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Introduction

In 2005 there were an estimated 24.3 million individuals with
dementia worldwide, with Alzheimer disease accounting for
more than 60% of these cases.1 The etiology of Alzheimer dis-
ease is not yet fully understood; however, genetic and en -
viron mental factors contribute to disease pathogenesis and
progression. Linkage studies indicate that a small proportion
of individuals with Alzheimer disease have an autosomal
dominant pattern of inheritance and implicate 3 genes in
early onset familial forms of Alzheimer disease: those for
amyloid β precursor protein (APP), presenillin 1 (PSEN1) and
PSEN2.2 A small proportion of early-onset Alzheimer disease
cases are linked to APP, which is situated on chromosome 21.
This gene is triplicated in Down syndrome, which invariably
leads to the development of Alzheimer disease pathology, in-
dicating that increased expression of APP could facilitate
Alzheimer disease progression. Whereas mutations in this
gene can also lead to the development of early-onset
Alzheimer disease by altering/ increasing the proteolytic

cleav age of APP, most cases are linked to point mutations in
the PSEN genes, especially PSEN1.2,3 Although these findings
are critical in deducing the biological pathogenesis of
Alzheimer disease, it must be remembered that mutations in
these 3 genes are responsible for only 30%–50% of early-onset
Alzheimer disease cases, which in turn only represents 6%–
8% of all Alzheimer disease cases, suggesting that many
other factors are involved in disease pathology.2,3 There are
also genetic risk factors associated with late-onset Alzheimer
disease, but in most instances there has been no genetic cause
of the disease identified as yet. One such genetic risk factor is
possession of 1 or 2 copies of the ε4 allele of the gene for apo -
lipoprotein E, which has been shown to increase the prob -
ability of Alzheimer disease developing, whereas the pres -
ence of an ε2 allele appears to protect against the disease.2 A
number of recent studies have shown that variants in some
other genes, such as those for clusterin on chromosome 8,4,5

phosphatidylinositol-binding clathrin assembly protein on
chromosome 11,4,5 complement receptor 1 on chromosome 1,5

bridging integrator 1 on chromosome 26 and sortilin- related
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Alzheimer disease is the most prevalent form of dementia globally and is characterized premortem by a gradual memory loss and deteri-
oration of higher cognitive functions and postmortem by neuritic plaques containing amyloid β peptide and neurofibrillary tangles contain-
ing phospho-tau protein. Glutamate is the most abundant neurotransmitter in the brain and is essential to memory formation through
processes such as long-term potentiation and so might be pivotal to Alzheimer disease progression. This review discusses how the glu-
tamatergic system is impaired in Alzheimer disease and how interactions of amyloid β and glutamate influence synaptic function, tau
phosphorylation and neurodegeneration. Interestingly, glutamate not only influences amyloid β production, but also amyloid β can alter
the levels of glutamate at the synapse, indicating that small changes in the concentrations of both molecules could influence Alzheimer
disease progression. Finally, we describe how the glutamate receptor antagonist, memantine, has been used in the treatment of individ-
uals with Alzheimer disease and discuss its effectiveness.
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receptor 1 on chromosome 11,7 may be associated with an en-
hanced risk for Alzheimer disease, but these susceptibility
genes need to be validated in future studies.8,9 The lack of
conclusive genetic linkage in most Alzheimer disease cases
not only highlights the possible existence of unidentified gen -
etic risk factors, but also the importance of environmental
factors in the development of disease pathology. There is in-
creasing evidence that lower educational and occupational
attainment, female sex, low mental ability in early life and re-
duced mental and physical activity during late life increase
the risk for the disease. Moreover, several epidemiological
studies have shown that head trauma,10 stroke and heart dis-
ease,11 atherosclerosis, hypercholesterolemia, smoking, obes -
ity and diabetes12 can also increase the risk for Alzheimer dis-
ease.13 Whether these are true causal risk factors driving the
pathogenic process or whether they add to the clinically
silent disease pathology remains to be established. However,
among all these factors, age is considered to be by far the
greatest risk factor for late-onset Alzheimer disease. There-
fore, as the baby boomers enter their mid-60s, the prevalence
of Alzheimer disease will increase rapidly, possibly by as
many as 4.6 million new cases per year.1

Alzheimer disease is characterized by 3 distinct major
neuro pathological abnormalities: intracellular neurofibrillary
tangles, extracellular plaques and neuronal loss.14,15 Neurofib-
rillary tangles are intracellular aggregates of the hyperphos-
phorylated microtubule-associated protein, tau. In normal
healthy neurons, tau stabilizes microtubules that form the cy-
toskeleton of the cell by a process involving phosphorylation
and dephosphorylation of the protein.16–18 Phosphorylated tau
is unable to bind microtubules and instead polymerizes with
other tau molecules, forming straight filaments that subse-
quently form paired helical filaments. This may cause a fail-
ure of neuronal transport that eventually leads to cell
death.17,18 Tangles are particularly abundant in the entorhinal
cortex; hippocampus; amygdala; association cortices of the
frontal, temporal and parietal lobes; and certain subcortical
nuclei that project into these areas.15,19 Interestingly, the num-
ber and distribution of cortical tangles correl ates positively
with cognitive deficits and serves as a good marker of disease
progression.15,19

Extracellular plaques are formed by the aggregation of
amyloid β, a short peptide of 39–42 amino acids in length.
This peptide is produced by the sequential cleavage of APP,
which exists in the brain predominantly in 3 different iso-
forms. The shortest isoform, APP695, is mostly expressed by
neurons, whereas the 2 longer isoforms, APP751 and
APP770, are expressed predominantly in glial cells, such as
astroyctes.20–23 At extracellular sites within the brain paren -
chyma, amyloid β forms compact deposits, often seeded by
aggregation of the longer amyloid β1–42 peptide, that are as-
sociated with dystrophic neurites, activated microglia and
 reactive astrocytes.15,23 Extracellular amyloid β– containing
plaques are apparent in most areas of the brain in Alzheimer
disease individuals and are associated with neuronal loss in
areas such as the entorhinal cortex, hippocampus and associ-
ation cortices.19 The number of plaques present in the brain
does not correlate with the severity of dementia, but a clinical

correlation between elevated levels of total amyloid β peptide
in the brain and cognitive decline has been reported.24 There
is also a growing consensus that amyloid β peptide increases
tau phosphorylation and initiates multiple pathways that
lead to neuronal cell death.25 These pathways include in-
creased oxidative stress,26 altered Ca2+ homeostasis27,28 and ex-
citotoxicity,14,29 which trigger apoptotic dependent and in -
dependent cell death mech anisms. The significance of
amyloid β peptide in disease pathology has been highlighted
by the fact that a number of small compounds that inhibit
amyloid β formation are currently undergoing clinical testing
as potential therapies for Alzheimer disease.30 Additionally,
there is strong experimental data from animal studies to sug-
gest that active amyloid β immunotherapy has disease modi-
fying potential in individuals with Alzheimer disease. Al-
though the first clinical trials with AN1792 (from Elan/
Wyeth), a synthetic amyloid β1–42 peptide along with QS21
as adjuvant, were halted prematurely when subacute menin-
goencephalitis developed in 6% of the vaccinated individ -
uals, the drug was effective in clearing amyloid β plaques
and improving performance on some neuropsychological
tests. However, autopsy studies of some individuals revealed
no association between vaccination with AN1792 and onset
of severe dementia or survival, even among individuals
whose brains were virtually devoid of plaques.31,32 Other clin -
ic al trials with passive immunotherapy confirmed the occa-
sional appearance of microhemorrhage and the occurrence of
vasogenic edema in some individuals, particularly those with
apolipoprotein E ε4 genotypes.31,33 Nonetheless, several on -
going clinical trials with different amyloid β fragments and
with humanized amyloid β antibodies are likely to indicate
not only the importance of amyloid β in Alzheimer disease
pathogenesis, but also whether anti amyloid β therapy can
modify the disease pathology.

