research & Development, South San Francisco, California 94080, and 2Pfizer Global Research and Development,
Groton, Connecticut 06340

Several anti-amyloid � (A�) antibodies are under evaluation for the treatment of Alzheimer’s disease (AD). Clinical studies using the
N-terminal-directed anti-A� antibody bapineuzumab have demonstrated reduced brain PET-Pittsburg-B signals, suggesting the reduc-
tion of A� plaques, and reduced levels of total and phosphorylated tau protein in the CSF of treated AD patients. Preclinical studies using
3D6 (the murine form of bapineuzumab) have demonstrated resolution of A� plaque and vascular burdens, neuritic dystrophy, and
preservation of synaptic density in the transgenic APP mouse models. In contrast, few studies have evaluated the direct interaction of this
antibody with synaptotoxic soluble A� species. In the current report, we demonstrated that 3D6 binds to soluble, synaptotoxic assemblies
of A�1– 42 and prevents multiple downstream functional consequences in rat hippocampal neurons including changes in glutamate
AMPA receptor trafficking, AD-type tau phosphorylation, and loss of dendritic spines. In vivo, we further demonstrated that 3D6
prevents synaptic loss and acutely reverses the behavioral deficit in the contextual fear conditioning task in transgenic mouse models of
AD, two endpoints thought to be linked to synaptotoxic soluble A� moieties. Importantly C-terminal anti-A� antibodies were ineffective
on these endpoints. These results, taken with prior studies, suggest that N-terminal anti-A� antibodies effectively interact with both
soluble and insoluble forms of A� and therefore appear particularly well suited for testing the A� hypothesis of AD.

Introduction
An important role for amyloid � (A�) in Alzheimer’s disease
(AD) is supported by both genetic and pathological evidence. The
A� hypothesis emerged in the 1980s to reconcile a large body of
literature suggestive of the involvement of A� in AD pathology
(Hardy and Selkoe, 2002). While this hypothesis has undergone
iterative modification to account for the fact that both insoluble
and soluble forms of A� appear to play negative roles in the
disease process, it has nonetheless served as a key underpinning
for substantial drug discovery efforts focused on reducing the
production, or aggregation of A� or enhancing the clearance of
this peptide. Passive and active immunizations have been tested
in experimental settings as a means to enhance clearance of A�.
Notably, actively immunizing AD patients with full-length A�
(AN1792) resulted in mixed results regarding efficacy (Nicoll et
al., 2003; Gilman et al., 2005). However, these trials were halted
when �6% of the active treatment group developed signs of me-
ningoencephalitis (Orgogozo et al., 2003), an event believed to be

caused by an A�-directed cytotoxic T-cell response. Accordingly,
new approaches were pursued that limited A�-directed T-cell
involvement. Notable among these approaches are (1) active vac-
cines that use short A� peptide fragments conjugated to larger
protein carriers, and (2) passive immunization approaches using
monoclonal antibodies (Schenk, 2002). One such antibody, bap-
ineuzumab, is an N-terminal-directed anti-A� monoclonal anti-
body (mAb) that was humanized from the murine anti-A�
antibody 3D6 (Black et al., 2010; Panza et al., 2011) and is cur-
rently in Phase 3 clinical trials for the treatment of mild/moderate
Alzheimer’s disease. While considerable literature exists demon-
strating that 3D6 prevents the formation and enhances the clear-
ance of insoluble forms of A� in plaque forming mice, both in the
parenchyma and on cerebral vasculature (Bard et al., 2000;
Schroeter et al., 2008), there are relatively few reports providing
direct evidence that 3D6 also interacts with soluble A� species
(Shankar et al., 2008; Spires-Jones et al., 2009; Jin et al., 2011) and
uncertainty remains in the field with respect to the ability of this
antibody to interact with soluble synaptotoxic forms of A�
(Gandy, 2010).

