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Synaptic Activity Reduces Intraneuronal A3, Promotes APP
Transport to Synapses, and Protects against A3-Related

Synaptic Alterations
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A central question in Alzheimer’s disease research is what role synaptic activity plays in the disease process. Synaptic activity has been
shown to induce 3-amyloid peptide release into the extracellular space, and extracellular B-amyloid has been shown to be toxic to
synapses. We now provide evidence that the well established synaptotoxicity of extracellular 3-amyloid requires y-secretase processing
of amyloid precursor protein. Recent evidence supports an important role for intraneuronal 3-amyloid in the pathogenesis of Alzhei-
mer’s disease. We show that synaptic activity reduces intraneuronal B-amyloid and protects against 3-amyloid-related synaptic alter-
ations. We demonstrate that synaptic activity promotes the transport of the amyloid precursor protein to synapses using live cell imaging,
and that the protease neprilysin is involved in reduction of intraneuronal 3-amyloid with synaptic activity.

Introduction

B-Amyloid (AB) accumulation in the brain is a hallmark of Alz-
heimer’s disease (AD) pathology (Haass and Selkoe, 2007). A3
has been shown to target synapses (Lacor et al., 2004; Deshpande
etal., 2009), and synaptic damage is the best pathologic correlate
of cognitive decline in AD (DeKosky and Scheff, 1990; Terry et
al., 1991; Selkoe, 2002). Remarkably, in vitro and in vivo studies
demonstrated that synaptic stimulation induces secretion of
AP into the extracellular space (Kamenetz et al., 2003; Cirrito
et al., 2005, 2008). However the effect of synaptic activity on
the cell biology of amyloid precursor protein (APP) and A3
and the role of synaptic activity in AD pathogenesis remain
poorly understood.

Accumulation and aggregation of AB both intracellularly and
extracellularly have been associated with neuritic and synaptic
pathology (Takahashi et al., 2002; Meyer-Luehmann et al., 2008),
and with reductions in synaptic plasticity and levels of synaptic
proteins in several models (Selkoe, 2002; Coleman and Yao, 2003;
Almeida et al., 2005; Hsieh et al., 2006; Palop et al., 2006; Shankar
et al., 2008). The relationship between the intracellular and ex-
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tracellular pools of AB is complex (Oddo et al., 2006). Intraneu-
ronal accumulation of AB precedes the appearance of plaques
(Oddo etal., 2003), and when A3 is removed by immunotherapy,
the intracellular pool reemerges first (Oddo et al., 2004). On the
other hand, extracellular AB can induce the accumulation of in-
tracellular AB (Yang et al., 1999). We now provide evidence that
the effects of extracellular AB on synapses require y-cleavage
processing of APP, which generates new intracellular Ap.

Since intracellular accumulation of AB has been associated
with physiological dysfunction (Oddo et al., 2003), cognitive de-
cline (Billings et al., 2005; Knobloch et al., 2007), ultrastructural
synaptic pathology (Takahashi et al., 2002, 2004), and neurotox-
icity (Kienlen-Campard et al., 2002; Zhang et al., 2002; Casas et
al., 2004; Magrané et al., 2005), understanding how synaptic ac-
tivity modulates intraneuronal AB could be critical in better un-
derstanding the pathogenesis of AD. We now show that synaptic
activation reduces levels of intraneuronal A3 and protects against
AB-related synaptic changes. We also demonstrate that synaptic
activity promotes APP transport to synapses and that the AB-
degrading protease neprilysin is involved in the activity-induced
reduction of intraneuronal A342.

Materials and Methods

¢DNA constructs. Human APP-yellow fluorescent protein (YFP) con-
struct was a gift from Dr. Carlos Dotti (Catholic University of Leuven,
Leuven, Belgium) (Kaether et al., 2000). Neurons were transfected over-
night using Lipofectamine 2000 (Invitrogen).

Antibodies. 6E10 (Signet): human specific AB/APP/BCTFs; 4G8 (Sig-
net): AB/APP; P2-1 (BioReagents): human specific APP N terminus;
22C11 (Millipore Bioscience Research Reagents): APP N terminus;
12F4 (Covance): AB42 C terminus; PSD-95 (Millipore Bioscience
Research Reagents); GM130 (BD Transduction Laboratories); synap-
sin I (Sigma); synaptophysin (Millipore Bioscience Research Reagents);
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NR1 (Upstate); tubulin (Sigma); phospho-CaMKII (Millipore Bioscience
Research Reagents); total CaMKII (Millipore Bioscience Research Re-
agents); AB42 (Millipore Bioscience Research Reagents): AB42 C terminus.

Acute hippocampal slice preparation. Hippocampal slices were pre-
pared from 2-months-old Tg19959 mice (Li et al., 2004). Mice were
deeply anesthetized with isoflurane and decapitated. The brain was rap-
idly removed and placed in ice-cold artificial CSF (ACSF) containing (in
mwm) 118 NaCl, 3.5 KCl, 2.5 CaCl,, 1.3 MgSO,, 1.25 NaH,PO,, 24
NaHCO;, and 15 glucose, bubbled with 95% 0,/5% CO,. The hip-
pocampus was then quickly dissected out, and 400-um-thick transverse
slices were made on a tissue chopper in a cold room (4°C). The slices were
maintained in an interface chamber (ACSF and humidified 95% O,/5%
CO, atmosphere) at room temperature for at least 2 h before removal
for drug treatment. Drug incubation was performed at room temper-
ature in submersion maintenance chambers containing ACSF satu-
rated with bubbling 95% O,/5% CO,. KCI was prepared as stock
solutions and diluted to final concentrations in ACSF before use.
Hippocampal slices were incubated for 8 h with 35 mm KCl or vehicle
and collected. Slices were snap frozen in liquid nitrogen for quantifi-
cation of AB by ELISA or fixed with 4% paraformaldehyde (PFA) for
AB42 immunofluorescence.

