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Aberrant accumulation of amyloid � (A�) oligomers may underlie the cognitive failure of Alzheimer’s disease (AD). All species of A�
peptides are produced physiologically during normal brain activity. Therefore, elucidation of mechanisms that interconnect excitatory
glutamatergic neurotransmission, synaptic amyloid precursor protein (APP) processing and production of its metabolite, A�, may
reveal synapse-specific strategies for suppressing the pathological accumulation of A� oligomers and fibrils that characterize AD. To
study synaptic APP processing, we used isolated intact nerve terminals (cortical synaptoneurosomes) from TgCRND8 mice, which
express a human APP with familial AD mutations. Potassium chloride depolarization caused sustained release from synaptoneurosomes
of A�42 as well as A�40 , and appeared to coactivate �-, �- and �-secretases, which are known to generate a family of released peptides,
including A�40 and A�42. Stimulation of postsynaptic group I metabotropic glutamate receptor (mGluRs) with DHPG (3,5-
dihydroxyphenylglycine) induced a rapid accumulation of APP C-terminal fragments (CTFs) in the synaptoneurosomes, a family of
membrane-bound intermediates generated from APP metabolized by �- and �-secretases. Following stimulation with the group II
mGluR agonist DCG-IV, levels of APP CTFs in the synaptoneurosomes initially increased but then returned to baseline by 10 min after
stimulation. This APP CTF degradation phase was accompanied by sustained accumulation of A�42 in the releasate, which was blocked
by the group II mGluR antagonist LY341495. These data suggest that group II mGluR may trigger synaptic activation of all three secretases
and that suppression of group II mGluR signaling may be a therapeutic strategy for selectively reducing synaptic generation of A�42.

Introduction
Alzheimer’s disease (AD) causes learning and memory dysfunc-
tion, leading to dementia, and the illness has been postulated to
involve synaptic dysfunction even at preclinical stages. A body of
evidence shows that intracellular and/or extracellular accumula-
tion of soluble amyloid � (A�) oligomers disrupts normal neu-
ronal plasticity in vitro and in vivo (Wang et al., 2004; Tyszkiewicz
and Yan, 2005; Shankar et al., 2008; Li et al., 2009). Aging-
dependent accumulation of A� oligomers causes neuronal and
synaptic damage, eventually leading to degeneration of both
(LaFerla et al., 2007).

Formation of A� oligomers is dependent on the relative con-
centrations of a family of monomeric peptides, and the process of

production and release of these peptides is regulated by synaptic
activity (Kamenetz et al., 2003; Cirrito et al., 2005). In turn, high
levels of A� oligomers (largely composed of A�42) inhibit long-
term potentiation (LTP) (Haass and Selkoe, 2007). Curiously,
low picomolar levels of A�42 can actually enhance LTP (Puzzo et
al., 2008), suggesting that precisely controlled production and
release of A�42 from the synapse is likely to play an important role
in regulation of synaptic plasticity. Signal transduction via pro-
tein phosphorylation, initiated by neurotransmitters and hor-
mones, is known to modulate total A� generation (Gandy et al.,
1993; Small and Gandy, 2006), although the molecular bases for
translation of signals into protein processing events have re-
mained elusive.

One of the most investigated therapeutic approaches for AD is
the deployment of a variety of A�-lowering strategies, one of
which involves reduction of A� production. Among these ap-
proaches is the use of memantine, a moderate-affinity blocker of
the ionotropic (NMDA) class of glutamate receptors (NMDARs).
Several independent studies have shown that memantine can
lower amyloid burden and stabilize cognitive functions in
amyloid-forming amyloid precursor protein (APP) transgenic
mice (Minkeviciene et al., 2004; Scholtzova et al., 2008). Al-
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though suppression of NMDAR with memantine or MK-801 was
reported to reduce A� production and, conversely, application of
NMDAR agonist led to greater A� production (Alley et al., 2009;
Hoe et al., 2009), another recent study has shown that activation
of NMDAR stimulates the �-secretase pathway and lowers A�
generation (Hoey et al., 2009). Further investigation using iden-
tical systems and comparing acute and chronic NMDAR activa-
tion and blockade will be required to resolve these apparently
contradictory results.