Accordingly, we performed studies to evaluate the ability of
3D6 to interact with and neutralize soluble synaptotoxic forms
of the A� peptide. To determine the epitope specificities of
observed activities, we directly compared these effects with the
actions of A�42-specific C-terminal (21F12 and 16C11) and
other N-terminal (12A11)-directed mAbs. In vitro, we charac-
terized the ability of 3D6 to interact with and inhibit the bind-
ing of soluble A� to neurons using rat hippocampal primary
neuronal cultures (Lacor et al., 2004; Shughrue et al., 2010). In
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this same preparation we evaluated the ability of 3D6 to reduce
physiological changes known to be caused by soluble synapto-
toxic A� such as reduction of spine density (Shughrue et al.,
2010), trafficking of the AMPA subunit GluR2 (Hsieh et al.,
2006; Zhao et al., 2010) and phosphorylation of tau protein
(De Felice et al., 2008). Using the PDAPP mouse model we
evaluated the ability of 3D6 and 21F12 to preserve synapses as
measured by synaptophysin immunohistochemistry as has
been previously demonstrated (Buttini et al., 2005) and fur-
ther evaluated the in vivo effects of these treatment on a be-
havioral pharmacodynamic endpoint sensitive to soluble
synaptotoxic A� [the contextual fear conditioning behavioral
assay using the Tg2576 mouse model (Comery et al., 2005)].

Materials and Methods
Preparation of soluble A� solutions. Synthetic, soluble A� solutions were
prepared using previously described methods (Lambert et al., 2001).
Briefly, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma-Aldrich Corp.)
films from synthetic A�1– 42 peptide (American Peptide) were dissolved
in cold Neurobasal media without phenol red (Invitrogen) to a final
concentration of 100 �M. Following an overnight incubation at 4°C, the
samples were centrifuged for 15 min at 14,000 � g at 4°C to remove
insoluble material, and the supernatant was stored until use at 4°C. Bio-
tinylated A� solutions were prepared using the same method as above
from N-terminal biotinylated A�1– 42 peptide (American Peptide). For
monomeric A� preparations, HFIP films were dissolved in cold water
and used immediately, while fibrillar A� preparations were generated by
dissolving A� peptide in PBS (100 �M) followed by shaking incubation
overnight at 37°C. Due to the heterogeneity in A� assembling states in the
soluble A�1– 42 preparation (Hepler et al., 2006), we refer to the molar
concentrations of A� based on the starting A�1– 42 peptide.

Native gel electrophoresis. Fractions were diluted in native sample buf-
fer (Bio-Rad), loaded under native conditions onto precast 4 –20% Tris-
HCl gels (Bio-Rad) and electrophoresed in native buffer (Bio-Rad) at 100
V for 1.5–2.5 h at 4°C. Following electrophoresis, gels were or silver
stained (Silver Xpress silver staining kit; Invitrogen Corporation).

Anti-A� and control antibodies. The IgG2a monoclonal antibodies 3D6
(amino acids 1–5), 12A11 (amino acids 3–7), 21F12 (amino acids 34 –
42), 16C11 (amino acids 33– 42), and TY11-15 (murine IgG2a control)
were obtained as previously described (Bard et al., 2000, 2003).

Hippocampal neuronal cultures. Hippocampal neurons were isolated
from prenatal rat hippocampi (embryonic day 18) and cultured in
antibiotic-free NbActiv4 media (both from BrainBits) at 37°C in an at-
mosphere of 5% CO2, 9% O2 and on substrates coated with poly-lysine.
Half of the medium was replaced every 3– 4 d. The cultures resulted in a
population enriched in large pyramidal neurons. Cells were used for the
experiments after 21–28 d in vitro.

