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Neurobiology of Disease

A Role for Synaptic Zinc in Activity-Dependent A3 Oligomer
Formation and Accumulation at Excitatory Synapses
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Soluble amyloid B oligomers (AB0s) interfere with synaptic function and bind with high affinity to synapses, but the mechanism
underlying ABO synaptic targeting is not known. Here, we show that the accumulation of synthetic or native Alzheimer’s disease
(AD)-brain oligomers at synapses is regulated by synaptic activity. Electrical or chemical stimulation increased AB0 synapticlocalization
and enhanced oligomer formation at synaptic terminals, whereas inhibition with TTX blocked ABO synaptic localization and reduced
ABO synaptic load. The zinc-binding 8-OH-quinoline clioquinol markedly reduced A0 synaptic targeting, which was also reduced in
brain sections of animals deficient in the synaptic vesicle zinc transporter ZnT3, indicating that vesicular zinc released during neuro-
transmission is critical for ABO synaptic targeting. Oligomers were not internalized in recycled vesicles but remained at the cell surface,
where they colocalized with NR2B NMDA receptor subunits. Furthermore, NMDA antagonists blocked A0 synaptic targeting, impli-
cating excitatory receptor activity in oligomer formation and accumulation at synapses. In AD brains, oligomers of different size colo-
calized with synaptic markers in hippocampus and cortex, where oligomer synaptic accumulation correlated with synaptic loss.

Introduction

Alzheimer’s disease (AD) is the major cause of dementia affecting
the elderly. It is characterized by abnormal deposition of protein
aggregates in the form of extracellular plaques composed of
fibrillar amyloid B protein (AB) and intracellular neurofibrillary
tangles composed of hyperphosphorylated tau (Selkoe, 1991;
Trojanowski and Lee, 2002; Goedert and Spillantini, 2006; Haass
and Selkoe, 2007). AP aggregation is a complex process that ap-
pears to involve more than a simple progression of soluble mono-
mers to fibers. In fact, AB oligomerization and fibrillization may
result from independent and distinct aggregation mechanisms,
such as that oligomers can be formed in an alternate assembly
pathway not necessarily ending in fibril formation (Necula et al.,
2007). AB oligomerization results in multiple species including
dimers, trimers, tetramers, and higher molecular weight com-
plexes, also known as AfB-derived diffusible ligand (ADDL)
(Lambert et al., 1998) oligomers composed of 15-20 monomers
(Kayed et al., 2003), protofibrils (string of oligomers) (Nguyen
and Hall, 2004), annular protofibrils (Glabe, 2004), and do-
decameric oligomers (AB*56) (Lesne et al., 2006). Some of these
intermediate A3 species, collectively designated as soluble A3
oligomers (ABOs) (Glabe, 2004), bind to conformation-specific
antibodies such as the polyclonal antibody A11, which recognizes
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a generic backbone epitope common to the oligomeric state in-
dependently of the primary protein sequence (Kayed et al., 2003),
and to several antibodies raised against ADDLs (Lambert et al.,
2007). In addition, new evidence suggests the existence of two
distinct types of soluble oligomer conformations, designated as
prefibrillar oligomers (All positive) and fibrillar oligomers,
which overlap broadly in size but are immunologically different
(Kayed et al., 2007).

Recent experiments point to a major role for soluble oli-
gomers in the disease process. Oligomers have been found in
transgenic mouse models of AD including 3xTg-AD (Billings et
al., 2005; Oddo et al., 2006) and human amyloid precursor pro-
tein (hAPP) (Chang et al., 2003; Lesne et al., 2006) mice and have
been detected in CSF (Kuo et al., 1996; Kayed et al., 2003; Geor-
ganopoulou et al.,, 2005) and brain tissue (Gong et al., 2003;
Kayed et al., 2003; Lacor et al., 2004) of AD patients, where the
level of soluble AB species appear to correlate with disease pro-
gression (Kuo et al., 1996; Lue et al., 1999; McLean et al., 1999;
Mucke et al., 2000; Naslund et al., 2000; Moolman et al., 2004;
Spires et al., 2005).

Soluble oligomers perturb synaptic function by inhibiting
long-term potentiation (Lambert et al., 1998; Walsh et al., 2002;
Wang et al., 2002; Cleary et al., 2005; Townsend et al., 2006) and
cause learning and memory impairment in rodents (Billings et
al., 2007; Holscher et al., 2007). Oligomers bind with high speci-
ficity to synaptic sites in rat hippocampal and human cortical
neurons (HCN ) (Lacor et al., 2004; Deshpande et al., 2006; Lacor
etal., 2007). At the synapse, oligomers appear to bind to NMDA
receptors (Lacor et al., 2007) and induce NMDA receptor inter-
nalization (Snyder et al., 2005) and deregulation of NMDA sig-
naling pathways (Roselli et al., 2005; Shankar et al., 2007). Given
the emerging role of oligomers as major culprits of synaptic pa-
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thology in AD, it is critical to understand the mechanisms by
which they are targeted to synaptic sites as well as their interac-
tions with synaptic components. To this end, we used well char-
acterized synthetic oligomer preparations and native oligomers
extracted from AD brains to investigate the role of neuronal ac-
tivity in oligomer synaptic targeting. Here, we show that synaptic
activity dramatically enhances both oligomer formation and lo-
calization at synaptic sites in rat and mouse hippocampal slices
and primary HCNs in culture. Oligomer synaptic targeting was
prevented by blockade of synaptic transmission, by the absence of
zinc in synaptic vesicles, by the zinc-binding 8-OH-quinoline
clioquinol, and by NMDA receptor antagonists, suggesting a role
for zinc and excitatory neurotransmission in the synaptic accu-
mulation of ABO. Finally, endogenous oligomers of different size
were detected at synaptic terminals in AD brains, where we ob-
served a correlation between oligomer synaptic accumulation
and synaptic loss.