Surgical procedure for unilateral removal of whiskers. At 2 months of
age, Tg19959 mice were anesthetized with an intraperitoneal injection of
ketamine and xylazine and placed on a heated pad. Mice received a small
dose of local anesthetic, via subcutaneous injection of bupivicaine in the
portion of the snout that underwent surgery. Mouse snouts were shaved
(whiskers and fur) unilaterally and disinfected with 70% ethanol and
then betadine. An incision was made with a scalpel around the skin area
(~3 X 5mm) containing the whisker follicles, which were then removed.
The area was cleaned by washing with sterile saline solution and the
wound was sutured with vicryl stitches. At 4 months of age, mice were
killed with pentobarbital and perfused with 4% PFA. Brains were re-
moved and incubated at 4°C in increasing percentages of sucrose (10, 20
and 30%). Brains were then cut with a cryostat and stained for COX
(Wong-Riley and Welt, 1980) or AB42 immunofluorescence (Takahashi
etal,, 2008). The contralateral barrel cortices (corresponding to the half
snouts that did not undergo surgery) were used as controls.

Cell culture and treatments. Primary neuronal cultures from Tg2576
mice (Hsiao et al., 1996) and wild-type littermates were prepared as
described (Tampellini et al., 2007). Primary neurons were used at 8—10 d
in vitro (DIV) for live imaging and metabolic labeling, and at 12 DIV for
all other experiments. Human AB1-42 (Tocris) was prepared in MilliQ
water as described (Snyder et al., 2005). The y-secretase inhibitor N-[N-
(3,5-difluorophenacetyl-1-alanyl)]-S-phenylglycine t-butyl ester (DAPT;
Calbiochem) was diluted in culture medium to 250 nm. Neurons were
treated with DAPT for a total of 2 h; after 1 h in DAPT, neurons were
additionally incubated in the presence or absence of 1 um AB1-42. Ne-
prilysin inhibitor thiorphan (Sigma) was diluted in culture medium to 50
uM. Neurons were treated with thiorphan during the 75 min long-term
potentiation (LTP) protocol.

Treatment for synaptic activity. Primary neurons were incubated 8 h
with 35 mMm KCl and collected. For chemical-LTP, neurons were
treated for 1 h with 1 uMm tetrodotoxin (TTX; Tocris) to reduce endog-
enous synaptic activity and to prevent phosphorylation of proteins
involved in synaptic activation (Ehlers, 2003). After TTX incubation,
neurons were washed once with LTP buffer containing 140 mm NaCl, 1.3
mu CaCl,, 10 mm KCI, 25 mm HEPES, 33 mu glucose, 0.5 um TTX, 1 um
strychnine, and 20 uM bicuculline (Lu et al., 2001; Ehlers, 2003) and then
incubated for 15 min in LTP buffer with or without 200 um glycine.
Glycine is an NMDA receptor coactivator acting in concert with gluta-
mate. Because glutamate release occurs only at synapses, the NMDA
receptors activated by glycine are only those present at synapses and not
those at extra-synaptic sites. Together with the stochastic quantal release
of glutamate at synapses, glycine coactivation of NMDA receptors at
synapses leads to LTP. It is known that binding of glycine to its receptors
induces hyperpolarization with a consequent inhibitory action on neu-
rons, but the buffer used to induce g-LTP contains strychnine (1 um),
which prevents activation of inhibitory glycine receptors. After 15 min,
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neurons were chased for 1 h in fresh LTP solution without glycine and
then collected.

AP detection. Primary neurons were washed twice, harvested in ice-
cold PBS, and centrifuged. Pellets were lysed with 6% SDS containing 10
pul/ml B-mercaptoethanol, sonicated, and then heated at 95°C for 6 min.
After centrifugation, supernatants were loaded directly into 10-20%
Tricine gels (Invitrogen). Samples were subjected to electrophoresis and
transferred to polyvinylidine difluoride membranes (Millipore). Mem-
branes were boiled in PBS for 5 min and immunoblotted. The reaction
was visualized by chemiluminescence (Pierce). Band intensities were
quantified using Scion Image software.

ELISA analysis. Tg2576 primary neurons were plated in 6 cm dishes
and collected. Concentrations of Af1-40 and AB31-42 were measured by
using the respective ELISA kits (Biosource). ELISA values are given in
picograms per milliliter since the same amount of total protein was used
from equivalent neuron cultures.

Synaptosomal preparation. Synaptosomes were purified as described
(Ehlers, 2003; Almeida et al., 2005). Briefly, pellets from collected neu-
rons were homogenized in a buffer containing 0.32 M sucrose and 4 mm
HEPES pH 7.4 (buffer 1). Homogenates were centrifuged at 1000 X g for
10 min. The pellet (P1), containing heavy organelles, including nuclei,
Golgim and endoplasmic reticulum, was kept for qualitative analysis.
Supernatants were transferred to clean tubes and centrifuged at 10,000 X
g for 15 min to pellet the crude synaptosomal pellet (P2). P2s were resus-
pended in buffer 1 and centrifuged at 10,000 X g for 15 min. Pellets
containing washed P2 were then lysed and processed as described for
biochemical measurements of surface proteins.

Biochemical measurements of surface proteins. Primary neurons
were washed twice with PBS containing 1 mm CaCl, and 0.5 mm
MgCl, (PBS-Ca-Mg), placed on ice to block endocytosis, and incubated
with PBS-Ca-Mg containing 1 mg/ml Sulfo-NHS-LC-Biotin (Pierce) for
15 min. Cultures were rinsed in ice-cold culture medium to quench the
biotin reaction and lysed in 200 ul of 2% SDS. The homogenates were
centrifuged at 14,000 X g for 15 min at 4°C. Fifteen microliters of the
supernatant were removed to measure total protein levels; the remaining
supernatant was incubated with 100 ul of Neutravidin agarose (Pierce)
overnight at 4°C. Samples were then washed three times with a buffer
containing: 150 mm NaCl, 10 mm Tris HCI, pH 8.3, 5 mm EDTA, 0.1%
Triton X-100, 0.01% BSA and protease inhibitor cocktail (Roche).
Bound proteins were resuspended in 30 ul of SDS sample buffer and
boiled. Quantitative Western blots were performed on both total and
biotinylated (surface) proteins using APP N-terminal antibody 22C11 or
NRI1 antibody. Immunoreactive bands were visualized by enhanced
chemiluminescence (ECL, Amersham) and captured on autoradiogra-
phy film (Amersham Hyperfilm ECL). Scanned images were quantified
using Scion Image software. The surface/total APP and NR1 ratios were
calculated for each culture.