A� Binding. For A� binding assays, hippocampal cultures were incu-
bated live with 500 nM soluble A� or biotin-A� preparations for 15 min
at 37°C in Neurobasal media without phenol red (Invitrogen). Soluble
A� was preincubated with the mAbs 3D6, 12A11, 21F12, 16C11, or ve-
hicle (PBS) 30 min at 37°C before addition to cultures. After a series of
washes, the cells were fixed in 4% paraformaldehyde and detection of A�
performed with fluorescently tagged 3D6 (Alexa Fluor 647, Invitrogen)
or polyclonal rabbit anti-A�1– 42 antibody (Millipore). When using
biotin-conjugated A�, streptavidin-647 (Invitrogen) was applied for de-
tection. For colocalization assays, cells were further permeabilized with
0.1% Triton X-100 and incubated with primary antibodies for 24 h at
room temperature. These included a mouse anti-drebrin (Enzo Life Sci-
ences), a rabbit anti-spinophilin (Millipore Corporation), a guinea-pig
anti VGluT1 (Millipore Corporation), and a chicken anti-MAP2 (Ab-
cam). After labeling, the cultures were washed in PBS and detection
performed after incubation with appropriate secondary antibodies con-
jugated to Alexa fluorophores (Invitrogen).

Receptor internalization. For AMPA receptor internalization assays,
hippocampal neurons were preincubated live with anti-GluR2 antibody
(Millipore) on ice for 30 min and then treated with 500 nM soluble A�

preparation or respective vehicle for 15 min at 37°C to induce receptor
internalization. Soluble A� was preincubated with 3D6, 21F12, or vehicle
(PBS) 30 min at 37°C before addition to cultures. The remaining surface-
bound antibodies were removed by using acidic stripping buffer (0.5 M

NaCl/0.2 M acetic acid) on ice for 3 min, and cells were then fixed in 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100. The in-
ternalized receptors were visualized after incubation with secondary an-
tibodies conjugated to Alexa fluorophores (Invitrogen).

Tau phosphorylation. For phospho-tau (p-Tau) assays, hippocampal
neurons were incubated with 1 �M soluble A� preparation for 8 h at
37°C. Immunostaining for p-Tau with AT8 antibody (Thermo Scien-
tific) was performed following the immunocytochemical procedures as
described above.

Image acquisition and quantification. Digital images of fluorescently
labeled cells were collected using either laser scanning confocal micro-
scope (Leica, SPE) or Cellomics ArrayScan automated imaging system
(Thermo Scientific). Typically, 3–10 optical fields per group per experi-
ment were randomly sampled by software. Fields containing fewer than 2
neurons were discarded. Spine density was reported as the number of
manually counted spines, visualized by combination of two image chan-
nels, drebrin and spinophilin, and divided by dendrite segment length
(5–100 �m away from soma). Images were analyzed with MetaMorph
imaging system (Molecular Devices).

Behavioral testing in the contextual fear conditioning (CFC) assay.
Heterozygous male Tg2576 mice expressing human amyloid precursor
protein with the Swedish mutation or littermate wild-type mice at 20
weeks of age were trained and tested in operant chambers controlled by
Med-PC software (Med Associates) on 2 consecutive days in the CFC
paradigm as previously described (Comery et al., 2005; Basi et al., 2010).
Purified antibodies were administered parenterally by intraperitoneal
injection at 30 mg/kg dissolved in PBS, 24 h before the training session on
the first day. Freezing scores for each animal were converted to percent-
age freezing for each portion of the test. Memory for the context (con-
textual memory) for each animal was obtained by subtracting freezing
score in the novel condition (a measure of basal activity) from that ob-
served in the context.

Synaptophysin. Purified antibodies dissolved in PBS were adminis-
tered parenterally by intraperitoneal injection of 3 mg/kg per week for 6
months to plaque-bearing heterozygous PDAPP mice (12-month old,
females). Control PDAPP mice received equivalent injections of an
isotype-matched negative control antibody (TY11-15). At the end of all
treatments, mice were killed and perfused transcardially with PBS. The
brains were quickly removed and fixed for 48 h in phosphate-buffered
4% paraformaldehyde before being processed for immunohistochemis-
try. Forty-micrometer free-floating sections were immunostained with
anti-synaptophysin antibody (clone SY38; Dako) and FITC-labeled sec-
ondary antibody following a standard protocol. Immunolabeled brain
sections were imaged with a laser scanning confocal microscope and
synaptophysin levels were assessed in the frontal neocortex, as described
previously (Buttini et al., 2005).