Materials and Methods

Preparation of hippocampal slices. Adult Sprague Dawley female rats, or
129Sv wild-type (WT) or ZnT3 ~/~ mice (Cole et al., 1999), were used to
prepare acute hippocampal slices. After decapitation, the brains were
rapidly removed, rinsed with cold artificial CSF (ACSF), and mounted on
a vibratome holder. Whole-brain coronal slices (250—-300 pwm thick)
were sectioned with a VT1000S Vibratome (Leica Microsystems). For
chemical stimulation experiments, the slices were rapidly transferred to a
24-well plate containing cold Neurobasal medium plus N2 and B27 sup-
plements (Invitrogen) and stabilized at 37°C and 5% CO—, for 30 min
before initiation of experimental procedures. For electrical stimulation,
the slices were incubated in an interface recording chamber at 34°C for
1 h before the experiment. Extra slices were maintained in ACSF at room
temperature until use. To test the stability of slices, extracellular field
potentials were recorded in the CA1 or CA3 regions by stimulating the
Schaffer collateral or mossy fiber pathways using a concentric bipolar
electrode (FHC). A glass pipette recording electrode was filled with ACSF
and placed at ~1 mm away from the stimulation site. Stimulus-evoked
field potentials were amplified, filtered (CyberAmp 320 with an AI 401
headstage; Molecular Devices), and acquired using AxoGraph X (Axo-
graph Scientific) on a Macintosh computer. To test the effect of electrical
stimulation on oligomeric synaptic localization, slices were continuously
stimulated at 0.1 Hz using a stimulus intensity that produced ~90% of
maximal amplitudes (monophasic 175~900 A, 0.2 ms duration).
After a baseline recording of at least 15 min to verify response stabil-
ity, 20 ul of the AB solution (500 nM final concentration) was applied
directly to the slices every 20 min (60 ul total) at both the stimulation/
recording site and the nonstimulated contralateral hippocampus. Af-
ter 1 h of treatment, the slices were fixed and processed for immuno-
staining and image analysis.

Neuronal cultures. Neuronal cultures were established from 16- to
21-week-old human fetal brain tissue specimens as described previously
(Pelsman et al., 2003; Deshpande et al., 2006). The protocols for tissue
procurement complied with federal and institutional guidelines. Briefly,
cortical tissue samples were dissociated into a single-cell suspension by
incubation with 0.25% trypsin/PBS at 37°C for 30 min and mechanically
dissociated by using a fire-polished glass Pasteur pipette. Cells were
plated at a density of 20,000 cells/cm? on 35 mm glass-bottom dishes or
glass coverslips in 100 mm culture dishes. Within the first 2 h after
plating, the medium was changed to Neurobasal plus N2 and B27 sup-
plements (Invitrogen). Partial medium changes (50%) were performed
every 5 d. All experiments were performed at day 21 in culture.

A preparations and treatment. Soluble ABOs were prepared as de-
scribed previously (Necula et al., 2007). AB,_,, stock solutions (2 mm)
were obtained by dissolving the lyophilized peptide in 100 mm NaOH,
followed by incubation for 10 min and water bath sonication for 30 s. The
oligomerization reaction was initiated by diluting the stock solution in
PBS (45 uM final AB,_,, concentration, pH 7.4). Fresh Af3 monomeric
solutions were prepared immediately before addition to the cultures,
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whereas oligomeric preparations were incubated for 5 d as described
previously (Necula et al., 2007). ADDLs were prepared as described pre-
viously (Lacor et al., 2004). For most experiments, A3Os or ADDLSs were
added to slices and HCNGs at a final concentration of 500 nm.

Chemical modulation of neuronal activity. Rat slices or HCNs were
incubated with 500 nm ABO and 100 um glutamate (adjusted at pH 7.2;
Sigma), 20 mm potassium chloride (KCI), 1 um tetrodotoxin (TTX;
Sigma), or 1 uM clioquinol (Sigma) and fixed in 4% paraformaldehyde/
0.12 M sucrose in PBS for 30 min at 37°C. Slices or cultures growing on
glass coverslips were further processed for immunofluorescence.

