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Overexpression of the amyloid precursor protein (APP) in hip-
pocampal neurons leads to elevated �-amyloid peptide (A�) pro-
duction and consequent depression of excitatory transmission. The
precise mechanisms underlying APP-induced synaptic depression
are poorly understood. Uncovering these mechanisms could pro-
vide insight into how neuronal function is compromised before cell
death during the early stages of Alzheimer’s disease. Here we
verify that APP up-regulation leads to depression of transmission
in cultured hippocampal autapses; and we perform whole-cell
recording, FM imaging, and immunocytochemistry to identify the
specific mechanisms accounting for this depression. We find that
APP overexpression leads to postsynaptic silencing through a
selective reduction of �-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptor-mediated currents. This effect is
likely mediated by A� because expression of mutant APP incapable
of producing A� did not depress transmission. In addition, al-
though we eliminate presynaptic silencing as a mechanism under-
lying APP-mediated inhibition of transmission, we did observe an
A�-induced presynaptic deficit in vesicle recycling with sustained
stimulation. These findings demonstrate that APP elevation dis-
rupts both presynaptic and postsynaptic compartments.

Alzheimer’s disease � synaptic transmission � glutamate receptor �
synaptic vesicle cycling

The early stages of Alzheimer’s disease (AD) are character-
ized by cognitive deficits that are likely the result of impair-

ments of synaptic function before either plaque formation or cell
death (1–4). Identifying these impairments and the mechanisms
that underlie them is a critical step in the development of novel
therapies aimed at improving cognitive function in AD patients.

A critical role for amyloid precursor protein (APP) and its
cleavage products is indicated by the finding that mutations in
the APP gene are linked to the inherited form of the disease,
familial early onset AD (FAD; ref. 5). In addition, animal models
that express the human APP protein bearing FAD-linked mu-
tations recapitulate key features of early stage AD pathology (6,
7). Notably, levels of the �-amyloid peptide (A�), which is
generated through sequential cleavage of APP by �-APP-
cleaving enzyme 1 (BACE) and �-secretase, are greatly elevated
in these model mice (7).

Three lines of evidence strongly suggest that A� has acute
effects on synaptic function: (i) Intracerebroventricular injection
of naturally secreted A� is sufficient to disrupt cognitive func-
tion in a rapid and transient manner (8). (ii) Active immunization
with A� peptide can protect against, or even reverse, AD-like
neuropathology and behavioral deficits of AD model mice (9,
10). (iii) Passive immunization with anti-A� antibody can rapidly
reverse memory deficits of AD model mice (11–13).

Consistent with this notion, rapid viral-mediated up-
regulation of APP and consequent elevation of A� production
in cultured hippocampal slices has been shown to depress
excitatory transmission by decreasing the number of functional

synapses (14). Although this investigation has provided the most
direct evidence for acute effects on synaptic transmission, the
precise molecular mechanisms that underlie APP-mediated
synaptic depression remain unclear. Several recent publications
report an A�-mediated decrease in glutamate receptor surface
expression or function (15–18; see also ref. 19), thus it seems
likely that postsynaptic glutamate receptor trafficking is a prime
initial target for A�. Although these recent studies have begun
to uncover potential postsynaptic effects of A�, much less
attention has been devoted to A�-mediated presynaptic dysfunc-
tion, despite evidence for altered levels of presynaptic proteins
before synapse loss in AD (20).

To identify specific presynaptic and postsynaptic deficits in
transmission produced by up-regulation of APP, we performed
experiments employing whole-cell voltage clamp recording, FM
imaging, and immunocytochemistry in cultured hippocampal
neurons overexpressing APP. We find that a selective removal of
�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors (AMPARs) from postsynaptic sites can
account entirely for the observed depression of transmission in
our system, but an additional presynaptic deficit in vesicle cycling
is revealed on sustained stimulation. Thus, both pre- and
postsynaptic mechanisms contribute to depression of synaptic
function by APP.