Immunofluorescence. Neurons were grown on poly-p-lysine coated
coverslips (Thermo Fisher Scientific). Neurons were washed in ice-
cold PBS and fixed for immunofluorescence (Tampellini et al., 2007).
Alexa-488 or Alexa-546 fluorescent secondary antibodies were used (In-
vitrogen). Neurons were viewed either with an Olympus Optical IX-70
microscope equipped with an ORCA-ER charge-coupled device camera
(Hamamatsu Photonics) and a 60X, 1.4 numerical aperture (NA) plan
apochromat objective or a confocal microscope (TCS SP5, Leica)
equipped with HeNe 633 nm/HeNe 543 nm/Argon (458, 476, 488, 514
nm) imaging lasers, a 5-Channel Leica “SP” Spectral Fluorescence De-
tection laser scanning unit, and a HCX PLAPO CS 63%X/1.4-0.6 oil ob-
jective (optical sections were acquired at 0.5 wm thickness, or 0.7 wm for
hippocampal slices). MetaMorph software 7.5 (Universal Imaging) was
used for quantitative analysis. To quantify A immunofluorescence,
5-10 neurons were randomly picked from each independent experiment,
and average intensities were measured in selected areas. Intensity thresh-
old was set to remove background fluorescence. Total fluorescence per 30
pm of a thresholded neurite was automatically quantified. To quantify
AB immunofluorescence in hippocampal slices and brain, total fluores-
cence per field was measured using MetaMorph on thresholded images
collected by confocal microscope; three images per stack were used for
each section. Averages of measurements per section per mouse were
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considered as an individual measurement. For quantification of PSD-95
puncta, one or two coverslips from each culture were analyzed, 5-10
neurons per coverslip. From each neuron, 3-5 neurite segments 30 wm in
length were selected from areas where single puncta could be outlined.
Images were thresholded so that only the brightest puncta, with intensity
atleast twice that of the neuritic shaft, were outlined. Using the integrated
morphometric analysis feature in MetaMorph, puncta density was auto-
matically measured. Localization of APP to synapses labeled by synapsin I in
confocal acquired images was determined by using a colocalization algo-
rithm (Leica Application Suite 1.8.2 software), which shows only pixels with
relative colocalization. Threshold was set at 65% for both fluorophores.

To localize surface APP to synapses labeled by synapsin I, neurons fixed in
4% paraformaldehyde were first stained for APP with P2-1 antibody and
corresponding fluorescent secondary antibody without permeabilization.
Once surface APP staining was completed, we permeabilized neurons with
0.1% saponin and incubated for 1 h with synapsin I antibody and then 1 h
with fluorescent secondary antibody at 37°C.

To visualize only intraneuronal AB42 immunofluorescence (Runz et
al., 2002; Almeida et al., 2006) in wild-type neurons and eliminate the
fluorescence coming from the added synthetic AB1-42 that attached to
the cell surface, we quenched the AB42 surface signal as follows. After
fixation in 4% paraformaldehyde, and in absence of permeabilization,
neurons were incubated with 12F4 (mouse) AB42 specific antibody, fol-
lowed by incubation with a nonfluorescent anti-mouse secondary anti-
body (quenching). Neurons were washed, permeabilized with saponin,
and then stained by using the Millipore Bioscience Research Reagents
(rabbit) AB42 specific antibody, followed by incubation with a fluores-
cent anti-rabbit secondary antibody to prevent recognition of possible
surface unquenched 12F4 (mouse) antibody. Images were acquired with
the Olympus microscope and a 60X, 1.4 NA plan apochromat objective.

Live-cell imaging. Neurons were grown on poly-D-lysine coated glass
bottom microwell dishes (MatTek Corporation). Neurons were trans-
fected with human APP-YFP overnight and then imaged in 37°C LTP
solution at steady state or during activation with glycine. In some live
imaging experiments, glycine was infused during imaging. Neurons were
imaged in a 37°C chamber using an Olympus Optical IX-70 microscope
and a 60X, 1.4 NA plan apochromat objective. Frames were automati-
cally and sequentially acquired every 10 s with a specific YEP filter using
MetaMorph; “n” refers to the number of independent cultures trans-
fected with APP-YFP. One or two coverslips from each culture were
analyzed (1-2 neurons per coverslip). For each neuron, 1-2 dendritic
segments 30 um long were selected from areas where single fluorescent
vesicles could be outlined. In glycine infusion experiments, we analyzed
segments between 100 and 160 um long. Preparation of kymographs and
kymographic analyses were performed using MetaMorph. We counted
the total number of vesicles detected in one neurite (100%) and then
quantified the percentage of vesicles that were stationary, moving antero-
gradely, or moving retrogradely.

Metabolic labeling. Primary neurons were plated in 10 cm dishes. After
30 min in cysteine/methionine-free medium (Invitrogen), neurons were
pulsed in fresh cysteine/methionine-free medium containing 1 mCi
[?°S] methionine/cysteine (Perkin-Elmer) for 30 min. Neurons were
then chased in LTP buffer for 15 min in the presence or absence of 200 um
glycine and then chased again for 1 h in glycine-free LTP buffer. Media
were centrifuged for 10 min and transferred to clean tubes, and neurons
were collected in ice-cold PBS and lysed. Samples were immunoprecipi-
tated with AB antibody 4G8. [ **S] signal was visualized using a phospho-
imager system (Hewlett-Packard Cyclone).