Drugs. The following drugs were used to modulate NMDA and AMPA
receptor  activity: NMDA  receptor antagonists 2-amino-5-
phosphonovaleric acid (APV; 10 uM; Sigma), 1-amino-3,5-dimethyl-
adamantane (memantine, 10 um; Sigma), 4-[2-[4-(cyclohexylmethyl)-
1-piperidinyl]-1-hydroxypropyl]phenol (ifenprodil, 5 pwm; Sigma) and
the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2 3-dione
(CNQX; 10 pm; Sigma).

Endocytosis of ABOs. HCNs were simultaneously incubated with 500
nM ABO and either 100 uMm glutamate or 20 mm KCl, and 5 um AM4-64
(Biotium) for 5 min in Neurobasal medium. For some experiments,
neurons were preincubated with 1 um TTX for 20 min before bath ap-
plication of AM4-64 or AM4-64 and ABO. Experiments were finalized by
quickly washing the cultures with ice-cold HBSS and fixation as de-
scribed below.

Human brain tissue and immunofluorescence procedures. The Institute
for Brain Aging and Dementia Tissue Repository at the University of
California—Irvine provided the human brain tissue used in this study.
Tissue samples from the hippocampus and cortex of 15 neuropathologi-
cally confirmed AD cases and 10 nondemented individuals with no evi-
dence of plaques or tangles were analyzed. Free-floating,
paraformaldehyde-fixed, 30- to 50-um-thick serial sections from hip-
pocampus and frontal and entorhinal cortices were used for immunoflu-
orescence studies as described previously (Head et al., 2002). For double-
and triple-labeling experiments, the sections were incubated in primary
antibodies at the indicated concentrations (see below) for 12 h at room
temperature. Rat brain slices and HCNs were fixed in 4% paraformalde-
hyde/0.12 M sucrose in PBS for 30 min at 37°C, permeabilized with 0.2%
Triton X-100/PBS, and blocked for 2 h with 5% BSA/PBS. The following
primary antibodies were used: rabbit anti-oligomer A11 (1:2500) (Kayed
et al., 2003); mouse anti-ADDL (1:200; clones NU-2 and NU-4) (Lam-
bert et al., 2007); rabbit anti-ADDL M69 (1:200) (Lambert et al., 2007);
rabbit anti-annular protofibrils (1:1000) (Kayed and Glabe, 2006);
mouse anti-synaptophysin (1:500; Calbiochem); and mouse anti-NR2B
(1:1000; Millipore). Primary antibodies were incubated overnight at 4°C,
followed by a 2 h incubation with fluorescent-conjugated secondary an-
tibodies (1:200; Alexa 488 and Alexa 594; Invitrogen). The signal of oli-
gomer conformation-dependent antibodies was amplified using the ELF
kit (Invitrogen) following the manufacturer’s protocol. Competition
with an antigenic peptide, use of a nonimmune IgG instead of a primary
antibody, or omission of a primary antibody resulted in complete elim-
ination of specific fluorescent signals. An Axiovert 200 inverted micro-
scope (Zeiss) was used for specimen examination and imaging. Images
were captured at a final magnification of 630X and processed using
AxioVision software (Zeiss).

Colocalization studies. To assess colocalization of synaptic markers, an
Apotome device (Zeiss) was used for optical “Z” sectioning of multifluo-
rescence signals. To quantify the frequency of colocalization in slice cul-
tures, at least 20 images at 630X final magnification were captured in
each predetermined region in CA1, CA3, and the dentate gyrus, respec-
tively (see Fig. 1 A). Thus, at least 60 fields were analyzed per slice. Trip-
licate slices were analyzed per condition in each experiment. Oligomer
synaptic localization was expressed as a percentage of oligomer puncta
colocalized with synaptophysin per field. To quantify the frequency of
colocalization of fluorescent signals in HCNG, at least 20 fields per cov-
erslip in HCN's were captured and processed for image analysis. Tripli-
cate coverslips per condition were analyzed in each experiment. To assess
synaptic density and frequency of oligomer/synaptic marker colocaliza-
tion in human brains, three areas were analyzed: frontal cortex, entorhi-
nal cortex, and hippocampus. At least 10 microscopic fields were assessed
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per region. The identity of the cultures or human brain sections was
coded to avoid experimental bias. We designed a module in AxioVision
to isolate puncta-like objects based on the intensity, shape, and size of the
objects. The threshold for object size was set at 150 nm, whereas objects
>1000 nm were excluded from the analysis. Images were then processed
using the colocalizer module. The overlap between presynaptic and
postsynaptic fluorescent signals was used to define synaptic sites. In most
cases, we observed partial overlap or colocalization of the signals, which
is expected based on the apposition of presynaptic and postsynaptic
structures, the diversity in the spatial orientation of the objects, and the
resolution limits of the imaging system. Anti-oligomeric conformation-
specific antibodies and synaptic markers (see above) were used to quan-
tify the frequency of colocalization of both signals. To confirm the colo-
calization of fluorescent signals, TetraSpeck beads (TetraSpeck
Fluorescent Microspheres Sampler kit; Invitrogen) were used as a posi-
tive control. Each 500 nm bead is labeled with four different fluorophores
enabling to correct for potential plane shifts associated with each indi-
vidual fluorescent filter. For image rendering, three-dimensional (3D)
reconstructions of the target fields were generated and qualitatively ana-
lyzed for overlap between postsynaptic density-95 (PSD-95)-,
synaptophysin-, or ABO-immunoreactive objects using the AxioVision
Inside4D module.