Results
APP Overexpression in Cultured Mouse Neurons Results in Increased
A� Production. To study the effects of up-regulating APP and A�
in neurons, we engineered replication-defective Semliki Forest
virus (SFV) vectors expressing human wild-type APP695 and an
APP695 variant possessing an M596V mutation (APP�BACE) that
inhibits BACE-mediated APP cleavage and strongly suppresses
A� production (21). To identify APP-overexpressing neurons,
these vectors also expressed a separate green fluorescence
protein (GFP) reporter driven by an internal ribosomal entry site
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(IRES) cassette downstream from the APP sequence. Fig. 1A
shows that cultured neurons overexpressing either wild-type
APP or APP�BACE produced cell-associated full-length APP.
Both wild-type and mutant APP underwent �-secretase-
mediated cleavage and secretion of APPs� into the medium,
detected by immunoprecipitations with 6E10 antibody. As ex-
pected, however, only wild-type APP generated significant levels
of A�. Thus, neurons expressing APP�BACE provided a control
for the effects of viral-mediated APP overexpression and post-
translational processing by the nonamyloidogenic �-secretase
pathway. Neurons expressing only GFP served as additional
non-APP controls.

APP Overexpression Silences Synapses, Likely Through an A�-Medi-
ated Mechanism. To study the acute effects of APP overexpres-
sion on synaptic transmission, we performed whole-cell voltage
clamp recordings on isolated autaptic neurons at 10–17 days in
culture. Fig. 1B shows that EPSC amplitudes were significantly
reduced in neurons overexpressing wild-type APP, relative to
GFP controls (GFP, 3,535 � 430 pA, n � 26; APP, 2,228 � 286
pA, n � 25; P � 0.05). In contrast, expression of mutant
APP�BACE had no significant effect on EPSC size (APP�BACE,
3,230 � 347 pA, n � 28), indicating that A� was responsible for
the decrease in EPSC size in cells overexpressing wild-type APP.

A decrease in evoked-response amplitude could result from
negative modulation of the presynaptic release machinery. Thus,
we monitored the PPR, a measure that is inversely related to
presynaptic release probability (22). Fig. 1C shows that APP
overexpression did not alter the PPR relative to GFP controls
(GFP, 0.82 � 0.03, n � 26; APP, 0.83 � 0.04, n � 25). Similarly,
overexpression of APP�BACE did not alter PPR relative to
control neurons (APP�BACE, 0.81 � 0.03, n � 28). The lack of
change in the PPR for neurons overexpressing APP strongly
suggests that there was no change in synaptic release probability
at individual presynaptic sites.

We also assessed the effect of APP overexpression on spon-
taneous miniature EPSCs (mEPSCs). The small but significant
decrease in mEPSC amplitude relative to uninfected and GFP-
alone controls [Fig. 1D and supporting information (SI) Fig. 5;
control, 26.5 � 1.03 pA, n � 25; APP, 22.6 � 1.24 pA, n � 25;
P � 0.02] suggests that a reduction in the number (or function)
of postsynaptic AMPARs at individual synapses contributes to
the decrease in EPSC size, although a presynaptic reduction in
the amount of transmitter packaged per vesicle (reduced quantal
size) could also account for reduced mEPSC size. Note, however,
that the discrepancy between the magnitude of reduction in
EPSC and mEPSC amplitudes means that additional mecha-
nisms must account for the greater reduction in EPSC size. The
large decrease in mEPSC frequency (control, 4.3 � 0.7 Hz, n �
25; APP, 2.4 Hz � 0.4, n � 20; P � 0.04) suggests that these
additional mechanisms might include a presynaptic silencing of
release sites and/or a postsynaptic silencing produced by com-
plete removal of AMPARs at individual synapses.