Statistical analysis. Statistical comparisons were made using two-tailed
unpaired ¢ tests with significance placed at p < 0.05. A set of cultures
prepared from one mouse embryo was considered as one independent
experiment (n = 1). Data were expressed as mean == SEM. Statistical analysis
was performed using Excel and GraphPad Prism 3.0 (Graph Pad Software).

Results

Synaptic activation reduces intraneuronal A and protects
against A 3-related synaptic alterations

Stimulation of cultured primary neurons from APP Swedish mu-
tant transgenic (Tg2576) mice was performed using a well estab-
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lished glycine-induced LTP (g-LTP) protocol (Lu et al., 2001;
Ehlers, 2003; Wang et al., 2008). This protocol uses glycine as
coactivator of NMDA receptors together with glutamate,
while blocking inhibitory glycine receptors with strychnine.
Activation of neurons by g-LTP caused a 38 = 11% decrease in
levels of intraneuronal AB (Fig. 1a, third panel from top).
Induction of LTP was confirmed by demonstrating elevation in
phosphorylated-CaMKII but not total CaMKII in g-LTP stimu-
lated neurons (Figs. 1a, 4g,h). In agreement with the Western blot
data, ELISA revealed a reduction in levels of both AB1-40 and
AB1-42 peptides in glycine-treated Tg2576 neurons (Fig. 1b).
Confirming these biochemical results, there was a 39 = 4% re-
duction in intraneuronal AB42 immunofluorescence in den-
drites after g-LTP as seen by confocal microscopy (Fig. 1¢). Using
KCl-induced depolarization as an alternative activation protocol
similarly reduced levels of intraneuronal AB by 39 = 9% (sup-
plemental Fig. S1, available at www.jneurosci.org as supplemen-
tal material). To verify that the effect of synaptic activation on
intraneuronal A is not confined to dissociated primary neurons,
we used acute hippocampal slices prepared from APP transgenic
mice (Tgl19959). KCl-induced depolarization reduced levels of
intraneuronal AB42 by 13 = 2% in CA1 neuronal soma as shown
by confocal immunofluorescence (Fig. 2a). ELISA confirmed the
KCl-induced decrease of AB42 in hippocampal slices (Fig. 2b)
and a nonstatistically significant trend of decrease for A40 (Fig.
2b) (p = 0.09). We also examined the effect of synaptic activity
on intraneuronal A in vivo, by chronic inhibition of somatosen-
sory cortex. The barrel cortex of Tg19959 mice was deafferented
by irreversible unilateral removal of whisker bulbs at 2 months of
age. Mice were killed at 4 months of age, and cytochrome oxidase
(COX) staining in the deafferented barrel cortex was markedly
reduced compared with the nondeafferented side, reflecting re-
duced neuronal activity (Fig. 2c) (Wong-Riley and Welt, 1980).
Compared with the control side, barrel cortex with reduced ac-
tivity revealed a 10 = 1% increase in Af342 immunofluorescence
in neuronal soma (Fig. 2d). We next used metabolic labeling to
examine the effects of synaptic activity on newly generated A in
cultured neurons. Levels of newly generated intraneuronal A3
were decreased 43 * 11% by g-LTP (Fig. 2e, third panel from
top), and there was the expected increase (44 = 15%) in levels of
newly generated secreted AB (sA) (Fig. 2e, bottom panel). Con-
sistent with previous evidence (Kamenetz et al., 2003), g-LTP led
to an increase in levels of B-cleaved APP C-terminal fragments
(BCTFs; 93 = 41% for steady state, Fig. la, second panel from
top; 22 £ 8% for newly generated; Fig. 2e, second panel from
top), but there was no statistically significant change in levels of
full-length APP (Fig. 14, supplemental Fig. S2, available at www.
jneurosci.org as supplemental material, for steady state; Fig. 2e
for newly generated) or «CTFs (data not shown).

Previous studies suggest that both extracellular A and intra-
cellular AB might be synaptotoxic. Thus, one would expect in-
creased extracellular AB to be toxic, but decreased intracellular
AP to be beneficial. Since synaptic activity both increased extra-
cellular AB and decreased intracellular A, it was not clear what
the effect on synaptic proteins would be. We therefore investi-
gated levels of the postsynaptic scaffold protein PSD-95, which
are reduced in Tg2576 neurons (Almeida et al., 2005; Tampellini
et al,, 2007). g-LTP led to a 35 = 10% increase in the number of
PSD-95 puncta in Tg2576 neurons, which also showed reduced
AB42 immunofluorescence compared with control (Fig. 1d). In
particular, induction of g-LTP restored puncta of PSD-95 in
Tg2576 neurons to wild-type levels (supplemental Fig. S3, avail-
able at www.jneurosci.org as supplemental material). In contrast,
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Figure 1.

control-treated Tg2576 neurons (n = 5; p << 0.01). Scale bars, 10 wm.

there was no change in PSD-95 levels with g-LTP in wild-type
neurons (supplemental Fig. S3, available at www.jneurosci.org as
supplemental material). These results suggest that in the setting
of synaptic activity, the protective effects of reducing intraneuro-
nal AB are more important than the potentially toxic effects of
increased extracellular AB.