Extraction of oligomers from AD brains. Cortical tissue samples from
AD brain specimens were diced and homogenized in PBS plus 0.02%
NaNj, pH 7.4, and protease inhibitors (Complete; Roche). The volume
of buffer was five times greater than the mass of tissue. The samples were
centrifuged at 100,000 X g for 1 h at 4°C. Soluble fractions positive for
A1l immunoreactivity by dot blot analysis (Kayed et al., 2003) were also
used for Western blot and synaptic targeting experiments. Al1-negative
soluble fractions from age-matched brains with no AD pathology were
used as controls. PAGE was performed as described previously (Desh-
pande et al., 2008). Native gels were run in the absence of SDS and
reducing agents.

Statistical analysis. All individual experiments were repeated at least
three times in acute slices or dissociated cultures derived from different
brain specimens. Each individual experiment was performed in tripli-
cate. Data were analyzed by an unpaired Student’s t test or ANOVA
followed by post hoc comparisons using Tukey’s test. Results were ex-
pressed as the mean = SEM. Significance was assessed at p < 0.05. All
results shown correspond to individual representative experiments.

Results

Synaptic activity modulates A0 targeting to

synaptic terminals

Previous reports have established a high frequency of oligomer
localization at synaptic sites (Lacor et al., 2004, 2007; Deshpande
et al., 2006). Both ABOs and ADDLs bind rapidly and with re-
markable specificity to synapses in HCN cultures (Deshpande et
al., 2006). Thus, the mechanism by which oligomers are targeted
to synapses is a crucial step in the pathological cascade. We used
acute rat hippocampal slices to assess whether synaptic activity
plays a role in oligomeric synaptic targeting. Immunolabeling
with anti-oligomer A1l and antisynaptophysin antibodies was
used to assess the localization of oligomers to synapses under
basal conditions (nonstimulated), or after chemical stimulation
or inhibition of synaptic activity. An initial semiquantitative scan
of brain areas including the hippocampus, entorhinal cortex,
frontal cortex, and cerebellum was performed to assess the exten-
sion of oligomeric synaptic binding in rat brain slices. Higher
frequency of ABO synaptic localization was observed in the hip-
pocampal formation and entorhinal and frontal cortices. We fo-
cused the quantitative analysis in three hippocampal regions lo-
calized in CA1, CA3, and the dentate gyrus, respectively (Fig. 1 A).
Twenty images at 630X final magnification were captured in each
region. In total, 60 fields per slice were analyzed for oligomer
synaptic localization. Unstimulated hippocampal slices incu-
bated with 500 nm ABO for 1 h showed modest synaptic localiza-
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tion as evidenced by image analysis and colocalization with syn-
aptophysin (14.09 * 4.17%) (Fig. 1 B, C). Simultaneous addition
of ABO and KCI (20 mMm) or glutamate (100 um) resulted in a
dramatic increase in ABO synaptic localization (63.74 * 7.50 and
57.81 * 10.84%, respectively) (Fig. 1B,C). Preincubation of
slices with 2 um TTX for 20 min before the addition of ABO and
glutamate completely blocked the increase in ABO synaptic lo-
calization (8.96 = 3.40%) (Fig. 1 B, C). Incubation with KCl, glu-
tamate, or TTX had no effect on synaptic density, as determined
by quantification of colocalization of presynaptic and postsynap-
tic markers synaptophysin and PSD-95 (data not shown), ruling
out potential variations in synaptic density attributable to the
drug treatments. Maximum oligomer synaptic occupancy was
observed between 30 min and 1 h after oligomer addition (Desh-
pande et al., 2006). Longer incubation times up to 5 h did not
significantly change the percentage of oligomer synaptic localiza-
tion under basal conditions or glutamate stimulation. However,
when slices were incubated for 5 h with glutamate and ABO, and
TTX was added to the medium for the last 4 h of incubation time,
there was a marked reduction in the amount of ABO colocalized
with synaptophysin (Fig. 1 D), indicating that once ABO synaptic
localization reached maximum levels, it can be partially reduced
by silencing neuronal activity. Comparable results were ob-
tained using ADDL preparations (data not shown). A similar
activity-dependent effect on ABO synaptic targeting was ob-
served in HCNs (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), with the exception
that ABO synaptic localization under unstimulated conditions
was higher in HCNs than in hippocampal slices, possibly be-
cause of higher antibody accessibility and/or increased spon-
taneous activity in dissociated cultures.