Metabotropic glutamate receptor (mGluR) subtype-specific
effects on A� production have not yet been clarified in detail.
There are, however, several studies suggesting that such clarifica-
tion might offer novel insights into pathogenesis and/or therapy.
Application of a general (non-subtype-specific) mGluR agonist
to primary neuronal cultures and brain slices has been reported
to yield soluble APP secretion, indicating that one or more
mGluRs are linked to �-secretase processing of APP (Lee et al.,
1995; Kirazov et al., 1997). Also, one mGluR subtype, mGluR5,
has been reported to mediate de novo synthesis of APP in synap-
toneurosomes (Westmark and Malter, 2007). Herein, also using
synaptoneurosomes, we describe a more detailed study of the
potential roles that might be played by a panel of mGluR subtypes
in the modulation of A� metabolism at the synapse.

Materials and Methods
Animals and preparation of synaptoneurosomes. Synaptoneurosomes were
prepared from the cerebral cortices of 10- to 14-d-old heterozygous pups
of TgCRND8 mice overexpressing a mutant human APP 695 [“Swedish”
K670N/M671L and “Indiana” V717F (Chishti et al., 2001)]. Briefly, mice
were decapitated, brains were removed and dissected, and cortices were
homogenized in a glass-Teflon homogenizer in homogenizing buffer [50
mM HEPES, pH 7.5, 125 mM NaCl, 100 mM sucrose, 2 mM potassium
chloride and protease inhibitor mixture (Pierce)], filtered through a se-
ries of nylon mesh filters (149, 62, and 30 �m) (Small Parts) and finally
through a 10 �m polypropylene filter (Gelman Sciences). Filters were
washed at each step with the homogenizing buffer. The final filtrate was
spun briefly (4000 � g, 1 min), and the supernatant was spun (7000 � g,
15 min) to pellet synaptoneurosomes.

Stimulation. Synaptoneurosomes were resuspended in fresh homoge-
nizing buffer. Before drug treatment, this suspension was stirred and
incubated on ice in the presence of 1 �M tetrodotoxin (Tocris Bioscience)
for 5 min then at room temperature for another 5 min. Further reactions
were also conducted at room temperature. Each synaptoneurosome
preparation was divided into smaller pools, which either were not stim-
ulated (controls) or stimulated as described below. Samples were re-
moved and instantly put on ice at 0 min (before adding stimulant), and 1,
3, 5, and 10 min after stimulation. Potassium chloride (KCl) was used at
40 mM, 3,5-dihydroxyphenylglycine (DHPG; Tocris Bioscience) at 100
�M, and 1 R,2 R-3-[(1S)-1-amino-2-hydroxy-2-oxoethyl-cyclopropane-
1,2,dicarboxylic acid (DCG-IV; Tocris Bioscience) at 2 �M. In some
experiments, preincubation with 500 nM LY341495 (Tocris Bio-
science) was performed for 15 min before adding DCG-IV to selectively
block group II mGluRs. Preincubation with the �-secretase inhibitor
N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-1,1-dimeth-
ylethyl ester (DAPT; Tocris Bioscience) at 1 �M was performed for 30
min before adding KCl. Each sample was spun (20,000 � g, 10 min), and
the supernatant was collected and designated as the synaptoneurosome “re-
leasate.” The pellet (synaptoneurosomes) was lysed in 0.5% Triton X-100,
150 mM NaCl, 10 mM HEPES, pH 7.4, protease and phosphatase inhibitor
mixtures (Pierce). Protein LoBind tubes (Eppendorf) were used for the re-
actions and sample collections.

Western blot analysis and ELISA. For each sample, 30 �g of lysed syn-
aptoneurosome proteins was separated in 16% Tricine gels (Invitrogen),
blotted to nitrocellulose membranes, and stained with rabbit mAb369
specific for the APP/APLP2 (�-amyloid precursor-like protein) cytoplas-
mic tail. HRP-labeled secondary anti-rabbit antibody (Cell Signaling

Technology) was detected by enhanced chemiluminescence (Pierce). To
quantify and standardize protein levels, total protein was detected with
Amido Black (Sigma). Chemiluminescence was measured in an LAS-
4000 Intelligent Dark Box imager (Fuji Film), and relative optical densi-
ties were determined by using AlphaEaseFC software, version 4.0.1
(Alpha Innotech), normalized to total protein loaded (Aldridge et al.,
2008). To quantify A� levels in the releasate, human A�1-40/1-42 ELISA
kits (Wako) were used according to the manufacturer’s instructions.

Statistics. Student’s t tests were used to compare unstimulated controls
versus post-treatment differences among secreted A�40 and A�42, as well
as C83 (�-) and C99 (�-) C-terminal fragments (CTFs). p � 0.05 was
considered significant.