APP Overexpression Selectively Reduces AMPAR-Mediated Transmis-
sion. To test directly the possibility that modification of the
number (or function) of postsynaptic glutamate receptors con-
tributes to APP-mediated synaptic silencing, the relative ampli-
tudes of the AMPAR-mediated and NMDA receptor-mediated
(NMDAR-mediated) components of synaptic responses were
measured in neurons overexpressing APP. Fig. 2 shows the
selective reduction in the AMPAR-mediated component of the
EPSC in neurons overexpressing APP compared with
APP�BACE, and uninfected and GFP-alone combined controls
(control, 6,203 � 417 pA, n � 31; APP�BACE, 5,216 � 845 pA,
n � 11; APP, 3,953 � 523 pA, n � 22; P � 0.01), with no change
in the NMDAR-mediated component (control, 1,966 � 139 pA,
n � 31; APP�BACE, 1,921 � 346 pA, n � 11; APP, 1,775 � 260

Fig. 1. Overexpression of wild-type APP but not a mutant APP that is unable
to produce A� reduces excitatory postsynaptic current (EPSC) size without
altering the paired-pulse ratio (PPR); overexpression of APP also reduces
mEPSC amplitude and frequency. (A) Immunoprecipitation by using 6E10 of
[35S]methionine-labeled APP (Upper) and A� (Lower) from cells and medium
showed that infection with viral constructs encoding either APP or APP�BACE

directed expression of full-length, cell-associated APP and secreted APPs� in
medium. Viral constructs encoding GFP served as a control for these experi-
ments. Only neurons overexpressing wild-type APP generated significant
levels of A�. (B) Average EPSC size was reduced in neurons overexpressing
wild-type APP (0.62 of GFP-alone control; *, P � 0.05) but not in neurons
overexpressing APP�BACE. Traces show typical paired-pulse responses from
each group with action currents blanked for clarity. (Scale bar, 1.5 nA, 10 ms.)
(C) There was no difference in the PPR, measured as the relative sizes of the
first and second responses to a pair of stimuli delivered 50 ms apart, in neurons
overexpressing wild-type APP or APP�BACE compared with GFP-alone-
expressing neurons. (D) There was a small but significant decrease in mEPSC
size (0.85 of control; *, P � 0.02) and a reduction in mEPSC frequency (0.56 of
control; *, P � 0.04) in neurons overexpressing wild-type APP. For these mEPSC
experiments, results from uninfected and GFP-expressing neurons, which
were indistinguishable, were combined for the control group. Traces show
typical spontaneous responses from control and APP-overexpressing neurons.
(Scale bar, 20 pA, 100 ms.)
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pA, n � 22). This selective reduction led to a significant decrease
in the ratio of currents mediated by AMPARs vs. NMDARs
(AMPAR/NMDAR ratio; control, 3.2 � 0.1, n � 31; APP�BACE,
2.9 � 0.2, n � 11; APP, 2.4 � 0.1, n � 22; P � 0.01). Together
with the decrease in the AMPAR-dominated mEPSC amplitude,
these data point to a postsynaptic mechanism underlying the
reduction in EPSC size, and they argue strongly against changes
in the amount of transmitter packaged per vesicle as a mecha-
nism to account for decreased EPSC size, given the lack of
change in NMDAR-mediated currents.

APP Overexpression Does Not Silence Sites Presynaptically. Although
the lack of change in NMDAR-mediated currents in neurons
overexpressing APP argues against a presynaptic silencing of

release sites, we tested this possibility directly by monitoring the
fraction of puncta labeled by antibodies against the presynaptic
vesicle protein synapsin that were colabeled with the fixable form
of the dye FM1-43 (FM1-43FX). The colabeled fraction reports
functional release sites that undergo active vesicle recycling. In
cells overexpressing APP, there was no significant change in the
number of synapsin-positive sites that were colabeled with
FM1-43FX compared with GFP controls (Fig. 3; GFP, 0.73 �
0.09, n � 120 puncta from 6 fields; APP, 0.63 � 0.05, n � 120
puncta from 6 fields). These data show that presynaptic silencing
does not contribute to APP-mediated synaptic depression.