To determine whether more physiological forms of synaptic
stimulation would also modulate ABO synaptic targeting, we
used focal electrical stimulation in CA1 and CA3 regions at the
Schaffer collateral and mossy fiber pathways (see Materials and
Methods for technical details). After a baseline recording of
evoked field potentials, three aliquots of 20 ul of ABO solution
(500 nMm final concentration) were applied directly to the slices
(one aliquot every 20 min, 60 ul total) at the stimulation/record-
ing site and also at the nonstimulated contralateral hippocampus.
After 60 min, the slices were fixed, immunostained, and pro-
cessed for image analysis. There was a significant increase in oli-
gomer synaptic targeting in the stimulated areas compared with
the same areas in the unstimulated contralateral hippocampus.
The increase in oligomer synaptic accumulation was completely
prevented by coincubation with A1l but not by coincubation
with nonimmune Ig (Fig. 1E), indicating that antibody-bound
oligomers lose their ability to attach to synapses. Collectively,
these results indicate that oligomer targeting and localization to
synaptic terminals is regulated by synaptic activity.

Synaptic targeting of ABO is mediated by zinc

One mechanism that may contribute to the increase in activity-
dependent oligomeric targeting to synapses is the elevated con-
centration of metal ions, particularly zinc, at the synaptic cleft
after glutamate release (Frederickson and Bush, 2001; Mocchegi-
ani etal., 2005; Mathie et al., 2006). A3 is a metal-binding protein
with high affinity for copper and zinc (Bush et al., 1994a; Atwood
et al., 2000). Zinc promotes A oligomerization (Curtain et al.,
2001) and is concentrated in synaptic vesicles at glutamatergic
synapses throughout the cortex and the hippocampal formation.
Zinc is released during synaptic activity, reaching extracellular
concentrations close to 300 uMm (Frederickson and Bush, 2001).



Deshpande et al. ¢ Activity-Dependent A3 Oligomer Synaptic Targeting J. Neurosci., April 1,2009 - 29(13):4004 — 4015 « 4007

Control

A B

) --.
C 80 ARO
o *%
:\; *%
Py
o
o
>
040
f o=
>
&8
=% Merge
0 (syn+ARO)
ARO  ARO+KCI ARO+Glu  TTX- TTX-
ABO+Glu  ARO
40
—_ *
27 — E
% 50 £
5 <
[}
> 25 3 20
= c
bt >
ARO ARO+GIu  ABO+GIu-TTX =
0
ARO+ES  ARO+A11  ARO+NI-Ab
+ES +ES
Figure1.  Synapticactivity modulates oligomer targeting to synaptic terminals in rat hippocampal slices. 4, Schematic representation of the hippocampal formation showing the predetermined

areasin CA1, CA3, and the dentate gyrus (DG) where oligomer synaptic localization was quantified. B, Double immunofluorescence of ABO (A11; red; 1:2500) and anti-synaptophysin (green; 1:500)
showing the puncta-like pattern of immunoreactivity obtained with both antibodies. Arrowheads point to several examples of oligomer/synapse colocalization in merged images. Slices were
incubated with 500 nm A30 for 1 h before fixation. Stimulation with 20 mm KCl for 1 h increased the overlap between A30 and synaptophysin signals (compare control merge with KCI merge),
whereas preincubation with 2 um TTX for 20 min reduced the oligomer/synaptophysin colocalization (compare KCl merge with TTX merge). Scale bar, 3 wm. €, Quantification of the frequency of
colocalization of oligomers with the presynaptic marker synaptophysin after chemical stimulation. KCl or glutamate significantly increased oligomer synaptic localization. Preincubation with TTX
dramatically reduced glutamate-induced synaptic localization of AB0. Treatments were performed as described in Materials and Methods. Twenty images at 630X final magpnification were
captured in predetermined regions in CA1, CA3, and the dentate gyrus, highlighted in A. A total of 60 fields per slice were analyzed. At least three independent slices were analyzed per condition.
Oligomer synaptic localization is expressed as the percentage of oligomer puncta colocalized with synaptophysin per field. **p << 0.01. D, Blockade of neuronal activity reduces oligomer synaptic
accumulation. The histogram shows the frequency of colocalization of ABO with the presynaptic marker synaptophysin. Slices were treated with A30, AB0 plus glutamate, or ABO plus glutamate
and subsequent addition of TTX. After a 1 h incubation with A0 plus glutamate, TTX was added, and the preparation was incubated for an additional 4 h before fixation and processing for
immunofluorescence and image analysis. Oligomer synaptic localization is expressed as the percentage of oligomer puncta colocalized with synaptophysin per field. Note the significant reduction
in oligomer synaptic localization after the addition of TTX to the preparation. *p << 0.05. E, Quantification of the frequency of colocalization of oligomers with the presynaptic marker synaptophysin
after electrical stimulation. Extracellular field potentials were recorded in the CAT or CA3 regions by stimulating the Schaffer collateral or mossy fiber pathways (see Materials and Methods for
technical details). Oligomeric synaptic localization increased significantly after electrical stimulation (ES). This increase was prevented by the addition of oligomers and antibody A11 to the slices, but
not by the addition of oligomers and a nonimmune Ig (NI-Ab). Oligomer synaptic localization is expressed as the percentage of oligomer puncta colocalized with synaptophysin per field. *p << 0.05.
Error bars indicate the mean == SEM. syn, Synaptophysin; Glu, glutamate.