Results
Synaptoneurosome preparations provide an excellent model to
study the events occurring at the synapses under a variety of
physiological conditions and have been used extensively in the
study of regulation of neurotransmitter release. Synaptoneuro-
some preparations contain a population of highly purified and
resealed presynaptic processes attached to resealed postsynaptic
processes (Hollingsworth et al., 1985). Both presynaptic and
postsynaptic regions retain the ability to display many of the
molecular effects that characterize their counterparts in the intact
brain, including neurotransmitter release, receptor-mediated
signal transduction, and protein synthesis (Weiler et al., 1997).
Generation of A� is somewhat more complex than the typical
application of synaptoneurosomes, since APP metabolism is a
multistep process, involving transmembrane substrates and a se-
ries of transmembrane proteases, all of which are subject to tight
regulation of their subcellular localization and sorting (Caporaso
et al., 1994).

To study the generation of A� at the synapse, we measured the
synaptoneurosomal-associated �- and �-CTFs of APP and, in
their releasates, A� peptides. In our initial characterization of
regulated A� generation, we used 40 mM KCl to cause potassium
depolarization of cortical synaptoneurosomes from 10- to 14-d-
old TgCRND8 mice. This depolarization induces opening of
L-type Ca 2� channels, which, in turn, conduct the entry of Ca 2�

into synaptoneurosomes. Levels of both C83 and C99 in the syn-
aptoneurosomes dropped after depolarization, suggesting that
KCl stimulation caused rapid activation of �-secretase in synap-
toneurosomes (Fig. 1A). To examine whether KCl depolarization
activated �-secretase and/or �-secretase as well, we preincubated
synaptoneurosomes with �-secretase inhibitor DAPT and then
applied KCl. Under these conditions, in contrast with what we
observed with potassium depolarization and no DAPT, we ob-
served rapid accumulation of C83 and C99, suggesting that po-
tassium depolarization also activates �- and �-secretases (Fig.
1A). All three secretases were activated at apparently similar ini-
tial velocities after KCl stimulation. KCl depolarization triggered
rapid accumulation of A�40 and A�42 in the releasate, as one
would predict since these peptides are known to be released at the
synapse (Kamenetz et al., 2003) (Fig. 1B). In unstimulated syn-
aptoneurosomes (controls), we did not see any changes in synap-
tosomal levels of C83 or C99 or in releasate levels of A�40 and
A�42 during the experiments, consistent with the formulation
that secretase activity was negligible or undetectable in the ab-
sence of stimulation.

mGluRs have been classified into three groups and eight sub-
types according to (1) their respective second messenger cas-
cades, (2) the specificity of various agonist ligands, and (3) the
similarity of their sequences (Pin and Duvoisin, 1995). Group I
mGluRs (mGluR1 and mGluR5) are predominantly located
postsynaptically, and their activation causes phospholipase C to
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hydrolyze phosphoinositide phospholipids (Schoepp et al.,
1999). We stimulated synaptoneurosomes with 100 �M DHPG, a
specific agonist for the group I mGluR. We observed rapid accu-
mulation of C83 and C99 in synaptoneurosomes (Fig. 2A), con-
sistent with the formulation that stimulation of group I mGluR

activates �- and �-secretases but may not activate detectable
�-secretase activity in the postsynaptic neuron. DHPG stimula-
tion triggered release of A�40 but not of A�42 (Fig. 2B).

Group II mGluRs (mGluR2 and mGluR3) are located in the
presynaptic and postsynaptic elements, and presynaptic group II
mGluRs are believed to act as autoreceptors that modulate gluta-
mate release (Tamaru et al., 2001; Pinheiro and Mulle, 2008).
Stimulation of group II mGluRs with a specific agonist down-
regulates cAMP formation while activating the MAP (mitogen-
activated protein) kinase and PI-3 (phosphatidylinositol-3)
kinase pathways (Phillips et al., 1998; Ferraguti et al., 1999). We
used 2 �M DCG-IV to stimulate group II mGluR on synaptoneu-
rosomes. Levels of C99 increased transiently but then fell, consis-
tent with the formulation that group II mGluR stimulation
successively activates first �-secretase and then �-secretase (Fig.
3A). However, DCG-IV stimulation was associated with a sus-
tained increase in C83, indicating increased action of �-secretase
on APP but no increase in �-secretase activity on C83 (Fig. 3A).