Alterations of synaptic proteins from extracellular Af31-42
occur via y-secretase processing of APP

Interestingly, previous work raised the possibility that the toxicity
of extracellular A3 may be mediated via APP processing (Lorenzo
etal., 2000; Shaked et al., 2006) and thereby possibly intracellular
AB, since addition of extracellular AB1-42 increased levels of
newly synthesized AB42 in cultured cells (Yang et al., 1999). We
confirmed the latter also in our experimental model by adding 1
uM AB1-42 to wild-type cultured neurons as previously de-
scribed (Almeida et al., 2005; Snyder et al., 2005), which revealed
a51 = 10% increase in levels of intraneuronal AB42 immunoflu-
orescence in dendrites in treated compared with untreated
neurons (Fig. 3a, upper panels, b). We then tested whether extra-
cellular AB1-42 would alter levels of specific synaptic proteins
when APP +y-secretase processing and thereby also accumulation
of intraneuronal Af3 was blocked. We again treated wild-type
neurons with 1 um extracellular AB1-42, but now in the absence
or presence of the y-secretase inhibitor DAPT. Levels of intran-
euronal AB42 did not change compared with control when
AB1-42 was added in the presence of DAPT (Fig. 3a, upper pan-
els, b). Remarkably, levels of PSD-95 immunofluorescence and
surface glutamate NMDA receptor subunit NR1, which were re-
duced by 48 * 5% and 40 * 2%, respectively, by addition of

Conc. of AB1-42 (pg/ml)

Synaptic activation reduces intraneuronal A3 and protects against reductions in PSD-95 at synapses of APP mutant
neurons. a, Western blot of cell lysates demonstrates reduced levels of intraneuronal A3, increased levels of 3CTFs, and un-
changed levels of full-length APP in g-LTP compared with control treated Tg2576 neurons. The ratio of A3 normalized to APP was
decreased 38 = 11% in g-LTP-treated compared with control-treated Tg2576 neurons (n = 8; p << 0.01). The ratio of BCTFs
normalized to APP was increased 93 = 41%in g-LTP-treated compared with control-treated Tg2576 neurons (n = 13; p < 0.05).
b, AB1-40 and A31-42 ELISA of neuron lysates from g-LTP and controls (n = 6; p << 0.05). ¢, g-LTP also reduced levels of

intraneuronal A342 by 39 = 4% compared with control-treated Tg2576 neurons, as determined by confocalimmunofluorescence
(n = 5; p < 0.01). d, immunofluorescence shows that g-LTP increased levels of PSD-95 puncta 35 == 10% compared with
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AB1-42 to the media in the absence of

2007
DAPT, were unaltered when AB1-42 was
150 * added in the presence of DAPT (Fig. 3a,c,d.e).
To further confirm that the observed synap-
10071 tic alterations induced by extracellular
AB1-42 occur via APP and generation of
507 AP, we repeated the previous experiments
in neurons cultured from APP knock-out

mouse (APP KO) embryos. When treated
with 1 um AB1-42, APP KO neurons did
not reveal a decrease in PSD-95 puncta, but
rather showed similar levels of PSD-95 to
untreated APP KO neurons or APP KO
neurons treated with both ABI1-42 and
DAPT (Fig. 3f). Overall, these data support
that extracellular A1-42-induced synaptic
alterations require amyloidogenic process-
ing of APP.

Control g-LTP

g-LTP

Synaptic activity promotes transport of
APP to synapses

To explore the mechanisms whereby
synaptic activity leads to increased Af
secretion and reduced intracellular A,
we investigated the effects of synaptic
activation on processes affecting Af3
generation, including APP trafficking,
surface localization, and cleavage pro-
cessing, and also explored the role of AB
degradation.

We first analyzed APP trafficking by
live cell imaging after synaptic activation
in neurons transfected with YFP-tagged
human APP (APP-YFP). Remarkably,
g-LTP promoted anterograde transport of APP in dendrites (Fig.
4a,c; supplemental Movies S1, steady state, S2, g-LTP, available at
www.jneurosci.org as supplemental material). Specifically,
there was a fourfold increase in APP-containing vesicles mov-
ing anterogradely in dendritic segments with g-LTP (Fig. 4b,d). Fur-
thermore, direct infusion of glycine during live cell imaging of
APP-YFP containing vesicles induced a rapid conversion to an-
terograde transport in dendrites (Fig. 4e; supplemental Movie S3,
available at www.jneurosci.org as supplemental material). Vesi-
cles previously moving retrogradely were seen abruptly chang-
ing course after stimulation. The g-LTP-induced increase of
anterograde APP trafficking resulted in increased APP transport
to synapses as shown by a relative increase in APP and synapsin I
colocalization by confocal microscopy (Fig. 4f). The APP immu-
nofluorescence in Figure 4f supports the biochemical data (Fig.
1a) that the g-LTP-induced increase in APP localization to syn-
apses was not attributable to an overall increase in total APP
(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material) or synapsin I (supplemental Fig. S4, available at
www.jneurosci.org as supplemental material) but rather to APP
transport to synapses within neurons.

To gain more insight into the mechanism of synaptic activity
induced AB modulation, we next analyzed APP surface localiza-
tion and cleavage processing in response to synaptic activation.
APP is trafficked to the cell surface, and subsequent generation of
AP is thought to require endocytosis and cleavage by - and
y-secretases (Koo and Squazzo, 1994; Rajendran et al., 2008).
Using biotin-surface labeling, we found that whole-cell levels of
surface-labeled APP increased by 89 = 29% during synaptic ac-
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tivation (Fig. 4¢). These biochemical data g
were confirmed by immunofluorescence,
which showed a 54 = 13% increase in lev-
els of surface APP in nonpermeabilized
neurons (supplemental Fig. S5, available
at www.jneurosci.org as supplemental
material). In contrast, levels of surface
APP in synaptosomes decreased by 33 *
2% with g-LTP (Fig. 4h) and colocaliza-
tion of surface APP with synapsin I in c
nonpermeabilized cells did not increase
(Fig. 4i). Although the reduced surface
levels of APP at synapses appeared at first
to contradict the overall increased surface
levels of APP in whole cells, it can be rec-
onciled with the scenario that synaptic
activation induces transport of APP to
synapses and to the plasma membrane,
with a subsequent induction of endocyto-
sis of APP specifically at active synapses;
see schema summarizing these findings in
supplemental Fig. S6, available at www.
jneurosci.org as supplemental material.
During internalization, APP is likely
cleaved by BACE, as supported by the in-
creased levels of BCTFs with g-LTP (Figs.
la, 2e).

g-LTP induced reduction of

intraneuronal A 342 requires neprilysin
To further explore the mechanism of in-
traneuronal AB reduction during synaptic
activity, we analyzed the role of A3 degra-
dation. Neprilysin is a zinc peptidase that
was empirically shown to be the most ef-

ficient protease at degrading AB (Iwata et Figure 2.
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e Control g-LTP