Statistical analysis. For statistical analysis, differences among groups
were examined by one-way ANOVA, followed by Dunnett’s post hoc test
for comparison of individual group means. A criterion for statistical
confidence of p � 0.05 was adopted.

Results
Binding of the N-terminal antibody 3D6 to soluble A� species
To investigate the binding characteristics of soluble A� species
to neurons, we used a known, heterogeneous preparation of
synthetic A�1– 42 peptide enriched in synaptotoxic oligomeric
species and devoid of insoluble material (Lambert et al., 2001;
Hepler et al., 2006). The presence of a heterogeneous popula-
tion of high-molecular weight assemblies was confirmed by
native gel analysis (Fig 1 A; molecular weight standards used
for reference only). For purposes of clarity, we refer to soluble
synaptotoxic forms of A� herein as a general term to avoid any
confusion surrounding the absolute size or folded/misfolded
state of a relevant A� species since the current literature de-
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scribes several potential related species (e.g., oligomers,
dimers, A�*56, globulomers, A�-derived diffusible ligands,
soluble protofibrils, etc.; Catalano et al., 2006; Walsh and Sel-
koe, 2007). The synaptotoxic species of soluble A� is a debated
subject in the field, though most groups appear to agree that it
is larger than a monomer, soluble and likely constitutes an
abnormally folded state of the peptide (Hepler et al., 2006).

We monitored the interaction of soluble A� with the sur-
face of rat hippocampal neurons maintained for 3– 4 weeks in
vitro by quantitative immunocytochemical analysis. These
neuronal-enriched cultures produce highly differentiated
neurons with extensive synaptic input. The detection of A�
binding to neurons was performed with fluorescently tagged
3D6, a rabbit polyclonal anti-A� antibody or, when using so-
lutions from biotinylated A�1– 42 peptide, fluorescent strepta-
vidin (Shughrue et al., 2010). The pattern of distribution of A�
on the surface of neurons was indistinguishable among the
different methods of detection. Consistent with previous re-
ports (Zhao et al., 2010), we find that soluble, oligomeric A�
applied to hippocampal cultures selectively binds to the sur-
face of a subpopulation of hippocampal neurons (�80% of
neurons in the present studies), and distributes in a punctate
pattern that is primarily restricted to excitatory synapses (Fig.
1), evidenced by the extensive colocalization between A�, the
presynaptic glutamatergic marker VGluT1 and postsynaptic
spine marker drebrin. The characteristic synaptic binding was
absent when cultures were treated with A� solutions enriched
in either low molecular weight assemblies or insoluble, fibril-
lar A� (Fig. 1). Together, these results demonstrate that the

3D6 antibody can bind to soluble A� species that are selec-
tively targeted to excitatory synapses.

The N-terminal mAb 3D6 blocks the binding of soluble A� to
hippocampal neurons
To assess the ability of 3D6 to neutralize soluble A� binding we
preincubated the antibody with soluble biotin-A� before ap-
plication to hippocampal neurons and detected binding using
fluorescent-streptavidin. Furthermore, to evaluate the epitope spec-
ificity for protection against A� binding, we compared the 3D6 ef-
fects with those of monoclonal antibodies that bind to the
C-terminal of A�1–42, 21F12 (amino acids 34–42) and 16C11
(amino acids 33–42), and to the N-terminal of A�, 12A11 (amino
acids 3–7). We found that 3D6 (30 min, 37°C) effectively blocked the
binding of soluble A� to synapses in a concentration-dependent
manner (Fig. 2). The effect was detected at molar 3D6:A� ratios as
low as 1:100 (p � 0.001), and reached complete blockade of binding
at equimolar ratios (p � 0.05 comparing to background values). In
contrast, both C-terminal antibodies 21F12 and 16C11 were ineffec-
tive in blocking A� binding (p � 0.05) while 12A11 showed block-
ing equivalent to that of 3D6 at the ratios tested. We confirmed that
the biotinylation of A� did not affect the ability of 3D6 or other
antibodies to bind the A� peptide by comparing results obtained
from binding of nonbiotinylated A� preparations and detection
with polyclonal antibody in a subset of experiments. The results of
these studies suggest that the sequestration and the prevention of
interaction of A� with neurons by N-terminal antibodies like 3D6
are epitope specific (Fig. 2).