Figure 1. Synaptic APP processing following KCl depolarization. A, Cortical synaptoneuro-
somes from 10- to 14-d-old TgCRND8 mice were either stimulated by 40 mM KCl with no prein-
cubation or stimulated by 40 mM KCl following a preincubation with 1 �M DAPT (�-secretase
inhibitor). After KCl stimulation with no preincubation, a rapid reduction in C99 and C83 levels
was observed. DAPT pretreatment followed by KCl stimulation caused rapid accumulation of
C99 (�-CTF) and C83 (�-CTF). Overall, this experiment shows that KCl depolarization coacti-
vates �-, �-, and �-secretases at the synapse. The representative Western blot images are
from the KCl only (the upper bands in the doublets are phosphorylated C83 and C99) and the
DAPT � KCl experiments. Control samples were collected from an unstimulated pool at 0 min
(ctrl 0�) and 10 min (ctrl 10�). The values were normalized to the baseline (t � 0). n � 6 for
each. B, Levels of A�40 and A�42 in the releasate were measured using ELISA. Both A� peptides
were released from synaptoneurosomes after KCl depolarization. The values were normalized
to the baseline (t � 0). n � 7 for A�40; n � 8 for A�42. Data are presented as means � SEM.
*p � 0.05; **p � 0.01; #p � 0.001; ##p � 0.0001.

Figure 2. Group I mGluR-mediated APP processing in the synapse. A, Cortical synaptoneu-
rosomes were stimulated with 100 �M DHPG (group I mGluR agonist), and synaptoneurosome-
associated CTF levels were measured by Western blot. DHPG stimulation caused rapid
accumulation of C83 and C99, indicating activation of �- and �-secretases. In the representa-
tive Western blot image, “DCG-IV”-labeled bands are for Figure 3A. The values were normalized
to the baseline (t � 0). n � 7 for each. B, Group I mGluR stimulation triggered release of A�40

but not A�42 from synaptoneurosomes. The values were normalized to the baseline (t � 0).
n � 4 for A�40; n � 8 for A�42. Data are presented as means � SEM. *p � 0.05; **p � 0.01;
#p � 0.001.
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This differential action of �-secretase may be a function of the
subcellular localization of C83 (generated at the plasma mem-
brane) vs C99 (generated at the trans-Golgi network and in
endosomes) (Skovronsky et al., 2000). Interestingly, DCG-IV in-
duced sustained release of A�42 but only transient release of A�40

(Fig. 3B). To confirm that group II mGluR signaling is preferen-

tially linked to synaptic A�42 production and release, we prein-
cubated synaptoneurosomes with 500 nM LY341495, a group II
mGluR antagonist, before stimulating those receptors with DCG-
IV. Inhibition of group II mGluR completely abolished DCG-IV-
induced A�42 release from synaptoneurosomes (Fig. 3C).

Discussion
Increasing evidence indicates that A� peptide is generated in re-
sponse to synaptic activity (Buxbaum et al., 1993; Fazeli et al.,
1994; Kamenetz et al., 2003; Cirrito et al., 2005). Since most ex-
citatory synaptic transmission is mediated by glutamate recep-
tors, we reasoned that a detailed understanding of the regulation
of brain A� metabolism was incomplete without an elucidation
of which glutamate receptor subtype(s) regulates A� release from
the nerve terminals. In the present study, we show that activation
of postsynaptically concentrated group I mGluR leads to A�40

release, and that group II mGluR stimulation triggers production
and sustained release of A�42 peptide as well as transient release
of A�40. This differential effect on A� speciation was not antici-
pated but may well be important to pathogenesis and therapy,
since one action of A�40 appears to be maintenance of A�42 sol-
ubility (Kim et al., 2007). Simply increasing A�40 was reported to
decrease A� deposition by 60 –90% in vivo (Giuffrida et al.,
2009). Therefore, physiologically relevant, subtle changes in the
A�42/40 ratio are not only possible but likely.

Generation of A� at the nerve terminal is a complex event
involving both endocytosis and release (Cirrito et al., 2008). The
cell-free reconstitution of such events is frequently inefficient.
For example, cell-free reconstitution of ricin endocytosis typi-
cally demonstrates a maximum fold increase of 20%, with an
occasional fold increase of 30% (Bilge et al., 1995). Therefore, the
effects that we observe on modulation of A� release (10 –20%
changes) and modulation of APP CTF metabolism (10 – 60%
changes) in synaptoneurosomes are well within the expected
ranges for fold effects observed in other examples of cell-free
reconstitution of complex cell biological events.

The existing literature on the possible roles of mGluR sub-
types in the pathogenesis of Alzheimer’s dementia is fairly lim-
ited. One of the group II mGluR subtypes, mGluR2, was reported
to be overexpressed in the hippocampus of Alzheimer’s disease
patients compared with age-matched control cases (Lee et al.,
2004). Interestingly, neurofibrillary tangles (phosphorylated tau)
were colocalized in brain regions enriched in neurons that over-
express mGluR2; excessive mGluR2 stimulation leads to dysregu-
lated activation of ERK, which then directly phosphorylates tau
(Lee et al., 2009). Alternatively, group I mGluR-linked phospho-
lipase C activity is downregulated in the cerebral cortex of Alz-
heimer’s patients (Albasanz et al., 2005). Taken in the context of
our data, one possible scenario for AD pathogenesis would in-
volve upregulated group II mGluR signaling causing increased
synaptic A�42 generation and/or downregulated group I mGluR
signaling causing decreased synaptic A�40 generation.