Thus, we hypothesized that a local increase in the concentration
of zinc as a result of synaptic activity may attract and promote
additional aggregation of ABO at the cleft. To test this hypothesis,
we used the zinc-binding 80OH-quinoline clioquinol, which has
been shown to decrease AB deposits and improve cognitive def-
icits in AD animal models (Cherny et al., 2001). Clioquinol does
not interact directly with AB but binds selectively to the AB-
metal ion complex and dissociates the metal ion from Af

(Cherny etal., 2001). In hippocampal slices coincubated with 500
nM ABO and 1 uM clioquinol for 1 h, the basal level of ABO
synaptic localization decreased from 14.09 *+ 4.18% to 8.12 =*
1.96% (Fig. 2A). During stimulation with KCl or glutamate, clio-
quinol markedly decreased the percentage of oligomer synaptic
localization (KCl, 63.4 = 6.62%; KCI plus clioquinol, 26.46 *
8.64%; glutamate, 62.4 = 6.07%; glutamate plus clioquinol,
22.27 * 5.05%) (Fig. 2A). Thus, activity-dependent release of
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Figure 2.  Oligomer synaptic localization is prevented by clioquinol and is reduced in
InT3 ~/~ brain slices. The frequency of oligomer synaptic localization was assessed as the
percentage of overlap between A30 and synaptophysin signals. 4, Preincubation with clioquinol
resulted in a marked reduction in oligomer synaptic localization after KCl or glutamate stimulation. B,
Oligomer synaptic localization was clearly increased in WT mice after KCl or glutamate stimulation. In
contrast, oligomer synaptic accumulation after stimulation remained close to basal levels in slices
derived from ZnT3 ~/~ mice. Error bars indicate the mean = SEM. *p < 0.05; **p << 0.01; signifi-
cantly different, ’p << 0.05. syn, Synaptophysin; Clio, clioquinol; Glu, glutamate.

metal ions at the synaptic cleft may facilitate ABO synaptic accu-
mulation, and chelation of metal ions significantly reduced oli-
gomeric load at synapses.

To further explore the involvement of synaptic zinc in this
process, we used brain slices derived from zinc transporter 3
(ZnT3) knock-out mice. ZnT?3 is responsible for the shuttling of
zinc into synaptic vesicles. Knocking out the ZnT3 gene results in
complete disappearance of zinc in synaptic vesicles throughout
the brain without affecting other nonvesicular pools of zinc (Cole
et al., 1999). Similar to rat slices, WT mouse hippocampal slices
incubated with 500 nm ABO for 1 h under basal conditions
showed a small percentage of synaptic localization. Stimulation
with KCI or glutamate resulted in a marked elevation in ABO
synaptic localization, which was suppressed by coincubation with
TTX (Fig. 2B). In contrast, ABO synaptic localization was dra-
matically reduced in ZnT3 ™'~ brain slices after KCl or glutamate
stimulation (Fig. 2 B). This result indicates that release of vesicu-
lar zinc from synaptic terminals during neurotransmission is crit-
ical for ABO synaptic localization.

Increased synaptic activity facilitates oligomer formation at
synaptic sites

Because activity-dependent modulation of A secretion takes
place at synaptic terminals (Kamenetz et al., 2003; Cirrito et al.,
2005) and metal ions released during synaptic activity enhance
A aggregation and oligomer formation (Curtain etal., 2001), we
next examined whether synaptic activity was able to initiate
and/or accelerate oligomer formation from monomeric AB. Hip-
pocampal slices were incubated with 5 uM freshly dissolved mo-
nomeric A for 5, 30, or 60 min under basal conditions, or under
pulse stimulation with 20 mm KCI. Then, the slices were fixed,
and oligomer formation and colocalization with synaptophysin
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Figure 3.  Activity-dependent oligomer formation at synaptic sites. Rat hippocampal slices
were incubated with 5 um freshly dissolved monomeric A3 in the presence or absence of KCI. A,
A low number of A11-positive structures were observed after 5, 30, or 60 min of incubation in
the absence of KCI. The addition of KCl resulted in a time-dependent increase in the appearance
of A11-positive puncta, which colocalized with synaptophysin. B, After 60 min, stimulation with
KCl also induced the appearance of anti-annular protofibril (anti-AP)-positive puncta, which
colocalized with synaptophysin. Error bars indicate the mean = SEM. *p << 0.05; **p < 0.01.
syn., Synaptophysin.

were examined. At 5 min, no oligomer-positive puncta were
present neither under basal nor stimulated conditions. However,
All-positive puncta colocalized with synaptophysin were ob-
served at 30 min (10.03 = 3.96%) and 60 min (13.2 = 6.19%)
(Fig. 3A), suggesting that synaptic activity enhanced oligomer
formation from monomeric Af. Furthermore, nearly all A11-
positive puncta colocalized with synaptophysin, strongly suggest-
ing that oligomer formation was indeed taking place at synaptic
sites (data not shown). We also analyzed oligomer formation
using a conformation-dependent antibody that specifically rec-
ognizes annular protofibrils but not mature amyloid fibrils or
spherical oligomers (Kayed and Glabe, 2006). It reacts with an-
nular protofibrils regardless of their sequence, indicating the ex-
istence of a common epitope that is distinct from the epitopes
specific to amyloid fibrils or oligomers recognized by A11. Anti-
annular protofibril immunoreactivity exhibited rare, scattered
puncta-like immunoreactivity on rat slices after the addition of
AB monomer under basal conditions, but stimulation with KCl
significantly increased both the frequency and synaptic localiza-
tion of the immunofluorescence (Fig. 3B), suggesting that synap-
tic activity enhances the assembly of higher-order oligomer struc-
tures at synaptic terminals.