Degenerating neurons and synapses in the brains of pa-
tients with Alzheimer disease are usually located within re-
gions that project to or from areas displaying high densities
of plaques and tangles. Severely affected regions include the
hippocampus, entorhinal cortex, amygdala, neocortex and
some subcortical areas, such as basal forebrain cholinergic
neurons, serotonergic neurons of the dorsal raphe and nor -
adrenergic neurons of the locus coeruleus.15,34 There is evi-
dence that glutamatergic neurons located in the hippocam-
pus and in the frontal, temporal and parietal cortex are
severely affected, whereas similar neurons in the motor and
sensory cortex are relatively spared.19,35 Since the hippocam-
pus and cortex are essential for learning and memory, it is
possible that degeneration of glutamatergic neurons could be
an early event in the pathogenesis of the disease. A recent
study investigating changes in the glutamatergic system has
shown a greater correlation between reduced glutamatergic
presynaptic bouton density and cognitive deficits than that
for tangle or amyloid β burden, as determined by comparing
mini mental status examination scores of healthy individuals
to those of individuals with mild or severe Alzheimer dis-
ease.36 Interestingly, the study also found that there was an
increase in glutamatergic synapses in individuals with mild
cognitive impairment, suggesting that there may be an initial



compensatory event occurring in the brains of such individ -
uals that decays with disease progression. This phenomenon
has already been observed in the cholinergic system, where
there is an increase in choline acetyltransferase activity in in-
dividuals with mild cognitive impairment and a subsequent
reduction in the enzyme activity as Alzheimer disease wors-
ens.37,38 Studies from animal models of Alzheimer disease
have shown that upregulation of cholinergic presynaptic
boutons occurs before the involvement of glutamatergic ter-
minals, thus raising the possibility that a compromised
cholinergic system may affect the functioning/survival of
glutamatergic neurons in the brain.39 Indeed, pyramidal neur -
ons of the cortex that use glutamate as their primary trans-
mitter are known to possess both cholinergic and glutamater-
gic receptors and receive inputs from the basal forebrain
cholinergic neurons.35 There is evidence that cholinesterase
inhibitors can promote the release of glutamate from pyram -
idal neurons, possibly by increasing cortical acetylcholine
levels and subsequent activation of the cholinergic recep-
tors.40 In addition, it has been demonstrated that uncoupling
of the postsynaptic muscarinic M1 receptor from G-proteins
can correlate with the loss of N-methyl-D-aspartate (NMDA)
receptor density and protein kinase C (PKC) activity in the
postmortem frontal cortex of individuals with Alzheimer dis-
ease.41 These results provide a neurochemical basis of interac-
tions between cholinergic and glutamatergic systems and
their potential implications in triggering pathological abnor-
malities in Alzheimer disease. However, further investiga-
tions  using complementary approaches are needed to evalu-
ate other components of their functions during aging and the
progression of Alzheimer disease. This review gives an over -
view of the interactions between the central glutamate sys -
tem amyloid β peptides and tau protein and their relevance
in the development of Alzheimer disease pathology.

Neuropathological changes in the glutamate
system in Alzheimer disease

Glutamate is the major excitatory neurotransmitter in the
central nervous system and is known to be involved in a var -
iety of functions, including synaptic transmission, neuronal
growth and differentiation, synaptic plasticity and learning
and memory.14,35 The glutamatergic neurons are situated in
areas that are known to be affected in Alzheimer disease, and
initial damage begins with the pyramidal neurons in layers
III and V of the neocortex42,43 and glutamate innervated corti-
cal and hippocampal neurons.35

The role of the glutamatergic system is to convert nerve
impulses into a chemical stimulus by controlling the concen-
tration of glutamate at the synapse (Fig. 1). In presynaptic
neurons, the vesicular glutamate transporters, VGLUT1 and
VGLUT2, maintain the level of glutamate stored in vesicles,44

and when a neuron is depolarized, glutamate is released into
the synaptic cleft where it binds glutamate receptors on pre-
and postsynaptic neurons.45–47 There are 2 families of gluta-
mate receptors located at the plasma membrane of neurons,
ionotropic (iGluR) and metabotropic (mGluR) glutamate re-
ceptors. The iGluR family is further divided into 3 classes of

receptor, which are based on specific agonists and/or per mea -
bility to different cations; NMDA receptors (NR1, NR2A–D
and NR3A–B) are predominantly Ca2+ ion permeable, whereas
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA; GluR1–4) and kainate (KA; GluR5–7, KA1–2) recep-
tors are predominantly permeable to Na+ and K+ ions.45 Cur-
rently, there are 8 metabotropic G-protein coupled glutamate
receptors, which are classified on the basis of their structure
and physiologic function into 3 distinct groups. Group 1 re-
ceptors (mGluRs 1 and 5) are coupled to phospholipase C
through Gq and G11 proteins, whereas group 2 (mGluRs 2 and
3) and group 3 (mGluRs 4 and 6–8) receptors are coupled
with adenylyl cyclase through Gi and Go proteins (Tables 1
and 2).45 There is evidence that almost every step in the sig-
nalling pathways associated with mGluRs requires or is
modulated by Ca2+. For example, the efficacy of mGluR sig-
nalling is known to be regulated by physiologically relevant
changes in extracellular Ca2+, such that Ca2+ depletion in the
synaptic cleft can lead to substantial inhibition of postsynaptic
mGluR function. There is also increasing experimental data to
suggest that Group 1 mGluRs can mobilize intracellular Ca2+

not only through inositol 1,4,5-P3-sensitive Ca2+ stores, but
also through the  ryanodine- sensitive Ca2+ stores.48,49

Unlike iGluRs, which are predominantly situated in the
postsynaptic membrane to mediate fast excitatory transmis-
sion, mGluRs are located in various membrane compart-
ments of both neuronal and glial cells in the brain.48 The
mGluRs 1, 3, 5 and 7 are widely distributed throughout the
brain, whereas mGluRs 2, 4 and 8 are localized in specific
brain regions. The only mGluR not found in the brain is
mGluR 6, which is expressed in the retina.48,50 Whereas most
mGluRs in the adult rat are found in neuronal cells, mGluR 3
is localized extensively in glial cells in the brain. There is also
evidence that mGluRs 3 and 5 are expressed in reactive astro-
cytes; that mGluRs 3–5 are localized in cultured astrocytes;
and that mGluRs 2, 4, 5 and 8 are apparent in cultured
 microglia.48,50 At the subcellular level, Group 1 mGluRs are
mostly localized in somatodendritic domains of neurons,
 especially in perisynaptic regions, whereas Group 2 mGluRs
are evident in the somatodendritic compartment and axonal
domains. The Group 3 mGluRs, with the exception of mGluR
6, are present predominantly in the presynaptic active zone
of axon terminals.48 Functionally, there is convincing evi-
dence that Group 1 mGluRs mediate presynaptic inhibitory
effects, that Group 2 mGluRs are activated by the spillover of
glutamate from distant synapses and that Group 3 mGluRs
may function as autoreceptors. The mechanisms of presyn -
aptic inhibition by Group 2 and Group 3 mGluRs possibly
 involve suppression of presynaptic voltage-dependent Ca2+

channels, activation of K+ channels and direct inhibition of
regulated exocytosis.48,51 Following synapse activation, the
 majority of glutamate is cleared from the synaptic cleft by
 astrocytes, which express high levels of the glutamate trans-
porters GLAST and GLT-1 in rats.52–54 The human homologues
are the excitatory amino acid transporters 1 and 2 (EAAT1
and 2).52,55 In astrocytes glutamate is converted to glutamine by
the enzyme glutamine synthetase and transported back to
neurons, where glutamine is converted back to glutamate by
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glutaminase47 and then returned to vesicles in the presynaptic
membrane by VGLUT1 and 2. This cycle and transamination
of cytosolic aspartate are essential for maintaining glutamate
levels in presynaptic terminals (Fig. 1).52