Figure 1. Soluble A� species bind to excitatory synapses on hippocampal neurons. A, Electrophoretic analysis of freshly prepared (monomeric, Mono) or aged (oligomeric, Oligo)
soluble A� preparations (see Materials and Methods). A� peptides were separated on a Tris-HCl polyacrylamide gel under native, nonreducing conditions and analyzed by silver stain.
B–I, Oligomeric A� species, but not monomeric or fibrillar, are targeted to excitatory synapses. Differentiated hippocampal neurons treated with 500 nM soluble (monomeric or
oligomeric) and insoluble (fibrillar) A� preparations and stained with polyclonal anti-A� (B–D) or fluorescently tagged 3D6 mAb for A� (E, F, I ) and costained for MAP2 for dendrites
(E, I ), drebrin for spines (E, H, I ), and vesicular glutamate transporter 1 (VGluT1) for glutamatergic presynaptic terminals (E, G, I ). A�-positive clusters are found on soma and dendrites,
almost exclusively restricted to excitatory synapses (arrows). Scale bar, 20 �m.
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The N-terminal mAb 3D6 blocks soluble A�-induced
internalization of AMPA receptors and loss of dendritic
spines
Once bound to neurons, soluble A� assemblies engage signaling
pathways resulting in the endocytosis of synaptic AMPA receptor
(AMPAR) proteins (Hsieh et al., 2006; Zhao et al., 2010). The
consequent impaired regulation of receptor trafficking may un-
derlie synaptic impairment and loss induced by soluble A�. Since
3D6 treatment neutralizes soluble A� species and prevents their
binding to synapses (see above), we hypothesized that such ad-
ministration would similarly protect against downstream, A�-
induced synaptic changes. To evaluate this possibility we
performed two independent studies. First, we determined
whether 3D6 was capable of inhibiting the A�-induced inter-
nalization of AMPA receptors in rat hippocampal neurons.

We used a previously described technique (Carroll et al., 1999;
Zhao et al., 2010) which involved staining surface AMPARs
with an antibody to the AMPAR subunit GluR2. Following A�
treatment, surface-bound antibodies were stripped so that
only internalized AMPARs were visualized (details in Materi-
als and Methods). Treatment of cultures with A� (500 nM for
15 min) caused significant internalization of AMPARs (Fig.
3 A, B). These effects were restricted to somatic and dendritic areas
of most hippocampal neurons. 3D6 (30 min, 37°C) blocked A�-
induced increases in receptor internalization in a concentration-
dependent manner (Fig. 3C). The antibody 21F12 was ineffective in
preventing this effect. The application of the antibodies alone to
neurons did not cause significant changes in AMPAR endocy-
tosis relative to that observed in untreated cells (97.4 � 5.1%
of untreated control, n � 3). In a second set of studies, we
examined the effects of 3D6 on A�-induced changes in den-
dritic spine structure. A 24 h treatment of hippocampal cul-
tures with 500 nM soluble A� caused a significant decrease in
spine density when compared with control untreated cultures
(Fig. 4A,B). Preincubation of soluble A� solutions with 3D6 be-
fore addition to neurons prevented the loss of spines in a
concentration-dependent manner (Fig. 4C). The protection

against spine loss was not observed in
21F12-treated samples.