Oligomers remain on the cell surface and are not internalized
into endocytic vesicles

ABO synaptic accumulation may be related to the high endocytic
activity that occurs during vesicle recycling, leading to rapid oli-
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Figure 4.

oligomer colocalization with AM4-64. Error bars indicate the mean == SEM. Glu, glutamate.

gomer internalization. To test this possibility, we tracked endo-
cytic vesicles that pick up the fixable dye AM4-64 during vesicle
recycling. After 21 d in culture, HCNs establish a high number of
synapses (Deshpande et al., 2006, 2008), allowing the tracking of
individual AM4-64-positive endocytic vesicles, which are visual-
ized as fine puncta-like structures accumulating along neuronal
processes. The number of AM4-64-positive puncta increased sig-
nificantly after the addition of KCI or glutamate for 5 min, con-
sistent with enhanced vesicle recycling after stimulation. In con-
trast, AM4-64-positive puncta decreased dramatically with TTX
preincubation (Fig. 4A). When ABO and AM4-64 were added
simultaneously (Fig. 4B, C), the frequency of colocalization of
All immunofluorescence with AM4-64 did not change after
stimulation with KCI or glutamate despite the higher density of
AM4-64 puncta, nor did it change after inhibition with TTX,
indicating that oligomers are not localized in AM4-64-containing
vesicles (Fig. 4C). Furthermore, most ABO still remained at the
cell surface as determined by quantitative immunofluorescence of
permeabilized and nonpermeabilized cultures fixed after a 30 min
incubation with ABO (data not shown). Together, these experi-
ments suggest that ABO accumulation at synaptic sites is not attrib-
utable to increased internalization during vesicle recycling.

NMDA but not AMPA receptor activity enhances A3O
synaptic targeting

To identify the receptor(s) that mediates oligomer synaptic tar-
geting, we modulated NMDA and AMPA activities with the
NMDA receptor antagonists APV and memantine and the AMPA
receptor antagonist CNQX. Hippocampal slices were subjected
toa 10 min preincubation with 10 um APV, 10 uM memantine, or

Oligomers are not endocytosed in synaptic vesicles. Vesicular uptake studies were performed in HCNs using the
fluorescent cationic styryl fixable dye AM4-64, which is taken up during vesicle recycling. 4, Differential interference contrast (DIC)
and fluorescent (AM4-64) images of neuronal processes under control conditions and after glutamate or TTX treatment. Stimu-
lation with glutamate significantly increased the number of AM4-64-filled vesicles in neuronal processes. Treatment with TTX
blocked synaptic activity, vesicle recycling, and the incorporation of AM4-64 into vesicles. B, After stimulation and AM4-64 vesicle
loading, the cultures were fixed and labeled with anti-oligomer A11 antibody. The image shows oligomer immunoreactivity
(green) and AM4-64-positive vesicles (red). The arrowhead points to a site of oligomer/AM4-64 colocalization. Most oligomer
puncta were spatially segregated from AM4-64-positive vesicles (arrow). Scale bar: A, B, 2 um. C, Quantification of oligomer
colocalization with recycled vesicles. Modulation of synaptic activity with KCI, glutamate, or TTX had no effect on the frequency of
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10 um CNQX before the simultaneous ad-
dition of glutamate and ABO. APV signif-
icantly decreased the synaptic localization
of oligomers from 65.81 * 15.36% to
22.12 = 14.30% (Fig. 5A). A comparable
result was obtained with memantine
(from 65.81 = 15.36% to 20.82 £ 9.76%).
In contrast, blockade of AMPA receptors
with CNQX did not affect ABO synaptic
localization (Fig. 5A). Similar results were
obtained using ADDL preparations (data
not shown). Thus, NMDA but not AMPA
receptor activity appears to regulate ABO
synaptic targeting. Consistent with these
results, stimulation of hippocampal slices
with glutamate led to a marked increase in
the colocalization of ABO with the NR2B
subunit of the NMDA receptor from
19.89 = 4.82% (basal) to 47.11 = 10.72%
(stimulated) (Fig. 5B), in agreement with
recent data pointing to an association of
oligomers with NMDA receptors (Lacor et
al., 2007). The involvement of NR2B sub-
units in oligomer synaptic targeting was
also tested using ifenprodil, a noncompet-
itive antagonist of NMDA receptors highly
selective for the NR2B subunit (Perin-
Dureau et al., 2002). A 10 min preincuba-
tion with 5 uM ifenprodil before the addi-
tion of glutamate and ABO significantly
decreased oligomer synaptic localization
from 65.81 £ 15.36% to 37.76 = 8.91%
(Fig. 5A), implicating NR2B activity in oli-
gomer targeting to excitatory synapses.