APP Overexpression Alters the Kinetics of Synaptic Vesicle Cycling but
Not the Rate of Refilling of the Readily Releasable Pool (RRP), nor the
Size of the Cycling Pool. Although we found no evidence for a change
in release probability at individual presynaptic sites, APP overex-
pression could still act presynaptically to alter the rate at which the
RRP is refilled from the reserve pool, the rate at which the reserve
pool is refilled with recycling vesicles, and/or the size of the total
cycling pool of vesicles, any of which could affect sustained release
during long trains of action potentials. To test for changes in the rate
at which the RRP is refilled from the reserve pool, cells were
stimulated at 20 Hz for 1.5 s to deplete the RRP (23), after which
refilling was probed by monitoring the extent to which the EPSC
recovered at 1.5 s after the end of the train. There was no difference
in the extent of recovery in neurons overexpressing APP (Fig. 4A;
GFP, 0.79 � 0.03 of initial value, n � 48; APP, 0.79 � 0.03, n � 49),
showing that there was no change in the rate at which the RRP was
refilled. Note also that the identical rate of depression during
depletion of the RRP with 20 Hz stimulation suggests that the size
of the RRP at individual release sites is unchanged by APP
overexpression (24).

To probe for changes in vesicle cycling that might not be
apparent with single stimuli or brief trains, we loaded synapses

Fig. 2. Overexpression of APP but not APP�BACE reduces the AMPAR/NMDAR
amplitude ratio by selectively decreasing AMPAR-mediated currents. (Top)
Representative EPSCs recorded in Mg2�-free external solution � 10 �M
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) with action currents blanked
for clarity. (Scale bars, 3 nA, 20 ms.) (A) Summary of average AMPAR-mediated
EPSC peak amplitude showing a significant reduction in neurons overexpress-
ing APP (0.64 of control; **, P � 0.01). (B) Summary of average NMDAR-
mediated EPSC peak amplitude showing no change in neurons overexpressing
APP. (C) Summary of average AMPAR/NMDAR amplitude ratios for control
neurons and neurons overexpressing APP (0.74 of control; **, P � 0.01). For
these experiments, uninfected and GFP-expressing neurons, which were in-
distinguishable, were combined for the control group.

Fig. 3. APP overexpression does not alter the fraction of presynaptically
active synapses. (A) Raw fluorescent images show puncta labeled with anti-
synapsin antibody and fixable FM1-43FX in synapses expressing GFP alone
(Upper) and in synapses overexpressing APP (Lower). (B) The fraction of
synapsin-positive puncta that colabeled with FM1-43FX was not significantly
different in neurons overexpressing APP.
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with red fluorescent FM4-64 dye, and we performed optical
imaging experiments monitoring the rate of dye loss during 60-s
trains of stimulation delivered at 10 Hz (Fig. 4B). Neurons
overexpressing APP lost FM fluorescence from dye-loaded
synapses more slowly than GFP controls (GFP, t1/2 � 25.8 �
1.9 s, n � 160 puncta from 8 fields; APP, t1/2 � 31.8 � 1.6 s, n �
140 puncta from 7 fields; P � 0.05). This effect was not seen with
overexpression of the APP�BACE mutant (APP�BACE, t1/2 �
25.6 � 1.2 s, n � 100 puncta from 5 fields), suggesting that A�
is responsible for the decrease in destaining rate, which may
reflect a deficit in the rate at which recycled vesicles replenish
the reserve pool. The total amount of releasable fluorescence
loaded did not change with APP overexpression (GFP, 4,216 �
344 a.u.; APP, 5,171 � 949 a.u.; APP�BACE, 3,805 � 528 a.u.),
indicating that there was no change in the size of the total cycling
pool of synaptic vesicles.

Discussion
With our current study, we rule out a presynaptic contribution
to the APP-mediated synaptic silencing observed in our sys-

tem, and we identify postsynaptic changes in AMPARs as the
primary mechanism responsible for depression of responses
evoked by single action potentials or brief trains. With very
long trains of action potentials, we could also identify a
presynaptic deficit in vesicle cycling in neurons overexpressing
APP. These pre- and postsynaptic effects are most likely
mediated by A�, although a role for two other BACE-
dependent APP cleavage products, �-C-terminal fragment and
secreted APPs�, cannot be ruled out.