The N-terminal anti-A� mAb 3D6
blocks soluble A�-induced tau
hyperphosphorylation in rat
hippocampal neurons
We next performed an investigation of
the effects of 3D6 against soluble A�-
induced tau hyperphosphorylation in
hippocampal neurons. We specifically
evaluated phosphorylation of the tau
protein at the Ser 202 and Thr 205 sites us-
ing the AT8 antibody, which has been
used to detect hyperphosphorylated tau
in CSF from AD patients. Consistent
with previous reports (De Felice et al.,
2008) we observed that 1 �M soluble A�
produced an increase in the immuno-
fluorescence associated with phosphor-
ylation of tau protein (p-Tau) over the
period of 8 h (Fig. 5 A, B). Preincubation
of A� with 3D6 completely blocked the
A�-induced p-Tau in a concentration-
dependent manner, while the 21F12 antibody
had no significant effect (Fig. 5C).

The N-terminal anti-A� mAb 3D6 acutely reverses CFC
deficit in Tg2576 mice
Transgenic mice that overexpress the Swedish mutation of hu-
man amyloid precursor protein (hAPPswe; Tg2576) exhibit age-
dependent memory deficits in a Pavlovian fear-conditioning
paradigm, the contextual fear conditioning (CFC) behavioral
model. Deficits in CFC precede plaque deposition in the Tg2576
mouse model and can be acutely reversed by inhibitors of A�
production (Comery et al., 2005), suggesting that soluble A� is
primarily responsible for the observed deficits. To determine
whether 3D6 targets and neutralizes soluble A� species in vivo, we
examined CFC in Tg2576 mice following passive immunization.
As shown in Figure 6, CFC is impaired in Tg2576 mice relative to

Figure 2. 3D6 mAb blocks the binding of soluble A� species to rat hippocampal neurons.
Quantification of binding of soluble A� to neurons in the presence of the N-terminal anti-A�
mAbs 3D6 and 12A11 or C-terminal antibodies 21F12 and 16C11. The data were normalized to
control levels (A�-only) and values represent the mean � SEMs of results from 14 to 53 optical
fields (�2 neurons per field), pooled from 4 to 6 independent experiments/cultures. Statistical
differences were determined by ANOVA; ***p � 0.001 relative to the A�-only group.

Figure 3. 3D6 mAb blocks the A�-induced AMPA receptor (AMPAR) endocytosis. A, B, Representative images of untreated cells
showing low levels of AMPAR internalization under basal conditions (A), whereas cells treated with A� (B) demonstrate significant
staining for AMPARs internalized from the plasma membrane. C, Quantification of AMPAR internalization in neurons treated with
soluble A� in the presence of anti-A� mAbs. 3D6, but not 21F12 shows concentration-dependent blockage of soluble A�-induced
AMPAR internalization. The data were normalized to control levels (vehicle control) and values represent the mean � SEMs of
results from 15 optical fields (�2 neurons per field), pooled from 3 independent experiments/cultures. Statistical differences were
determined by ANOVA; ***p � 0.001 relative to the A�-only group. Scale bar, 10 �m.
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wild-type mice. As with other N-terminal
anti-A� mAbs (Basi et al., 2010) adminis-
tration of 3D6 24 h before the training
session resulted in complete reversal of
the behavioral deficit (p � 0.05, compar-
ing to wild-type; Fig. 6A). The antibody
21F12, on the other hand, was ineffective
in this paradigm (Fig. 6B).

The N-terminal anti-A� mAb 3D6
prevents synaptic loss in PDAPP mice
We next investigated whether the protec-
tive properties of 3D6 against soluble A�-
induced changes in synaptic integrity in
vitro would also be observed in vivo fol-
lowing chronic administration. PDAPP
mice were immunized with systemic ad-
ministration of either 3D6 or 21F12 for 6
months (3 mg/kg; weekly intraperitoneal
injections) and the synaptophysin levels
were quantified by immunofluorescence
as previously described (Buttini et al.,
2005). Consistent with the in vitro data,
immunization with 3D6, but not 21F12,
prevented the synaptic loss in PDAPP
mice (Fig. 7). Interestingly, postmortem immunohistochemical
analysis of PDAPP brains immunized with 3D6 did not reveal
targeting of antibodies to synapses, consistent with the hypothe-
sis that 3D6 may bind and neutralize soluble, synaptotoxic A�
species, preventing their binding to synaptic sites.