Deficiencies in many stages of the glutamate cycle have
been shown to occur in Alzheimer disease, leading to in-
creased concentrations of glutamate around the neurons of
the synapse (Table 3). There have been a number of studies
that noted reduced levels of VGLUT1 and 2 in the prefrontal
cortex of individuals with Alzheimer disease, with VGLUT1
showing a much greater reduction than  VGLUT2.56,57 More re-
cent studies  using synaptosome- enriched fractions also

showed a trend for reduced levels of VGLUT1 and 2 in the
parietal cortex of individuals with Alzheimer disease com-
pared with controls, but they did not reach significant lev-
els.58 Whether this could be due to the region of the brain
 examined or the relatively small number of samples used in
the study remains to be established. Nevertheless, this study
showed that amyloid β peptide accumulates more in
 VGLUT1/2-containing terminals than in non-VGLUT ter -
minals, thus suggesting that these peptides may preferen-
tially affect presynaptic glutamatergic terminals in the cortex
of individuals with Alzheimer disease.58 The gene expression
and protein level of EAAT1 and EAAT2, on the other hand,

Fig. 1: The glutamate cycle. Glutamate is the most abundant neurotransmitter in the brain, and the levels of the amino acid are maintained in
vesicles in the presynaptic neurons by 2 glutamate transporters, (1) VGLUT1 and 2. When the synapse is activated, glutamate is released into
the synaptic cleft and activates 2 families of glutamate receptors, (2) ionotropic (iGluRs; N-methyl-D-aspartate [NMDA], α-amino-3- hydroxy-5-
methyl-4-isoxazolepropionic acid [AMPA] and kainate) and metabotropic (mGluRs) receptors. N-methyl-D-aspartate receptors only become
fully active after synchronised AMPA receptor activation and depolarization of the postsynaptic membrane. Glutamate receptor activation
stimu lates further downstream cellular pathways. (3) Glutamate is removed from the synaptic cleft by another group of glutamate transporters,
which are mostly expressed in astrocytes, GLT-1 and GLAST in mice or EAAT1 and 2 in humans. Within astrocytes, (4) glutamate is con-
verted to glutamine by glutamine synthetase and (5) returned to the presynaptic terminals where glutaminase converts glutamine back to glu-
tamate. Many aspects of the glutamate cycle are affected in Alzheimer disease, implicating glutamate in disease progression. Amyloid
β–related peptides have been shown to (A) increase glutamate release, (B) inhibit clearance of glutamate by astrocytes and (C) affect gluta-
mate receptor activity.



have also been shown to be reduced in the cortex and hip-
pocampus of individuals with Alzheimer disease,59,60,71 sug-
gesting that glutamate clearance from the synaptic cleft is
 attenuated. In one study, it has been demonstrated that re-
duced levels of EAAT2, produced mainly by astrocytes, in-
versely correlates with APP751/770 mRNA levels, thus indi-
cating that abnormal functioning and/or processing of APP
may be involved in regulating EAAT2 levels/functions.72

Changes in glutamate transporter expression have been
identified at an early stage of Alzheimer disease, indicating

that dysfunction in glutamate transport might be an early
event in the disease pathology.71 Concurrent with reduced
glutamate transporters there is a reduction in glutamine syn-
thetase in Alzheimer disease,61 thus preventing the transport
of glutamate back to presynaptic neur ons. High levels of
glutamate in astrocytes lead to the risk of glutamate being
returned to the synaptic cleft if mitochon drial membranes
are depolarized, a process that is thought to occur in Alz -
heimer disease because of  reduced energy supplies.73,74 Taken
together, these changes in glutamate transport and conver-
sion to glutamine can lead to increased concentrations of
glutamate at the synapse, which can subsequently trigger ex-
citotoxic cell death via NMDA receptor– mediated increase
of intracellular Ca2+ concentrations.75,76 Elevated Ca2+ levels
lead to neuronal death through a number of known path-
ways, including increased activation of calpain,77 release of
reactive oxygen species and de polarization of the mitochon-
drial membrane, which leads to reduced energy metabolism
and cytochrome c release.27 This ultimately results in neur -
onal loss through apoptotic and necrotic pathways.76

Alterations in the levels of iGluRs remain inconclusive. Some
reports suggest that there is an increase in NMDA- sensitive
glutamate binding in the striatum of individuals with
Alzheimer disease,78 whereas other studies indicate that there
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Table 1: Classification of the ionotropic glutamate receptors

Receptor
agonist Subunit Composition

Ion
permeability

NMDA NR1A–H
NR2A–D
NR3A–B

The functional protein contains a
dimer of NR1 or NR2, with or without
an NR3 subunit

Ca2+, Na+

AMPA GLUR1–4 Heterotetrameric protein
containing a dimer of GluR2 and a
dimer of either GluR1, 3 or 4

Na+, K+

Kainate GLUR5–7
KA 1–2

Heterotetrameric protein containing
dimers of GluR5–7 with or without
KA 1–2

Na+, K+

AMPA = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA = N-methyl-D-
aspartate.

Table 2: Classification of the metabotropic glutamate receptors

Group G protein Second messenger Subtype localization

1 G
q
/G

11
Phospholipase C
Ca2+

mGluR 1
mGluR 5

Postsynaptic neurons
Postsynaptic neurons, reactive astrocytes and cultured microglia

2 G
i
/G

o
Adenylyl cyclase mGluR 2

mGluR 3
Pre- and postsynaptic neurons and cultured microglia
Pre- and postsynaptic neurons, reactive astrocytes and cultured astrocytes

3 G
i
/G

o
Adenylyl cyclase mGluR 4

mGluR 5
mGluR 6
mGluR 7
mGluR 8

Presynaptic neurons, cultured astrocytes and microglia
Presynaptic neurons, reactive astrocytes and cultured microglia
Retina only
Presynaptic neurons
Presynaptic neurons and cultured microglia

mGluR = metabotropic glutamate receptor.

Table 3: Alterations in the glutamate system in brains of people with Alzheimer disease

Component of the glutamate system Alteration in the brain

VGLUT1 Reduced protein levels before cell loss and onset of pathology56–58

VGLUT2 Reduced protein levels before cell loss and onset of pathology56–58

GLAST/EAAT1 Reduced protein at early clinical stages59,60

GLT-1/EAAT2 Reduced protein levels at early clinical stages59,60

Glutamine synthetase Reduced protein levels61

NMDA receptor
NR1
NR2A–B
NR2C–D
NR3

Increased protein levels in mild cognitive impairment36

Reduced protein levels62

Reduced protein levels63

Unaffected63

Not assessed

AMPA receptor
GLUR1–3
GLUR4

Variable results indicate that there is initial increase at very early stages before a reduction in GluR1 and
increased GluR2/3 at later stages64–66

Not assessed
Kainate receptor

GLUR5–7
Reduced receptor binding67

Reduced expression68

Metabotropic receptor
mGluR 1
mGluR 2
mGluRs 3–7

Reduced protein levels67,69

Increased protein levels70

Not assessed

AMPA = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; mGluR = metabotropic glutamate receptor; NMDA = N-methyl-D-aspartate.
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are no changes in the level of NMDA receptors in the affected
areas of the brain in individuals with Alzheimer disease.79