Synaptic activation reduces intraneuronal Af3 in hippocampal slices, whereas chronic inhibition of synaptic activity

al., 2000). Moreover, its activity was re-
ported to be increased in brains of AD
transgenic mice showing reduced plaque
burden after environmental enrichment
(Lazarov et al., 2005). To assess whether
neprilysin is involved in intraneuronal A3
reduction on synaptic activation, we in-
duced g-LTP in the presence or absence of
the neprilysin inhibitor thiorphan. Con-
focal immunofluorescence microscopy

induces intraneuronal A3 accumulation in vivo. a, Hippocampal slices prepared from Tg19959 mice and incubated for 8 h with KCI.
Confocal microscopy of CA1 neurons demonstrates 13 == 2% reduction of intraneuronal A342 immunofluorescence in KCl-treated
compared with control slices (n = 3;p <<0.01). b, AB1-42 ELISA of lysates from hippocampal slices treated with KCl versus control
(n=3;p<<0.05); AB1-40 ELISA of lysates from slices treated with KCl versus control (n = 3; p = 0.09). ¢, Representative section
of Tg19959 brain stained for COX. The side corresponding to whisker removal (Surgery) shows a dramatic decrease of COX com-
pared with the control side (Control). d, Confocal microscopy showing intraneuronal A 342 immunofluorescence of Tg19959 barrel
cortex. The neuron cell bodies corresponding to the side with chronic synapticinhibition (Surgery) show 10 == 1% higher levels of
A[342 compared with neurons on the control side (n = 4; p < 0.05). e, Metabolic labeling revealed decreased levels of newly
generated A3 (43 == 11% decrease; n = 4; p << 0.01) and increased levels of newly generated 3CTFs (22 == 8% increase; n = 4;
p <<0.05), in the presence compared with the absence of g-LTP. AB and BCTF values were normalized to newly generated APP.
Levels of newly generated secreted A3 (sAB) (normalized to newly generated APP) were increased by 44 == 15%in media of g-LTP

showed that inhibition of neprilysin did
not prevent reduction of intraneuronal
AB40 by g-LTP. In the presence of thiorphan, intraneuronal
AB40 was reduced by 12 = 1% in g-LTP activated compared with
control neurons (Fig. 54). In contrast, thiorphan treatment pre-
vented g-LTP mediated reduction of intraneuronal AB42 (Fig.
5b). We confirmed these immunofluorescence data by ELISA
(Fig. 5¢). To further confirm that A342 degradation during syn-
aptic activation occurs via neprilysin, we induced g-LTP in
neurons cultured from neprilysin KO mouse (NEP KO) embryos
(Lu et al,, 1995). Consistent with the thiorphan treatment
experiments, confocal immunofluorescence microscopy dem-
onstrated that, despite the lack of neprilysin, g-LTP induced a
39 = 12% reduction of intraneuronal AB40 (Fig. 54, left pan-
els). In contrast, lack of neprilysin prevented the g-LTP medi-
ated reduction of intraneuronal AB42 (Fig. 5d, right panels).
These results support that neprilysin plays an important role

activated compared with control Tg2576 neurons (n = 4; p << 0.05). Scale bars, 50 um.

in the reduction of AB42, the most disease-linked AB isoform,
during synaptic activity.

Discussion

The role of AB at synapses and the effect of synaptic activity on
AP are currently among the most intriguing topics in under-
standing AD pathogenesis. In particular, it is of major interest
that synaptic activity increases secretion of Af into the extracel-
lular space (Kamenetz et al., 2003; Cirrito et al., 2005). On one
hand, extracellular AB reduces LTP, induces long-term depres-
sion, and alters synaptic structure and protein levels in vitro and
in vivo (Selkoe, 2002; Coleman and Yao, 2003; Almeida et al.,
2005; Snyder et al., 2005; Hsieh et al., 2006; Shankar et al., 2008).
Chronic secretion of AB in response to synaptic activity could
therefore lead to synaptic damage and accumulation of AS into
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plaques, two major hallmarks of AD. Thus, synaptic activity
could contribute to the pathogenesis of AD. Indeed, brain regions
with high metabolic and synaptic activity are particularly vulnerable
to AD pathology, and AB deposition is increased in epilepsy (Cirrito
etal., 2008). Hyperexcitability has been described in AD models and
human AD, which could augment synaptic activity-induced A3 re-
lease and exacerbate pathology (Palop et al., 2007).

On the other hand, there is also evidence that cognitive
activity may be protective against AD. Higher educational at-
tainment or participation in intellectually stimulating activi-
ties is associated with reduced risk of developing AD (Stern,
2006). Environmental enrichment in APPSwe/PS1AE9 mice
reduced plaque formation and upregulated genes involved in
learning and memory (Lazarov et al., 2005; Ambrée et al.,
2006). Although synaptic activity and cognitive activity may not be
fully equivalent, it does appear that cognitive activity also increases
AP secretion. Recovery of cognitive function after brain injury is
associated with increased extracellular AB in human brain
(Brody et al., 2008). With potential for both toxicity and benefit,
the role of synaptic or cognitive activity in AD pathogenesis is not
clear.