Discussion
The A� cascade is hypothesized to play a critical role in Alzhei-
mer’s disease (Hardy and Selkoe, 2002). While the A� hypothesis
was initially described based on the appearance of insoluble
forms of A� found in the brains of AD patients, as well as the
findings that missense mutations in both APP and presenilins
cause rare familial forms of the disease, it has undergone iterative
changes to accommodate the growing evidence that soluble ag-

gregated forms of A� also play an important role in the disease
process. Consistent with this hypothesis, several putative
anti-A� therapeutics have been forwarded into clinical trials.
Among these approaches, a number of anti-A� antibodies are
currently under clinical evaluation for the treatment of mild to
moderate AD. Since these various antibodies have been designed
to target different epitopes on the A� peptide, it is important to
understand their ability to interact with both soluble and insolu-
ble forms of A�. For example, while the mid-region-directed
antibody 266 (a murine mAb with similar characteristics to so-
lanezumab) is believed to interact with soluble forms of A�, it
appears to be less effective in impacting insoluble forms of A�
(Bard et al., 2003; Schroeter et al., 2008; Seubert et al., 2008). By
contrast, N-terminal-directed antibodies such as 3D6 and 10D5
are effective in clearing A� plaque burden and vascular A� depo-

Figure 4. 3D6 mAb blocks the A�-induced loss of dendritic spines. A, B, Representative images showing soluble A�-induced (500 nM, 24 h) spine loss in hippocampal neurons, visualized by
spinophilin immunostaining. C, Quantification of spine density in neurons treated with soluble A� in the presence of anti-A� mAbs. 3D6, but not 21F12, shows a concentration-dependent blockage
of the soluble A�-induced loss of spine. The data were normalized to control levels (vehicle control) and values represent the mean � SEMs of results from 15 to 20 optical fields (�2 neurons per
field), pooled from 3 independent experiments/cultures. Statistical differences were determined by ANOVA; ***p � 0.001 **p � 0.01 relative to the A�-only group. Scale bar, 10 �m.

Figure 5. 3D6 mAb blocks the A�-induced tau hyperphosphorylation. A, B, Representative images showing soluble A�-induced (1
�M, 8 h) tau hyperphosphorylation, visualized by staining with AT8 antibody. C, Quantification of tau hyperphosphorylation in neurons
treated with soluble A� in the presence of anti-A� mAbs. 3D6, but not 21F12, shows a concentration-dependent blockage of the soluble
A� effects. The data were normalized to control levels (vehicle control) and values represent the mean � SEMs of results from 25 optical
fields (�2 neurons per field), pooled from 5 independent experiments/cultures. Statistical differences were determined by ANOVA; **p�
0.01, *p � 0.05 relative to the A�-only group. Scale bar, 10 �m.
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sition (Bard et al., 2000, 2003; Schroeter et al., 2008). While there
is some evidence to suggest that N-terminal antibodies also inter-
act with and neutralize soluble forms of A� (Buttini et al., 2005;
Shankar et al., 2008; Spires-Jones et al., 2009; Basi et al., 2010; Jin
et al., 2011), the evidence to date has been relatively indirect and,
as a result, confusion remains as to whether N-terminal antibod-
ies interact with soluble forms of A� (Gandy, 2010). Monoclonal
antibody 3D6 is the murine analog of the Phase 3 N-terminal-
directed anti-A� antibody bapineuzumab. As such, a full under-
standing of the ability of this antibody to interact with multiple
forms of A� may allow for a rational interpretation of any resul-
tant clinical effects.