However, most reports suggest that there is a decrease in
protein and mRNA levels of these receptors, at least in later
stages of the disease.62,63,80,81 Discrepancies in these results
could be explained by differences in the severity of the dis-
ease, as there is evidence of increased synaptic activity in in-
dividuals with mild cognitive impairment.62,81 Autoradiog -
raphy studies have shown reduced NMDA receptor binding
in the CA1 and CA3 regions of the hippocampus, supporting
the idea that there are fewer NMDA receptors in these areas
of the brain. Western blot analysis and immunohistochemical
evidence have also shown changes in the levels of AMPA re-
ceptors. These results suggest that there is an initial increase
in GluR1 and GluR2/3 levels in membrane preparations
taken from the neocortex of individuals with mild cognitive
impairment, followed by a reduction in receptor levels in in-
dividuals in the early stages of Alzheimer disease, but the
levels of GluR2/3 increase in severe cases. A transcriptome
analysis of synaptoneurosomes prepared from Alzheimer
disease and control brains also showed an increase in the lev-
els of mRNA encoding GluR2 in the Alzheimer disease sam-
ples compared with the controls.64 Detailed studies of brains
affected by Alzheimer disease have shown that the reduc-
tions in AMPA receptors are well correlated to areas of the
brain that are affected, but there is substantial variation in
AMPA receptor levels among individuals with Alzheimer
disease.65,66 These researchers showed GluR1 and GluR2/3
loss was restricted to the subiculum and CA1 layer of the
hippocampus, which indicates that changes in AMPA recep-
tor levels are likely to be very region-specific. The KA recep-
tors have received less attention than the other classes of
iGluRs, and it remains unclear whether there are alterations
in the number of these receptors in Alzheimer disease.  Auto -
radiography studies suggest little change in KA binding in
areas of the brain that remain unaffected in Alzheimer dis-
ease, but there is reduced KA binding in the hippocampus of
individuals with Alzheimer disease compared with con-
trols.67 Immunohistochemical staining using an antibody di-
rected against GluR5/6/7 also showed some reduction in the
levels of the KA receptors in the CA1 region of the hippo -
cam pus from individuals with Alzheimer disease compared
with controls, but this was most likely due to neuronal loss in
this area rather than alterations in the levels of the receptor.68

As for mGluRs, radioligand binding assays showed a gen-
eral reduction in the levels of mGluRs in the cortex and hip-
pocampus of individuals with Alzheimer disease.67 Western
blot analysis confirmed a reduction in mGluR 1 levels in the
CA1 region and subiculum of the hippocampus, but other re-
gions of the hippocampus, such as the CA3 region, that are
less susceptible to damage in Alzheimer disease were unaf-
fected.67,69 Conversely, increased levels of mGluR 2 are found
in the hippocampus of individuals with Alzheimer disease,
and this correlates well with elevated phosphorylated tau
levels.67,70 This increased mGluR 2 expression may result in
 increased intracellular Ca2+, which may in turn activate tau
kinases. It is therefore probable that alterations in mGluR ex-
pression are involved in Alzheimer disease pathogenesis.

Glutamatergic receptors and APP processing

The APP is a type 1 integral membrane protein with a long
N-terminal extracellular region, a single membrane-spanning
domain and a short cytoplasmic C-terminal. The mature APP
is known to be proteolytically processed via 2 alternative
pathways (Fig. 2). Most APP, following transport to the cell
surface, is known to be cleaved by an α-secretase, which is
thought to be a member of the ADAM (a distintegrin and
metalloprotease) family.20,22,82 Currently the best candidates
for the α-secretase are ADAM10 and ADAM17.82 This path-
way precludes the formation of amyloid β as the α-cleavage
site is within the peptide sequence and produces an 89 amino
acid C terminal fragment (α-CTF) and soluble APPα. The sec-
ond, the amyloid ogenic pathway, is initiated by β-site APP
cleaving enzyme and produces a C-terminal fragment con-
taining 99 amino acids (β-CTF) and soluble APPβ. The α-CTF
and β-CTF are then cleaved by γ-secretase, a tetrameric com-
plex containing PS1 or PS2 and anterior pharynx de fective 1,
presenilin enhancer 2 and nicastrin, to form P3 or amyloid β
peptide, respectively, and the APP intracellular domain.20,22,83

The physiologic role of APP remains elusive, but it has been
suggested to be involved in a variety of functions, including
cell adhesion, regulation of cell/cell or cell/matrix interac-
tions and mediation of neurite outgrowth.83,84 Low nanomolar
and picomolar concentrations of amyloid β1–40 are also
thought to increase cell viability and may also play a role in
synaptic control.85 However, prolonged exposure and higher
micromolar concentrations of the peptide are known to induce
cell death.23,84 Relative activ ities of the 2 alternative APP process-
ing pathways can be influenced by a variety of factors, includ-
ing the stimulation of receptors for  neurotransmitters/
neuromodulators, such as acetylcholine, serotonin, gluta-
mate, estrogen, neuropeptides and growth factors.20,22,86 The
role of glutamate in APP processing has received a lot of at-
tention as the activation of both iGluRs and mGluRs has been
shown to differentially regulate the amyloidogenic and non-
amyloidogenic pathways.22

Short treatments with NMDA receptor and mGluR 1 agon -
ists have been shown to increase soluble APPα release and
intracellular accumulation of the α-CTF fragment and to re -
duce amyloid β formation. This is apparent in cultured neur -
ons and in astrocytes, which express mostly Kunitz protease
inhibitor domain–containing APP.87,88 It is likely that NMDA
receptor and mGluR 1 activation increases nonamyloidogenic
APP processing by increased trafficking and activation of α-
secretase at the cell membrane.87–89 There is evidence that the
NMDA receptor, by interacting with synapse associated pro-
tein 97, can increase ADAM10 trafficking to synaptic mem-
branes,89 whereas mGluR 1 activation can increase α-secretase
activity.88 The increased α-secreatse activity appears to be
medi ated by downstream activation of PKC because phorbol
esters, well-characterized PKC activators, and mGluR agon -
ists have both been shown to increase nonamyloidogenic
APP processing90 and because a PKC inhibitor, GF 109203X,
can abolish mGluR 1 agonist–induced soluble APPα release,
whereas mGluR 1 antagonists are unable to prevent phorbol
ester–induced APP processing.88 As most APP is found at the



cell membrane, NMDA  receptor– induced trafficking and
mGluR 1 activation of ADAM10 at the membrane could fa -
cilitate soluble APPα release and reduce amyloidogenic APP
processing.87,88

Conversely, prolonged activation of NMDA receptors, a
situation analogous to Alzheimer disease pathology, in-
creases amyloidogenic APP processing. When neurons are
activated by high glutamate concentrations for longer time
periods (i.e., more than 24 h) there is a shift from APP695 ex-
pression to APP751 and APP770.91,92 This shift is mediated by
activation of extrasynaptic NMDA receptors through Ca2+/
calmodulin-dependent protein kinase (CaMK) IV.91,92 The
longer APP isoforms have been shown to be more amyloido-
genic, and so this shift in expression increases amyloid β lev-
els.91 Excessive glutamate release from the presynaptic ter -
min als has also been suggested as a mechanism for increased
amyloid β production via NMDA receptor–mediated Ca2+ in-
flux.92 Increased Ca2+ levels trigger fusion of synaptic vesicles
to the plasma membrane, which enhances the rate of endocy-
tosis to recycle these vesicles. Increased endocytosis subse-
quently removes APP from the plasma membrane, the site of

nonamyloidogenic α-secretase cleavage, into the endosomes
for amyloidogenic processing via β-secretase.93 More recent
data have also shown that mGluRs are involved with in-
creased amyloidogenic processing of APP; specifically
mGluR 5 increases amyloid β1–40 production, whereas
mGluR 2 increases amyloid β1–42 release.94,95