Although the small decrease in mEPSC amplitude shows that
AMPAR-mediated currents are reduced at some synapses that
remain responsive to transmitter release, the large decrease in
mEPSC frequency as well as the discrepancy between the
magnitude of the effect on EPSC and mEPSC amplitudes
suggest that AMPAR-mediated currents are lost entirely at a
sizable fraction of synapses affected by APP overexpression.
Because NMDAR-mediated currents are unaltered, the fraction
of classically defined ‘‘silent synapses,’’ i.e., those that contain
only NMDAR-mediated responses without any AMPAR-
mediated component, must rise with APP overexpression. The
simplest explanation is that AMPARs are trafficked away from
postsynaptic sites, but other mechanisms (e.g., changes in affinity
for glutamate or other channel properties) could also explain this
postsynaptic silencing.

A postsynaptic silencing caused by selective removal of
AMPARs is consistent with Chang et al. (19), who found a
decrease in AMPAR-mediated currents but not NMDAR-
mediated currents in aged 2XKI AD model mice; this effect
could be attributed to a reduction in the number of postsyn-
aptic AMPARs evaluated by EM immunocytochemistry. This
hypothesis is also supported by findings that application of A�
reduces mEPSC amplitude in cortical slices (17), and it reduces
surface levels of GluR1 and GluR2 AMPA receptor subunits
in cultured cortical neurons (15, 16). Curiously, Chang et al.
(19) did not observe a decline in the frequency of mEPSCs. A
possible explanation for this discrepancy is that their study
monitored effects at a time point ‘‘earlier’’ in the disease state
than our model system, that is, at a point when receptors have
been reduced but not entirely eliminated from individual
synapses.

Our results also differ from Kamenetz et al. (14), who found
a significant reduction in both AMPAR- and NMDAR-
mediated currents. Very recent work from the Malinow group
indicates that A�-mediated removal of AMPARs triggers the
retraction of dendritic spines, consequently removing NMDARs
from the synapse (R. Malinow, personal communication; see
also ref. 25). Thus, by recording at times slightly longer after viral
infection than in our study, Kamenetz et al. (14) may have
observed effects that occur at a later stage of A�-induced
synaptic dysfunction. It is of interest that neurons lacking APP
show enhanced AMPAR- and NMDAR-mediated currents as
well as elevated mEPSC frequencies, all of which can be ex-
plained by an increase in the number of immunologically de-
tected synapses (26), supporting the proposal by Kamenetz et al.
(14) that modulation of synapses by APP is a normal process that
becomes pathologically hyperactive at the onset of AD.

In addition to identifying a postsynaptic deficit that could
account for the APP-mediated effects on EPSC size and mEPSC
frequency, we also observed a presynaptic deficit in vesicle
cycling during extended trains of stimulation, monitored by FM
destaining. The lack of effect of APP up-regulation on basal
release probability or refilling of the RRP from the reserve pool
of vesicles implicates an impairment of the process by which
exocytosed vesicles are retrieved and returned to the reserve
pool. This possibility could be explained by a reduction in
dynamin 1, the GTPase responsible for pinching off synaptic
vesicles during their endocytic retrieval from the plasma mem-
brane; indeed, levels of dynamin 1 are significantly reduced in

Fig. 4. Overexpression of APP has no effect on depression during a brief
train, refilling of the RRP, or size of the cycling vesicle pool, but it reduces the
rate of FM destaining, likely through an A�-mediated mechanism. (A) EPSC
amplitudes in response to a 20-Hz train of stimuli lasting 1.5 s depressed at
comparable rates in APP- and GFP-alone-expressing neurons. The amplitude
of a single EPSC evoked 1.5 s after the end of the train was used to measure
recovery from depletion of the pool of readily releasable vesicles. Each data
point was normalized to the initial EPSC amplitude. (B) Time course of FM 4-64
fluorescence changes of puncta in neurons expressing APP, APP�BACE, or GFP
alone during electrical field stimulation at 10 Hz (arrow marks start of stim-
ulation at time 0), plotted as mean fluorescence of each individual puncta
normalized to the value immediately preceding stimulation. (Inset) Average
total releasable fluorescence of individual sites; there was no difference
among groups.
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AD brains (20), and A� application significantly decreases
dynamin 1 levels in cultured hippocampal neurons (27). Deficits
in vesicle retrieval would not be expected to influence responses
evoked by single action potentials or brief trains, but they could
lead to suppression of transmission during sustained bursts of
action potentials, and in this way they may disrupt neural circuits
involved in cognition.