Brain accumulation of AB with AD pathogenesis includes an
intracellular pool (Gouras et al., 2000; D’Andrea et al., 2001; Gyure et
al., 2001; Wirths et al., 2001; Busciglio et al., 2002; Mori et al., 2002;

o
Control  AB42 AB42
+

PSD-95 puncta density
(% of control)

Alterations of synaptic proteins from extracellular A31-42 occur via y-secretase processing of APP. a, Treatment of
wild-type neurons with A31-42 increased levels of intraneuronal A342 and reduced PSD-95 puncta as evident by immunofluo-
rescence (central panels), but cotreatment with DAPT prevented these effects of A31-42 (right panels). b, Quantitation of A342
staining expressed as percentage of the A342 immunofluorescence in the control (n = 5). ¢, Quantitation of PSD-95 expressed as
a percentage of PSD-95 immunofluorescence of the control (n = 5). d, Treatment of wild-type neurons with A31-42 reduced
levels of surface NR1 as measured by surface biotinylation followed by Western blot. e, Quantitation of the ratio of surface NR1 to
total NR1in AB1-42 treated compared with untreated neurons and A31-42 + DAPT treated compared with untreated neurons
(n = 4).f, Treatment of APP KO neurons with A31-42 or A31-42 + DAPT showed unchanged levels of PSD-95 puncta as evident
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Oddo etal., 2003; Sheng et al., 2003; Cataldo
et al., 2004; Echeverria et al., 2004; Lord et
al., 2006) for which increasing evidence sug-
gests a pathogenetically significant role
(Gouras et al., 2005; LaFerla et al., 2007).
Accumulation of AB42 within distal neu-
ritic compartments is associated with sub-
cellular pathology, a greater accumulation
associated with more severe pathology
(Takahashi et al., 2002, 2004). Moreover,
accumulation of intraneuronal AB coin-
cided with physiological and behavioral
abnormalities in AD transgenic mouse
models (Billings et al., 2005; Cruz et al.,
2006; Knobloch et al., 2007). In the cur-
rent study, we use established stimulation
protocols to demonstrate reduction of in-
traneuronal AB on synaptic activation in
primary neurons and hippocampal slices
from APP mutant mice. Thus, synaptic
activity increases extracellular AB and de-
creases intracellular AB. Given evidence
for toxicity of both extracellular and intra-
cellular AB, it was not clear what the effect
of synaptic activity would be on synaptic
proteins. Increased extracellular A was
expected to damage synapses, and de-
creased intracellular AS to be protective.
In fact, we found that synaptic activation
in cultured Tg2576 neurons restored lev-
els of the scaffold protein PSD-95 back to
wild-type levels. These data indicate that
synaptic activity could be protective
against AfB-related synaptic changes, and
suggest that the effect of synaptic activity
on the intracellular pool of AB was of key
importance. We cannot fully rule out the
possibility that the effect of synaptic activ-
ity on PSD-95 levels occurred by a mech-
anism independent of AB, but there was no effect of synaptic
activity on PSD-95 levels in wild-type neurons.

As further evidence for an important role of intracellular AB,
it should be noted that the extracellular and intracellular pools of
AP are tightly interconnected. For example, it was shown that
addition of extracellular AB1-42 to human embryonic kidney
cells increased newly generated intracellular AB42 (Yang et al.,
1999). We now show that extracellular AB1-42 increases A342
within neurons as well. The mechanism whereby extracellular AR
is toxic remains unclear, but may occur via intraneuronal Ap.
Extracellular AB1-42 caused cell death in wild-type neurons but
not in APP knock-out neurons (Lorenzo et al., 2000) or in neu-
roblastoma cells harboring APP with point mutations in the
NPXY motif (Shaked et al., 2006). We now provide the first data
that levels of synaptic proteins that are decreased by extracellular
AB1-42 (Almeida et al., 2005; Snyder et al., 2005) are not altered
when AB1-42 is applied in the presence of y-secretase inhibitor or
in APP knock-out neurons. These data indicate that synaptotox-
icity of AB1-42 requires y-secretase processing of APP. This sup-
ports a role for intraneuronal A, although we cannot rule out
involvement of other APP cleavage products.

We demonstrate that synaptic activation affects APP transport
and processing. Specifically, we provide evidence that synaptic acti-
vation promotes anterograde transport of APP in dendrites to syn-
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APP is transported to synapses with synaptic activity. a, Live cell imaging of Tg2576 cultured neurons transfected with APP-YFP. At steady state, movement of APP-YFP in dendrites is

aterials and Methods). Kymographic analysis of APP-YFP moving vesicles (upper panel). Images were acquired at 10 s intervals for a
-YFP containing vesicles. b, Quantitation of anterograde, retrograde and stationary APP-YFP containing-vesicles trafficking at steady

state (n = 3). ¢, Live cellimaging of Tg2576 neurons transfected with APP-YFP after g-LTP. At steady state, movement of APP-YFP in neurites is predominantly anterograde. Images were acquired
atintervals of 10 sfora total of 10 min. Arrowheads indicate movement of several APP-YFP containing vesicles. d, Quantitation of anterograde, retrograde and stationary APP-YFP containing-vesicles

trafficking in Tg2576 dendrites with glycine treatment (n = 3).

e, Representative images of APP-YFP vesicles before and after infusion with glycine. Images are shown 20 s apart. For complete movie

with 10 s intervals see supplemental Movie S3, available at www.jneurosci.org as supplemental material. White arrows indicate two APP-YFP-containing vesicles that reverse direction from retrograde to

anterograde on infusion of glycine at 20s. Live cellimages of Tg257

6 cultured neurons transfected with APP-YFP were acquired at 10 s intervals for a total of 10 min per movie. The small black arrows indicate the

time when glycine was added. Large black arrows indicate several other examples of reversal from retrograde to anterograde movement of APP-YFP containing vesicles in (Figure legend continues.)
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2006) and transport of the syntabulin-
kinesin family 5B complex down axons
(Cai et al., 2007). In contrast, synaptic ac-
tivity anchors mitochondria at synapses
(Kang et al., 2008), and glutamate receptor
stimulation or inhibition does not affect
dendritic transport of GluR1 and GluR2
(Perestenko and Henley, 2003). Increased
APP transport and 3-cleavage in response
to synaptic activity supports an overall in-
crease in Af production at synapses with
activity, consistent with the scenario pro-
posed by Cirrito and colleagues (2008).