Glutamate-mediated synaptic plasticity and
amyloid β peptide

Glutamate is essential in establishing new neural networks
that form memories and assist learning through a process
called long-term potentiation. This process is generated by
high-frequency stimulation of the presynaptic plasma mem-
brane, resulting in increased release of glutamate and activa-
tion of its receptors at the postsynaptic membrane. The
AMPA and mGluRs are activated by the initial glutamate
 release, whereas NMDA receptors only become fully active
after continuous synchronized glutamate stimulation follow-
ing activation of the AMPA and mGluRs. The NMDA recep-
tor activation allows Ca2+ to enter the postsynaptic cell,
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Fig. 2: Effects of glutamate receptor activation on APP processing. The APP is cleaved via (A) nonamyloidogenic and (B) amyloidogenic path-
ways. (A) The nonamyloidogenic pathway precludes amyloid β production due to (1) α-secretase cleavage, by ADAM10 or ADAM17, of APP
within the amyloid β domain, which (2) results in production of soluble APPα and α-CTF. (3) Short-term N-methyl-D-aspartate (NMDA) recep-
tor activation increases the trafficking of ADAM10 to the cell membrane via interactions with SAP-97 and (4) metabotropic glutamate receptor
activation of ADAM17 via PKC, thus increasing nonamyloidogenic APP processing. (B) The main β-secretase, BACE1, (5) initiates the pro-
duction of amyloid β peptide, which occurs partly within the late-endosomes, by (6) cleaving APP into soluble APPβ and β-CTF. Prolonged
NMDA receptor activation results in high Ca2+ levels and activation of CaMK-IV, which in turn enhances transcription of more amyloidogenic
APP751 and APP770 isoforms. (7) The high Ca2+ levels also increase vesicle binding to the plasma membrane and subsequent transport of
APP via endocytosis to late-endosomes, where it can be processed by BACE1. Thus, increased NMDA receptor activation enhances amy-
loidogenic processing of APP. The α- and β-CTFs generated from nonamyloidogenic and amyloidogenic pathways are further processed by
the γ-secretase complex, leading to the formation of (8) AICD fragment, and the P3 or (9) amyloid β peptides, respectively. Activation of
mGluRs 2 and 5 is also thought to increase generation of amyloid β peptide.
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which subsequently triggers different kinase pathways and
increases protein transcription. This process strengthens
synapses and increases synaptic density.96,97 Long-term de-
pression occurs when there is little stimulation at an estab-
lished synapse or by asynchronous stimulation of iGluRs.
Long-term depression has the opposite effect of long-term
potentiation (i.e., reducing synaptic strength and preventing
memory formation). Long-term depression can be caused by
a reduction in the levels of NMDA and AMPA receptors at
the postsynaptic membrane or by repeated weak stimulation
of AMPA receptors that does not lead to the depolarization
of the postsynaptic membrane and therefore does not fully
activate NMDA receptors. This leads to a reduction in the
number of neuronal spines on neurons and reduced synaptic
activity. A decrease in long-term potentiation and an increase
in long-term depression have both been observed in Alz -
heimer disease pathology.96,98

Many different paradigms have been used to show that
amyloid β disrupts long-term potentiation and reduces synap-
tic plasticity.98,99 Cullen and colleagues99 reported that intracere-
broventricular injections of amyloid β1–40 and amyloid β1–42
reduced the duration of high-frequency stimulation– induced
long-term potentiation field excitatory postsynaptic poten-
tials in the CA1 region of rat brains. This decrement in long-
term potentiation was confirmed in studies using triple trans-
genic mice expressing mutant human APP, PS and tau,
where intraneuronal amyloid β peptide was shown to accu-
mulate with age and correlate with cognitive deficits ob-
served in these mice. The cognitive deficits were observed to
occur before amyloid β deposition, thus indicating that solu-
ble amyloid β possibly disrupts normal neuronal function
well before plaque formation.100 When another mouse model,
Tg2576 mice, which also expressed mutant human APP and
had an increased amyloid β burden, were fed a γ-secretase in-
hibitor to reduce amyloid β levels, there was a profound
restoration of impaired long-term potentiation, confirming
that amyloid β does affect synaptic plasticity.101

To understand the mechanisms whereby amyloid β can in-
fluence synaptic plasticity, many groups have examined the
effects of amyloid β peptide derived from different sources in
organotypic hippocampal slice preparations. These studies
have shown that naturally occurring amyloid β peptides
 obtained from spinal fluid102 or directly from brains of in -
divid uals with Alzheimer disease103 and naturally secreted
amyloid β oligos from cultured cells can affect long-term po-
tentiation and synaptic density.104,105 On the basis of these re-
sults, it has been suggested that amyloid β dimers and larger
aggregates are required for amyloid β–induced inhibition of
long-term potentiation and that monomeric amyloid β pep-
tide is not inhibitory.102,105 These effects could be reversed by
removing amyloid β with monoclonal antibodies directed
against the peptide.102 There is also evidence that specific con-
centrations of soluble amyloid β oligomers can inhibit long-
term potentiation while increasing long-term depression.98,104

Organotypic hippocampal slices from wild-type mice and
mice overexpressing mutant APP have also been used exten-
sively to look at the effects of amyloid β on neuron morphol-
ogy, spine density, long-term potentiation and long-term de-

pression.98,105,106 Knafo and colleagues107 assessed changes in
the morphology and density of dendritic spines from the
dentate gyrus in mice expressing PS1 and Swedish APP
(APPsw), a form of APP with a mutation at the β-cleavage
site that increases amyloid β production. These results
showed that the proximity of amyloid β plaques to the den-
drites affected spine density and shape compared with litter-
mate control mice. Dendrites passing through the plaque
had a much lower spine density than dendrites that abutted
the plaque but did not pass through it, whereas dendrites
that were further removed from the plaque had a similar
number of spines as those found in nontransgenic mice.
These investigators also assessed the morphology of the
spines, and whereas the number of spines was similar be-
tween the APPsw transgenic mice and nontransgenic controls
in areas where plaques were not present, the number of
large spines that are usually associated with memory was
much higher in the nontransgenic mice. Thus, APPsw trans-
genic mice were unable to form synapses as readily as non-
transgenic mice, an observation that correlates well with the
cognitive deficit found in mice expressing APP/PS1.107 As
the loss of large spines is found throughout the dentate
gyrus of the mutant APP transgenic mice, it is likely that sol-
uble forms of amyloid β peptides, rather than amyloid
β–containing neuritic plaques, are responsible for this mor-
phological deficit.

These studies have shown that high levels of soluble amy-
loid β can reduce the number and alter the morphology of
dendritic spines in mutant APP transgenic mice and that ex-
ogenous amyloid β produces similar results in hippocampal
slices and primary neurons. Using an elegant hippocampal
slice culture system, Wei and colleagues106 further elucidated
the effects of amyloid β proximity on synaptic plasticity.
Neurons in the CA3 region of the hippocampus have long
axons that form synapses with the neurons in the CA1 re-
gion. When neurons from the CA3 region were transfected
with APP, CA1 neurons that were very close to the trans-
fected cells showed reduced spine density, and the remaining
spines demonstrated an altered morphology. Transfecting
CA1 neurons also caused a reduction in spine density in non-
transfected neurons that were close to the transfected cells.
Spine density and morphological changes were revers ed
when cultures were treated with a γ-secretase inhibitor, indi-
cating that amyloid β was responsible for reduced synaptic
density.