These present studies provide the first comprehensive
comparison of N-terminally directed and C-terminally di-
rected anti-A� antibodies on in vitro and in vivo endpoints
sensitive to soluble A�. Our results demonstrate that 3D6
interacts with and neutralizes the binding of A� to neurons
and thereby prevents the soluble A�-induced aberrant traf-
ficking of AMPA receptors, synaptic spine downregulation
and tau phosphorylation. The effects of 3D6 were potent, with
disruption of soluble A� binding noted at antibody/A� ratios
as low as 1:100. These results are consistent with those previ-
ously reported by Shankar et al. (2008), where 3D6 reversed
impairments in LTP induced by AD brain homogenates, and
by Spires-Jones et al. (2009), where 3D6 acutely (1 h) rescued
the disruption in dendritic spine plasticity observed in PDAPP
mouse brains. In both the Shankar and Spires-Jones studies, it
was assumed that soluble A� was the relevant component
promoting changes in synaptic function and form. The cur-
rent studies demonstrating a direct interaction of 3D6 and
soluble A� on synaptic endpoints support this interpretation.
The changes in AT8-p-Tau are consistent with reports of de-
creased total tau and p-Tau in the CSF of patients treated with
bapineuzumab (Blennow et al., 2010).

In an effort to understand whether the effects observed in
vitro were relevant to in vivo endpoints, we evaluated the effect
of 3D6 and 21F12 treatment on two in vivo pharmacodynamic
endpoints sensitive to soluble A�. The first evaluation used the
CFC test. Tg2576 hAPP-expressing mice are deficient in CFC,
an effect that is evident before plaque formation and sensitive
to reductions in A� production (Comery et al., 2005). 3D6,
but not 21F12, treatment completely reversed the deficits in
Tg2576 mice following a single administration. A second in
vivo evaluation examined the quantitation of synapses using
synaptophysin immunoreactivity in the PDAPP mouse model.
Since the loss of synaptophysin immunoreactivity in PDAPP
mice found throughout the brain is not restricted to areas
proximal to plaque, and does not correlate with amyloid
plaque load in both immunized and nonimmunized animals
(Buttini et al., 2005), these deficits are believed to be caused by
increased soluble A�. Consistent with a prior report (Buttini
et al., 2005), repeated administration of 3D6, but not 21F12,
demonstrated a protective effect on this endpoint. These in
vivo studies collectively suggest that the effects observed in the
present experiments in vitro are also relevant in vivo.

To understand the degree to which any putative anti-A�
clinical therapeutic tests the A� hypothesis of AD, it is critical
to fully understand the interaction of these antibodies with all
forms of A� including both soluble and insoluble forms of the
peptide. In this regard, the precise reactivity of a specific anti-
body to a rather small peptide-A�, appears to have signifi-
cantly different biological effects in preclinical and potentially
clinical settings.

Figure 6. Passive immunization with 3D6 mAb acutely reverses the A�-related behavioral
deficits in Tg2576 mouse. Effects of passive immunotherapy with 3D6 and 21F12 (both 30
mg/kg) 24 h before training. A, 3D6 restores the freezing behavior of Tg2576 to the levels
exhibited by vehicle-treated wild-type. B, 21F12 shows no significant effects. Neither 3D6 nor
21F12 affect the freezing behavior in wild-type animals. The values represent the mean �
SEMs of results from n � 8 –12 animals per genotype per treatment. Statistical differences
were determined by ANOVA; *p � 0.05 relative to wild-type.

Figure 7. Passive A� immunizations with 3D6 prevented synaptophysin loss in the frontal
neocortex of PDAPP mice. Effects of passive immunotherapy with anti-A� mAbs (3 mg/kg per
week for 6 months) on neocortical synaptophysin levels. A, B, Representative images showing
synaptophysin levels in control (TY11-15) and 3D6-treated animals. C, Significant improve-
ments of synaptophysin levels over controls were found after passive immunization with 3D6,
but not 21F12. Values represent the means � SEMs of results from n � 18 –20 animals per
treatment group (4 optical fields per animal), Statistical differences were determined by
ANOVA; ***p � 0.001 relative to the TY11-15 group.
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