It was possible that the effects of syn-
aptic activity on intracellular AB were
completely attributable to relocation of
intracellular A to the extracellular space.
However, synaptic activity failed to re-
duce intraneuronal AB42 in neurons
treated with the neprilysin inhibitor thior-
phan or in neprilysin knock-out neurons.
These data implicate neprilysin in the re-
duction of intraneuronal AB42 with syn-
aptic activity. We note that AB42 is the
most pathogenic isoform of A and also is
the predominant species that accumulates

glTP  — + - +
thiorphan — —
b
glTP — + - +
thiorphan — — + -+
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5 5 20
g g 10
3 3
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Control g-LTP Control g-LTP
. . . . .
Figure 5.  Involvement of neprilysin in g-LTP induced reduction of intraneuronal A342. a, Fluorescent immunolabeling of

AB40 in g-LTP activated versus nonactivated Tg2576 neurons in the presence or absence of the neprilysin inhibitor thiorphan.
Despiteinhibition of neprilysin, g-LTP reduces intraneuronal AB40 by 12 == 1% as demonstrated by confocalimmunofluorescence
(n = 3; p < 0.01). b, Fluorescent immunolabeling for AB42 in g-LTP activated versus nonactivated Tg2576 neurons in the
presence or absence of the neprilysin inhibitor thiorphan. Inhibition of neprilysin prevents g-LTP induced reduction of intraneu-
ronal A342,as demonstrated by confocalimmunofluorescence (n = 3).¢, A31-40 and A31-42 concentrations measured by ELISA
in neuron lysates from g-LTP and controlsin the presence of thiorphan. Inhibition of neprilysin allows for synaptic activity-induced
reduction of AB1-40 but not of AB1-42 (n = 3; p << 0.05 for AB1-40 values). d, g-LTP activated NEP KO neurons and NEP KO
control neurons. g-LTP induces reduction of intraneuronal A 340 (left panels; 39 == 12% reduction; n = 6;p << 0.01) butnot A342
(right panels; n = 6) in NEP KO neurons, as determined by confocal immunofluorescence. Scale bars, 10 m.

apses, internalization at synapses, and 3-cleavage. Synaptic stim-
ulation has not previously been shown to affect APP transport.
The effect of synaptic activity on transport of protein cargoes
appears to be selective. Synaptic activation promotes transport of
the proteasome into dendritic spines (Bingol and Schuman,

<«

(Figure legend continued.) ~ the kymograph. f, APP localizes to synapses on activation with
g-LTP. Representative immunofluorescence for APP (green) and synapsin | (red) in Tg2576
neurons (upper panels). The lower panels demonstrate the increased localization (yellow) of
APP with synapsin | on g-LTP. g, Levels of surface APP, normalized to total APP, were increased
89 = 29% in g-LTP activated compared with control Tg2576 neurons, as measured by surface
biotinylation followed by Western blot (n = 8, p << 0.05). h, Levels of surface APP, normalized
to total APP, were reduced 33 = 2% in synaptosomal preparations of g-LTP activated com-
pared with untreated Tg2576 neurons, as assayed by surface biotinylation followed by Western
blot (n = 5; p << 0.05).4, Surface APP (green) and synapsin | (red) immunofluorescencein g-LTP
activated compared with control Tg2576 neurons in the absence of permeabilization. Com-
pared with Figure 4f (done with permeabilization), lower panels reveal no increase in localiza-
tion of surface APP with synapsin | on synaptic activity. d, Distal; p, proximal; scale bar, 10 pem.

intraneuronally. In contrast, intraneuro-
nal AB40 was still decreased with synaptic
activity in thiorphan-treated or neprilysin
knock-out neurons. It was previously re-
ported that neprilysin degrades AB1-40
and AB1-42 to a similar extent in vivo
(Twata et al., 2001), but when thiorphan
was infused into the brain, only total levels
of AB42 but not AB40 were elevated
(Iwata et al., 2000; Belinson et al., 2008).
These results are consistent with our data,
which suggest that the activity-induced
reduction in intraneuronal AB42 is pri-
marily neprilysin-dependent, whereas
that for AB40 occurs by neprilysin-
independent mechanisms, likely by secre-
tion. AB40 is more soluble than AB42 and
is secreted more efficiently. With synaptic
activation, the secretion of both A spe-
cies was enhanced; however, the increase in Af340 secretion was
more pronounced than it was for AB42 in Tg2576 organotypic
hippocampal slices (Kamenetz et al., 2003).

The mechanism whereby AB42 damages synapses is of major
interest. Increasing evidence supports that A oligomers are the
most toxic AB species, and A oligomers do accumulate at syn-
apses, both intracellularly (Takahashi et al., 2004) and extracel-
lularly (Deshpande et al., 2009). The intracellular accumulation
of AB42 oligomers is associated with early degeneration of distal
neurites and synaptic compartments. We have therefore viewed
the initiation of extracellular AB deposition to be a result of in-
tracellular AB42 accumulation and oligomerization causing de-
generation of distal neurites and synapses (Gouras et al., 2005).

The reduction of intraneuronal AB with synaptic activity sup-
ports the possibility that synaptic activity may be a protective
factor in AD pathogenesis. Even with activity-induced secretion,
the concentration of extracellular AB remains in the picomolar
range in our cultured neurons as well as brain interstitial fluid
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(Cirrito etal., 2003, 2005). At this concentration, extracellular A3
may be nontoxic. In fact, it was recently reported that picomolar
concentrations of A3 could enhance LTP and memory (Puzzo et
al., 2008; Garcia-Osta and Alberini, 2009), although this is con-
troversial (Calabrese et al., 2007). We hypothesize that under
normal conditions of synaptic activity, intracellular and secreted
Ap are efficiently cleared, but clearance mechanisms become im-
paired with aging. In fact, neprilysin has been reported to decline
with aging (Iwata et al., 2002). Since neprilysin is localized to
synapses (Fukami et al., 2002), its age-related decline could ex-
plain the synaptic accumulation of AB42 that we have observed
both in AD transgenic mice and human AD brains by immuno-
electron microscopy (Takahashi et al., 2002, 2004, 2008). With
progressive pathology, this accumulated intraneuronal AB42
could then be released to the extracellular space at high concen-
trations and become toxic to surrounding synapses.
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