The role of glutamate in amyloid β–dependent spine loss,
long-term potentiation inhibition and long-term depression in-
duction has also received considerable attention. The NMDA
receptor antagonist AP-5 prevents amyloid  β– induced spine
loss, thus suggesting that glutamate is essential for amyloid
β–induced changes in spine density and morphology.106 More
recently, amyloid β– induced activation of extrasynaptic NR2B
has been suggested to play a critical role in this pro cess. When
wild-type mouse hippocampal slice cultures were treated with
either soluble amyloid β oligomers or the glutamate uptake in-
hibitor D,L-threo-β- benzyloxyaspartate there was an increase
in extrasynaptic NR2B-mediated inhibition of long-term po-
tentiation that was attenuated by the specific NR2B  inhibitors



ifenprodil and Ro 25–6981.104 Furthermore, it was shown that
when glutamate levels were reduced by the glutamate scav-
enger system, glutamic pyruvic transaminase and pyruvate,
amyloid β could no longer induce inhibition of long-term 
potentiation. Taken together, these data suggest that
 extrasynaptic NR2B activation can possibly mediate amyloid
β–induced inhibition of long-term potentiation and that this
depends to some extent on the presence of glutamate.

Patch clamp studies on the field excitatory postsynaptic
currents after low-frequency stimulation of neurons in the
CA1 region of hippocampal slices have shown that soluble
amyloid β oligomer-induced long-term depression also de-
pends on glutamate.108–110 When the glutamate scavenger, glu-
tamic pyruvic transaminase, was used in combination with
NMDA receptor and mGluR inhibitors, they were able to re-
store amyloid β–induced long-term depression to normal lev-
els, showing that it was mediated by excessive glutamate
stimulation of both NMDA receptor and mGluRs. The gluta-
mate uptake inhibitor D,L-threo-β-benzyloxyaspartate as
well as inhibitors of calcineurin and glycogen synthase
 kinase-3 (GSK-3) were then used to show that amyloid
β–induced long-term depression depended on excessive glu-
tamate levels and activation of these enzymes.108,110 There is
also evidence that amyloid β peptide can alter the  levels/
efficiency of glutamate transporters, which are known to be
decreased in APP transgenic mice and Alzheimer disease
brains,59,111,112 thus suggesting a role for amyloid β in long-term
depression by regulating glutamate clearance.

Amyloid β–mediated neuronal function and
glutamate

The significance of amyloid β in synaptic plasticity is well es-
tablished, but its role in regulating synaptic function is still
poorly understood. Low concentrations (i.e., picomolar or
nanomolar) of amyloid β1–40 have been shown to increase
viability of cultured neurons,15,85 and there is evidence that
amyloid β may have a role in normal synaptic function
(Box 1).127 This is supported by recent data that showed de-
pletion of endo genous amyloid β peptide by using an amy-
loid β antibody or small interfering RNA against murine APP
can reduce long-term potentiation and contextual fear and
reference memories in wild-type mice.128 There is also evi-

dence that synaptic activity increases amyloid β production
both in vitro and in vivo,95,105,129 whereas increased concentra-
tions of soluble amyloid β in cells overexpressing APP de-
pressed synaptic activity;130 thus it is likely that amyloid β
may act as regulator of synaptic activity through a negative
feedback loop. This is supported by electrophysiological
studies that showed that amplitudes of NMDA and AMPA
receptor–mediated excitatory postsynaptic currents were sig-
nificantly enhanced in APP knockout hippocampal cultured
neurons. A similar increase in synaptic transmission was de-
tected when wild-type cultured neurons were treated with
the γ-secretase inhibitor DAPT, which decreases levels of
amyloid β peptides.131 Conversely, cultured slices overex-
pressing APP showed a reduced NMDA receptor–dependent
synaptic transmission.127 It is thus possible that dysfunction of
the negative feedback loop mediated by amyloid β could lead
to increased silencing of neurons by reducing synaptic trans-
mission in affected areas of the brain in individuals with
Alzheimer disease.

One possible mechanism by which excess amyloid β could
reduce synaptic transmission is by inducing endocytosis of
NMDA and AMPA receptors from the postsynaptic mem-
branes.108,113,132,133 This is especially important with respect to
AMPA receptors, as trafficking of these receptors to and from
the cell surface is very dynamic.119 Hsieh and colleagues108

showed that amyloid β–induced synaptic depression and
dendritic spine loss are dependent on AMPA receptor re-
moval from the postsynaptic membrane. They also suggested
that endocytosis of GluR2 drives the removal of AMPA re-
ceptors from the cell surface, as cells transfected with a mu-
tant form of GluR2, which is endocytosed more readily than
wild-type GluR2, showed a reduction in AMPA as well as
NMDA receptor–mediated transmission. Amyloid β has also
been reported to regulate NMDA receptor trafficking in corti-
cal neurons derived from mice overexpressing APPsw.133

These mice had the same total number of NMDA receptors,
but fewer cell surface NMDA receptors than nontransgenic
mice. Exogenous application of amyloid β1–42 to nontrans-
genic cortical neurons promoted NMDA receptor endocyto-
sis, indicating that the reduced receptor levels at the cell sur-
face of APPsw mice was due to increased removal rather than
disrupted trafficking to the membrane.133

A role for striatal-enriched tyrosine phosphatase (STEP61)
has recently been linked to amyloid β–induced synaptic func-
tion since it increases the endocytosis of NMDA and AMPA
receptors from the postsynaptic membrane.133–136 The STEP61 is
enriched in synapses, suggesting that it has a specialized role
in cell signalling. The levels of STEP61 were reported to be
 increased in 2 mouse models of Alzheimer disease133 and in
humans135 with Alzheimer disease. There is evidence that
amyloid β peptides, delivered using the enriched conditioned
media of cells overexpressing APP, can increase synaptic
 depression by enhancing STEP61 activity via multiple mech -
anisms.133,135,136 First, amyloid β is known to impair the ubiqui-
tin proteasome system,137 which can increase STEP61 protein
levels in APP transgenic mice and in neuronal cell cultures.135

Second, amyloid β can activate α7 nicotinic receptors or
NMDA receptors and increase Ca2+ entry into the cell. This
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Box 1: The roles of amyloid ββββ peptide in the function and control of
the glutamate cycle and glutamatergic neurons

• Inhibit long-term potentiation99,104,105,113,114

• Increase long-term depression98,108–110

• Decrease synaptic density and alter the morphology of dendritic
spines98,106,107,115

• Regulate glutamate uptake from the synapse60,73,110,116,117

• Stimulate release of glutamate117,118

• Increase endocytosis of AMPA and NMDA receptors108,119

• Disrupt the postsynaptic density and prevent NMDA and AMPA
receptors reaching the cell surface120,121

• Increase tau phosphorylation/cell death122–126

AMPA = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
NMDA = N-methyl-D-aspartate.
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triggers protein phosphatase 2B, which activates STEP61 by
dephosphorylation,138 leading to increased internalization of
the NR1/NR2B receptor complex.133 Third, mGluR 5 activa-
tion has also been shown to increase STEP61 translation in rat
hippocampal slices and synaptosomes, which leads to extra-
cellular signal-related kinase1/2 (ERK1/2)-dependent de-
phosphorylation of the GluR2 isoform and subsequent endo-
cytosis of the AMPA receptor.136 Taken together these
findings indicate that amyloid β can activate and increase
protein levels of STEP61, resulting in enhanced dephosporyla-
tion and endocytosis of glutamate receptors and reduced
synaptic function.