APP has been shown to be rapidly translated in the synapse
in response to activation of mGluR5, one of group I mGluRs
(Westmark and Malter, 2007). We confirmed that APP mRNA is
abundant in FACS-sorted purified synaptoneurosomes, includ-
ing the transfected mutant human APP mRNA and endogenous
murine mRNA (data not shown). APP in the postsynaptic density
was reported to control NMDAR function by regulating its traf-
ficking and subunit composition (Hoe et al., 2009). Interestingly,
DHPG triggered rapid production and accumulation of CTFs
(C83, C99) without subsequent significant activation of �-secretase
in the cortical synaptoneurosomes, suggesting physiological roles

Figure 3. Group II mGluR stimulation is preferentially linked to synaptic A�42 production
and release. A, Group II mGluRs on cortical synaptoneurosomes were stimulated with 2 �M

DCG-IV, and then levels of synaptosomal C83 and C99 were measured by Western blots. Rapid
accumulation of C83 and C99 at t � 1� in response to DCG-IV shows that both �- and
�-secretase pathways were activated. Differential �-secretase cleavage of C99 vs C83 probably
represented the differential subcellular localization of each CTF. The representative Western
blot picture is shown in Figure 2 A. The values were normalized to the baseline (t � 0). n � 7 for
each. B, DCG-IV triggered sustained accumulation of A�42 in the releasate but only transient
release of A�40. The values were normalized to the baseline (t � 0). n � 5 for A�40; n � 8 for
A�42. C, Preincubation with 500 nM LY341495 (group II mGluR antagonist) suppressed
DCG-IV-induced A�42 release from synaptoneurosomes (compare with the A�42 graph in
B). The values were normalized to the baseline (t � 0). n � 4. Data are presented as
means � SEM. *p � 0.05; **p � 0.01.

Kim et al. • Group II mGluR Triggers Amyloid �42 Release J. Neurosci., March 17, 2010 • 30(11):3870 –3875 • 3873



of an APP-dependent pathway in cortical synaptic plasticity. It
remains to be determined whether DHPG-induced full-length
CTFs have their own as-yet-unidentified functions, or whether
they are always eventually processed by �-secretase to generate
bioactive metabolites (i.e., AICD, p3, A�). A recent study showed
that �-secretase inhibition in vivo for 4 d caused reduction in
spine density and suggested that accumulation of C83 and/or C99
might be toxic to dendritic spine maturation (Bittner et al., 2009).

We propose that suppressing group II mGluR signaling might
be a viable prophylactic or therapeutic strategy for AD via the
following mechanisms. (1) Group II mGluR inhibitors enhance
hippocampus-dependent cognitive function (Higgins et al.,
2004) and have antidepressant-like effects in rodents (Chaki et
al., 2004; Kawashima et al., 2005); AD patients exhibit early
hippocampus-dependent episodic memory decline (Souchay et
al., 2002; Starr et al., 2005), and nearly half of all AD patients
are depressed (Levy et al., 1996; Mega et al., 1996). (2) Chromo-
granin A, which is overexpressed in AD brain, induces the poten-
tially neurotoxic activation of microglia, while inhibition of
microglial group II mGluRs can block chromogranin A-induced
microglial activation and is beneficial for neuronal survival (Taylor
et al., 2002). (3) Neurofibrillary tangles composed of hyperphos-
phorylated tau might be attenuated by a group II mGluR antag-
onist since one possible cause of tau hyperphosphorylation in the
AD hippocampus involves overactivated group II mGluRs (Lee et
al., 2004, 2009). (4) Group II mGluR antagonist increased cell
proliferation in the adult mouse hippocampus (Yoshimizu and
Chaki, 2004), and increasing neurogenesis has been proposed to
be a possible therapeutic strategy for AD (Jin et al., 2004). Based
on our data, we speculate that group II mGluR inhibition might
decrease synaptic production and release of A�42 while increas-
ing A�40 due to the elevated postsynaptic activity (Cirrito et al.,
2008). Further explorations of mGluR-mediated pathogenesis of
AD may reveal novel targets for the prophylaxis and/or therapy of
this disease.
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