In summary, we find that overexpression of APP depresses
transmission through both presynaptic and postsynaptic mech-
anisms, with selective removal of AMPARs accounting for the
majority of observed effects.

Methods
Neuronal Cultures. Neurons isolated from the hippocampi of
P0�P1 wild-type mice were cultured on small microislands of
permissive substrate as described in ref. 28. Neurons were plated
onto a feeder layer of astrocytes laid down 1–7 days earlier, then
they were grown without mitotic inhibitors and used for record-
ings after 10–17 days in culture.

Viral Constructs. Hippocampal neurons were infected with SFV
virions encoding human APP695 (wild-type or mutant) and
fluorescent GFP as a real-time visual reporter of infection. To
make the APP�BACE mutant, we used the QuikChange PCR
strategy (Stratagene, La Jolla, CA) to introduce the M596V
amino acid substitution (21) into a wild-type APP construct in
pIRES2-GFP (Clontech, Mountain View, CA). The coding
regions of all constructs were confirmed by sequencing. The
wild-type or mutant APP-IRES-GFP coding regions were then
subcloned into the pSFV vector (Invitrogen, Carlsbad, CA; ref.
29). Virions were generated according to the SFV Expression
System manual. Expression of all constructs was verified by
immunocytochemistry using Zymed rabbit polyclonal anti-APP
(Invitrogen). All experiments are performed in accordance with
University of Washington Environmental Health and Safety
approved protocols.

Electrophysiology. Ten to 24 h after infection, whole-cell voltage
clamp recordings were made from excitatory neurons with
large spherical cell bodies by using an Axopatch 200A or
MultiClamp 700A amplifier (Axon Instruments, Sunnyvale,
CA). The standard extracellular solution contained 119 mM
NaCl, 5 mM KCl, 2.5 mM CaCl2, 1.5 mM MgCl2, 30 mM
glucose, 20 mM Hepes, and 1 �M glycine. For measuring
AMPAR- and NMDAR-mediated responses, Mg2� was re-
moved from the external solution (to relieve blockade of
NMDARs at hyperpolarized holding potentials). After collec-
tion of control traces, 10 �M CNQX [or 6,7-dinitroquinoxa-
line-2,3-dione (DNQX); Tocris (Ellisville, MO) or Ascent
Scientific (Weston-Super-Mare, U.K.)] was puffed over the
entire island by using a Picospritzer III (Parker Instrumenta-
tion, Fairfield, NJ) to block completely the AMPAR-mediated
currents; the remaining current was mediated by NMDARs,
and the AMPAR component was obtained by mathematical
subtraction of the recorded traces. Recording pipettes of 2–5
M� were filled with 148.5 mM potassium gluconate/9 mM
NaCl/1 mM MgCl2/10 mM Hepes/0.2 mM EGTA; the chloride
concentration in this solution facilitates the distinction be-
tween excitatory (glutamatergic) and inhibitory (GABAergic)
autapses. Access resistance was monitored, and only cells with
stable access resistance were included in the data analysis. The
membrane potential was held at �60 mV, and trains of up to
30 synaptic responses were evoked every 20–40 s by triggering
unclamped ‘‘action currents’’ with a series of 0.5-ms depolar-
izing steps to 40 mV delivered at 10–20 Hz. The size of the
recorded responses was calculated as peak amplitude. Spon-
taneous mEPSCs were recorded continuously over 10-s peri-
ods. Peak amplitudes of spontaneous mEPSCs were measured

off line semiautomatically by using an adjustable amplitude
threshold. All def lections from baseline greater than threshold
were detected. Selected events were then visually examined,
and any spurious events were manually rejected, and any
missed events were f lagged for inclusion in the mean ampli-
tude and frequency calculations. mEPSC frequencies were
calculated by dividing the total number of mEPSC events by
the total time sampled.