It has recently been reported that soluble amyloid β1–40
can disrupt the postsynaptic density (PSD), an electron dense
thickening of the membrane comprising a network of pro-
teins, including glutamate receptors, adhesion molecules,
scaffolding proteins, cytoskeletal proteins and associated sig-
nalling molecules. The PSD, which is involved in maintaining
synaptic homeostasis, is regulated by cytoskeletal protein
PSD-95 and the master organizing proteins Shank and
Homer.120,121 There is evidence that PSD-95 and Shank are es-
pecially important for ensuring that AMPA and NMDA re-
ceptors get to the cell surface and stay at the plasma mem-
brane,120,139 and Homer is important in mGluR 1 localization.140

Amyloid β colocalizes with PSD-95115 and causes a break-
down of the PSD-95, Shank and Homer clusters and a reduc-
tion in levels of NMDA and AMPA receptors at the plasma
membrane.121 These observations are supported by the analy-
sis of amyloid β and PSD-95 levels in intact nerve terminals
taken from Alzheimer disease and control brains, which
showed a 19% decrease in PSD-95 levels and a 132% increase
in the amyloid β levels in Alzheimer disease compared with
control brains.141 One of the most important signalling pro-
teins that is highly abundant in the PSD is Ca2+/CaMKII,
which plays a role in the delivery of AMPA receptors to the
synapses.142,143 There is evidence that mice overexpressing
APP not only show reduced synaptic CaMKII and cell sur-
face GluR1 levels, but also exhibit decreased AMPA receptor
transmission as observed in amyloid β1–42 treated neur -
ons.144,145 Thus, synaptic function is a closely controlled pro -
cess requiring the appropriate activation of different types of
proteins, including structural proteins controlling the archi-
tecture of pre- and postsynapses, kinase and phosphatases
that mediate the effects of glutamate and other neurotrans-
mitters. The complexity of amyloid β–induced synaptic dys-
function is evidenced by its ability to affect numerous ele-
ments of the synaptic machinery, which can directly
influence pathological abnormalities in the brains of individ-
uals with Alzheimer disease.

Glutamate release/uptake and amyloid β peptide

It is now well established that amyloid β peptides are pro-
duced constitutively by brain cells, including neurons, and
are found in the nanomolar–picomolar range in the cere-
brospinal fluid of healthy individuals,15,84 thus raising the pos-
sibility that these peptides under normal conditions may
have a role in the regulation of brain  neurotransmitter/

modulator release. We and others have previously reported
that amyloid β1–40/1–42 peptides can inhibit the release of
acetylcholine, particularly from hippocampal and cortical re-
gions of the rat brain.37,146,147 Additionally, there is evidence
that amyloid β–related peptides can modulate the release of
noradrenaline,148,149 but not of γ-aminobutyric acid,150 from rat
brain slice preparations. As for glutamate release, it has been
reported earlier that pretreatment of hippocampal slices with
micromolar concentrations of amyloid β25–35 can potentiate
glutamate release.150 More recently, using an in vitro slice
preparation, we have shown that nanomolar concentrations
of amyloid β1–40/1–42 peptides without pretreatment can
potentiate potassium-evoked glutamate release from the hip-
pocampus and cortex — the areas affected in Alzheimer dis-
ease. The effect is specific and appears to be mediated by di-
rect interaction with the glutamatergic terminals.118 This idea
is reinforced by the evidence that preincubation of nerve end-
ings with amyloid β1–42 can potentiate [14C]glutamic acid re-
lease, at least in part, by interacting with an N-type voltage-
operated calcium channel.148 These findings, together with the
observation that glutamatergic terminals containing VGLUT1
are localized in close apposition to the APP-positive neurons
in the hippocampus, provide an anatomical basis to suggest a
role of endogenously derived amyloid β peptides in the
presynaptic regulation of glutamate release from  selected
brain regions. At present, the underlying mech anisms by
which amyloid β can potentiate glutamate release remains
unclear, but it is of interest to note that nanomolar concentra-
tions of amyloid β1–40 did not significantly alter glutamate
release from the striatum, an area that is relatively spared in
Alzheimer disease.118 Whether micromolar concentrations of
amyloid β peptide can enhance glutamate release from stri-
atal slices remains to be established. However, these results
raise the possibility that preferential vulnerability of hip-
pocampal and cortical neurons could relate, at least in part, to
their sensitivity to amyloid β peptides.

In contrast to glutamate release, amyloid β effects on gluta-
mate uptake are somewhat controversial. Some studies have
suggested that micromolar concentrations of amyloid β25–35
can enhance glutamate uptake by astrocytes, which is medi-
ated by increased expression of the glutamate transporter
GLAST and enhanced by ERK inhibition, but unaffected by
antioxidants.151,152 However, nanomolar concentrations of the
amyloid β25–35 peptide were found to increase extracellular
glutamate levels by inhibiting its uptake in cultured neurons
and astrocytes.116,153 Harris and colleagues153 proposed that ox-
idative stress induced by the amyloid β peptide damages glu-
tamate transporters, preventing glutamate uptake, and this
proposal is supported by the increased levels of conjugation
observed between the reactive oxygen species 4-hydroxy-2-
nonenal and GLT-1 in synaptosomal preparations treated
with amyloid β peptide and in the Alzheimer disease brain.154

More recent data have confirmed that amyloid β1–40 reduces
glutamate uptake, and this also suggests that oxidative dam-
age, as well as decreased GLT-1 and GLAST levels, could
 mediate reduced glutamate clearance from the synapse.73

 Interestingly, prolonged exposure of cultured microglia to 
a 5 μM concentration of amyloid β25–35 can increase the



 extracellular levels via reverse glutamate transporters.155 Thus
amyloid β peptides can influence extracellular glutamate
 levels by regulating uptake and/or release of glutamate,
which may be relevant in normal physiological and patho-
logical conditions.155

Glutamate and amyloid β–mediated toxicity

Chronic exposure to amyloid β peptides can induce toxicity
in a variety of cell lines and in primary rat and human cul-
tured neurons. The toxicity of the peptide is related to its
ability to form insoluble aggregates.84,156–158 However, recent
evidence suggests that the most detrimental forms of amy -
loid β peptides are the soluble oligomers and that the insolu-
ble amorphous or fibrillar deposits represent a less harmful
inactivated form of the peptide.15 The mechanisms associated
with amyloid β toxicity are not clearly defined, but appear to
involve alterations in intracellular calcium, production of free
radicals, phosphorylation of tau protein and/or activation of
caspase and noncaspase pathways that culminate in pro-
grammed cell death.25,84,159 Studies on a variety of cell lines and
primary cultured neurons suggest that amyloid β toxicity
might be mediated either by interaction with a hydroxy -
steroid dehydrogenase enzyme or by plasma membrane re-
ceptors for advanced glycation end products, class A scav-
enger receptor, p75 neurotrophin receptor, amylin or α7

nicotinic receptors.117,160–164 However, a number of studies have
clearly indicated that amyloid β toxicity is mediated, at least
in part, by glutamate-mediated excitotoxicity, which involves
activation of the NMDA receptors, leading to elevated intra-
cellular Ca2+ and consequent stimulation of a cascade of en-
zymes resulting in cell death.28,76,77,158 Amyloid β–induced exci-
totoxic cell death was first reported in the early 1990s, with
initial reports indicating that prolonged exposure of amyloid
β peptides, including amyloid β25–35 and amyloid β1–38
with glutamate induced greater cell death than exposure to
amyloid β or glutamate alone in mouse cortical neuronal cul-
tures.122 The role of glutamate receptors in this process has
subsequently been shown through the use of glutamate re-
ceptor agonists and antagonists.123 When  Mattson and col-
leagues123 exposed human primary neuronal cultures to amy-
loid β1–38/25–35 and either NMDA or KA, they showed that
glutamate receptor activation increased cell death, possibly
through a dysregulation of Ca2+ homeostasis, and that the
NMDA receptor antagonist APV and the KA receptor antag-
onist DGG reduced cell death. This is supported by more re-
cent data showing that inactivation of the NMDA receptor by
antagonists, such as MK-801, AP5 or memantine, can protect
neurons from amyloid β1–40/1–42 toxicity;124–126 that amyloid
β1–40/1–42–induced neurodegeneration in the adult rat
brain is mediated, in part, by activation of the NMDA recep-
tor;165,166 and that transgenic mice exhibiting high levels of
amyloid β peptide show increased vulnerability to excitotoxi-
city.167,168 Taken together, these studies suggest that glutamate
receptor activation may be essential for amyloid β–induced
cell death.