ARO+
Glu

ARO+
TTX

ABOs colocalize with synaptic markers in AD brains

To evaluate the presence of ABOs at synaptic terminals in the
human brain, we analyzed brain sections obtained from 10 con-
trol subjects with no clinical or pathological history of AD and 15
AD patients. Immunodetection of synapses and synaptic density
were established using the colocalization of presynaptic and
postsynaptic markers synaptophysin and PSD-95 in the hip-
pocampal formation and frontal and entorhinal cortices. The
colocalization of synaptophysin with PSD-95 ranged from 90 to
95% in all cases (Fig. 6A). Thus, synaptophysin was selected as
the synaptic marker for colocalization studies with A11 and ad-
ditionally with the conformation-specific antibodies NU-2,
NU-4, and M69, which specifically recognize synthetic ADDLs as
well as ADDLs purified from AD brains (Lambert et al., 2007). All
three anti-ADDL antibodies tested yielded a similar pattern of
staining (data not shown). Under our experimental conditions,
NU-2 was deemed the most suitable for oligomeric labeling in
human brain sections. Puncta-like structures immunoreactive
for A11 and NU-2 were observed in eight AD and two control
cases. Among oligomer-positive cases, there was marked varia-
tion in the percentage of colocalization of A11 or NU-2 immu-
noreactivity with synaptophysin. Some cases exhibited higher
levels of oligomeric accumulation but a low degree of oligomer
synaptic localization (e.g., case 7-03) (Fig. 6 B), whereas other
cases showed lower oligomer density but a high degree of oli-
gomer synaptic localization (e.g., case 24-01) (Fig. 6 B). Higher
magnification and image reconstruction illustrate the tight ar-
rangement between oligomer and synaptic marker signals, very
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similar to the profiles obtained from im-
ages reconstructed after PSD-95/synapto-
physin double immunostaining (Fig. 6C;
and supplemental movie, available at
www.jneurosci.org as supplemental mate-
rial). There was significant variation in the
extent of oligomer deposition among pos-
itive cases, as well as regional variations in
individual cases. Oligomer density (per-
centage of All-positive areas per field)
varied from 2.49 = 1.11 to 12.32 * 2.63%
(Fig. 6D). In general, the hippocampal
formation was the area with the highest
oligomer density. There was no clear asso-
ciation between total oligomer deposition
(oligomer density) (Fig. 6 D) and oligomer
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synaptic localization (Fig 6E). Similarly,
there was no correlation between total oli-
gomer deposition levels and synaptic loss
(Fig. 6, compare D, F). However, reduced
synaptic density was consistently observed
in cases of high oligomer synaptic localiza-
tion (Fig. 6, compare E, F), suggesting an
association between oligomer synaptic lo-
calization and synaptic loss in AD brains.
Similar results were obtained with NU-2
antibody. Neither A11 nor NU-2 exhibited
significant immunoreactivity associated

Overlap with A11 (%)
(O8]
o

o

with neuritic plaques or tangles (data not
shown). Image analysis revealed that
NU-2 labeled smaller-size puncta than
Al1, whereas anti-annular protofibrils an-
tibody reacted with less abundant but sig-
nificantly larger structures than NU-2 or
A11 (Fig. 7), implying remarkable hetero-
geneity in the size of endogenous oligomer
assemblies in the AD brain. Most oli-
gomers localized at synapses overlapped
with NR2B immunoreactivity (Fig. 8).
Thus, in the AD brain, excitatory synapses
containing the NR2B subunit of the
NMDA receptor appear to be principal
sites of oligomer accumulation.

Figure 5.

Scale bar, 3 pum.

Activity-dependent increase in synaptic localization of native
oligomers from AD brains

To assess the activity of native oligomers, high-speed superna-
tants from AD brain homogenates containing A11-positive oli-
gomers were separated by PAGE under native or denaturing con-
ditions (see Materials and Methods). Western blot analysis with
A1l revealed a major band at 75-100 kDa, which was not recog-
nized by nonconformation-dependent anti-A B antibodies 6F/3D
(Fig. 9A) or 6E10 (data not shown). In contrast, A11 immunore-
activity was abolished after denaturing PAGE, whereas 6F/3D
recognized two major low molecular weight bands, suggesting
that denaturing conditions disrupt the core structure recognized
by All and promote its dissociation into monomers and/or
smaller oligomer species (Fig. 9A). Oligomers extracted from
three different AD brain samples were pooled and used for syn-
aptic localization studies in rat hippocampal slices after electrical
stimulation. Native oligomers showed little overlap with synaptic
markers under basal conditions. However, a marked increase in
synaptic localization was observed after electrical stimulation

ABO

ABO+ KCI

NMDA receptor activity requlates oligomer synaptic targeting. 4, Assessment of oligomeric synaptic lo