FM Dye Loading, Destaining, Imaging, and Analysis. The relative
probability of release and the size of the readily releasable pool
were measured optically by labeling all of the vesicles in the
readily releasable pool with FM4-64 (red variant), to allow
proper visualization in GFP-expressing cells. FM4-64 (10 �M;
sold as SynaptoRed C2; Biotium, Hayward, CA) was bath-
applied while eliciting a train of 600 action potentials at a rate
of 10 Hz (to load the total cycling pool) by using field
electrodes delivering 50 V/cm pulses. Ten micromolar CNQX
(or DNQX; both from Tocris or Ascent Scientific) and 50 mM
D-2-amino-5-phosphonovalerate (D-APV) (Tocris or Ascent
Scientific) were included to prevent recurrent excitation. The
FM solution was left on the cells for 60 s before perfusion with
dye-free solution for 10 min. Optical imaging was done with a
MicroMAX CCD camera (Princeton Instruments, Monmouth
Junction, NJ). Images were acquired by computer by using
WinView software (Princeton Instruments) and analyzed with
ImageJ (National Institutes of Health, Bethesda, MD). Fluo-
rescence was calculated in intensity units integrated over the
pixels corresponding to a single synapse. Background f luores-
cence value was obtained at the end of the destaining stimulus
protocol (3 � 600 action potentials elicited at 10 Hz, with a
1-min rest between bouts of stimulation), and it was subtracted
from all frames to give total releasable f luorescence. FM1-
43FX, the fixable variant of FM (AM1-43; Biotium), was used
to label active synapses with high (60 mM) potassium solution
applied for 1 min. After a 5-min wash with dye- and calcium-
free solution, 300 �M ADVASEP (CyDex, Lenexa, KS) was
applied for 2 min, followed by 500 �M SCAS (Biotium) for 5
min, to quench residual surface labeling. Fixation of dye was
achieved with paraformaldehyde fixation (see below). Images
for colabeling experiments were acquired on a DeltaVision
microscope (Applied Precision, Issaquah, WA) at the W. M.
Keck Center for Advanced Studies in Neural Signaling (Uni-
versity of Washington School of Medicine).

Immunocytochemistry. Cultured hippocampal neurons were fixed
by bathing in 4% paraformaldehyde plus 4% sucrose in PBS for
20 min at room temperature, and then they were permeabilized
by 0.2% Triton X-100 in PBS for 10 min at 4°C (or 0.01% Triton
X-100 for 15 min for FM1-43FX experiments to minimize loss of
dye). Cells were pretreated for 30 min with blocking solution
(5% BSA in PBS) at 4°C, and then they were incubated with
anti-APP (rabbit polyclonal; Invitrogen), or antisynapsin (rabbit
polyclonal, Chemicon, Temecula, CA) as a general presynaptic
marker, at 1:1000 dilution in blocking solution for 1 h at room
temperature. Neurons were incubated with an appropriate sec-
ondary antibody in blocking solution for 1 h at room tempera-
ture. Colocalization of FM1-43FX (see above) and synapsin
measures the fraction of presynaptic terminals that are
functional.

Immunoprecipitation Assessment of A� Production. Neurons cul-
tured conventionally (i.e., nonisland cultures) at high density
were infected with appropriate virions for 1 h; then medium was
replaced, and the cells were incubated for 2 h before replacement
with methionine-free medium containing [35S]methionine (0.5
mCi/ml) for 4 h. Medium and Triton X-100 cellular extracts were
precleared with protein G–agarose, then they were immunopre-
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cipitated with 6E10 (Signet Laboratories, Dedham, MA). Ra-
diolabeled proteins were resolved on 4–16% Novex Bicine
SDS/polyacrylamide gels, fixed, stained, dried, and exposed on
phosphorimaging screens (Packard Instruments, Wellesley,
MA) for 3–5 days. Band intensities were quantified by phospho-
rimager analysis.

Statistical Analysis. Data were analyzed with appropriate statis-
tics, including unpaired Student’s t test and ANOVA with a
Dunnett’s post hoc test. The multivariable comparison Dunnett’s
test allows for direct evaluation of any experimental group with

respect to the control population (i.e., uninfected and GFP-
alone controls). All data are reported as mean � SEM.
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