At present, it is unclear how amyloid β peptides can regu-
late activation of glutamate receptors, leading to the death of

neurons. There is evidence that amyloid β peptide can bind
directly to glutamate receptors, increasing their activity and
leading to influx of Ca2+ in organotypic slice cultures. Antag -
onists of NMDA and AMPA receptors can prevent influx of
Ca2+ and cell death.27 Alternatively, it is possible that amyloid
β–related peptides can increase extracellular glutamate levels
by potentiating release117,118,155 and/or inhibiting the uptake of
the neurotransmitter,116,153 which can subsequently trigger
death of neurons by excitotoxicity. It is therefore likely that a
combination of reduced glutamate clearance from the synap-
tic cleft, increased release of glutamate from neurons and glia,
and the subsequent activation of the glutamate receptors con-
tribute to toxicity mediated by amyloid β–related peptides.

Glutamate and amyloid β–mediated tau
phosphorylation

A number of earlier studies have suggested a critical role for
tau in the genesis of amyloid β toxicity, but the cellular mech-
anisms by which tau mediates degeneration of neurons re-
main unclear. Using cultured neurons/cell lines, it has been
shown that amyloid β1–40/1–42 can induce site-specific
phosphorylation of tau protein by activating multiple kin -
ases, including ERK1/2, PKC, cyclin-dependent kinases
(CDK), Fyn kinase and GSK-3β. Given the evidence that tau
phosphorylation occurs before the loss of neurons and that
inhibition of tau phosphorylation can prevent amyloid  β–
induced neurodegeneration,169–172 it is likely that increased lev-
els of phosphorylated tau can contribute to the death of neur -
ons by triggering loss of microtubule binding, impaired ax-
onal transport and neuritic dystrophy. A critical role of the
phosphorylated tau protein in amyloid β–induced toxicity
has been established by the evidence that cells undergoing
amyloid β toxicity exhibit increased levels of tau phosphory-
lation,169,170 that inhibition of tau phosphorylation by blocking
tau kinases can prevent cell death,171,173 and that neurons cul-
tured from tau protein knockout mice are resistant to amy-
loid β toxicity.174

Given the importance of glutamate in amyloid β–mediated
toxicity, a functional interrelationship between glutamate re-
ceptors and tau phosphorylation has long been investigated
in a variety of experimental paradigms. We and others have
shown that glutamate receptor antagonists can protect neur -
ons against amyloid β1–40/1–42–mediated toxicity.124–126 This
effect appears to be mediated, at least in part, by  reversing or
decreasing activation of tau kinases, such as ERK1/2 and
GSK-3β, that are involved in the phosphorylation of tau pro-
tein rather than altering extracellular glutamate levels or
regu lation of amyloid β  conformation or  internalization.125

Apart from influencing tau phosphorylation directly, there is
evidence that Fyn kinase can regulate glutamatergic NMDA
receptor activation following amyloid β treatment by trigger-
ing phosphorylation and subsequent interaction of the  NR2B
subunit of the receptor with PSD-95. The NR2B/PSD-95/Fyn
complex that is formed when NMDA receptors are activated
perpetuates Ca2+ influx, which can activate 2 key tau kinases,
GSK-3β175 and CDK5.176 It is therefore possible that NMDA re-
ceptor activation stabilizes the NR2B/PSD-95/Fyn complex,
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resulting in a persistent activation of the NMDA receptor
channel and increasing tau phosphorylation either by direct
phosphorylation of tau via Fyn kinase or by activating other
tau kinases, such as GSK-3β or CDK5.177 It is also of interest to
note that tau is required for the transportation of Fyn kinase
to the postsynapse, where it forms a complex with PSD-95
and the NR2B subunit of the NMDA receptor. Disrupting the
localization of Fyn kinase or the formation of the NR2B/PSD-
95/Fyn complex was found to protect neurons against amy-
loid  β– induced toxicity.178 Collectively, these results suggest
not only increased tau phosphorylation, but also that tau-
 mediated transportation of Fyn kinase to postsynaptic sites is
possibly required for the degeneration of neurons induced by
amyloid  β– related peptides.

Increased tau phosphorylation may also be a consequence
of reduced dephosporylation of the protein. The  serine/
threonine phosphatases, such as protein phosphatases 1, 2A,
2B (i.e., calcineurin) and 5, have all been shown to dephos-
phorylate tau, and the activity of protein phosphatases 1, 2A
and 5 is known to be reduced by 20%–30% in brains of indi-
viduals with Alzheimer disease.179–181 With protein phos-
phatases 1 and 2A accounting for 90% of serine/threonine
phosphatase activity in mammalian cells182,183 and tau de-
phosporylation predominantly being mediated by protein
phosphatase 2A,179 there is convincing evidence that down-
regulation of this phosphatase can lead to increased tau hy-
perphosphorylation in the brains of individuals with Alz -
heimer disease. Inhibiting protein phosphatase 2A has been
shown to increase tau hyperphosphorylation by reducing its
dephosphorylation directly184,185 and by increasing the activity
of tau kinases, such as CaMKII,184 GSK-3β186 and ERK1/2.187 In
addition, protein phosphatase 2A has been shown to dephos-
phorylate tau in an NMDA and KA  receptor– dependent
manner.188–190 When rat cortical neurons were treated for
1 hour with 100 μM of glutamate or NMDA there was an in -
itial reduction in phosphorylated tau, which was prevented
when the cells were cotreated with okadaic acid, a protein
phosphatase 1 and 2A inhibitor. This effect was only meas -
ured for the first 4 hours after glutamate or NMDA adminis-
tration, and so the duration of this effect was not deter-
mined.188 This is supported by in vivo studies showing that
mice injected with KA exhibit a transient reduction in tau
phosphorylation and increase in protein phosphatase 2A ac-
tivity190 followed by an increased tau hyperphosphorylation
and reduced protein phosphatase 2A activity. Thus, it is
likely that glutamate receptor activation may transiently re-
duce tau phosphorylation, but eventually leads to hyper-
phosphorylation of the protein, at least in part by reducing
protein phosphatase 2A activity. Collectively, these results
raise the possibility that reducing tau dephosphorylation
may also partly contribute to the increased phosphorylation
of tau protein and subsequent degeneration of neurons
and/or formation of tangles observed in Alzheimer disease.

More recently, a number of studies have indicated that
 caspase- and calpain-mediated proteolytic cleavage of tau
protein, in addition to enhanced phosphorylation, may have
a role in the amyloid β–induced degeneration of neurons.
There is evidence that 43–50 kDa truncated tau generated by

caspase-3 tends to assemble more rapidly into filaments than
full-length tau and has been detected before the formation of
tangles and cell death.191–194 Similarly, 17 kDa tau generated by
calpain following treatment with amyloid β–related peptides
was also detected before enhanced tau phosphorylation or
neurite degeneration in cultured neurons. This proteolytic
cleavage of tau may lead to neurodegeneration either directly,
as reported in various cell lines and neurons, or indirectly by
reducing the pool of full-length tau available for binding
to microtubules.195,196 There is evidence that NMDA receptor–
mediated activation of calpain may be involved in triggering
the generation of 17 kDa tau fragments, which can lead to the
degeneration of neurons, as both NMDA receptor antagonists
and calpain inhibitors are found to protect neur ons from cell
death.197 Thus, NMDA receptor–regulated tau cleavage and
hyperphosphorylation of the protein may represent 2 differ-
ent mechanisms by which tau can cause cell death.

Glutamate antagonists in the treatment of
Alzheimer disease

Owing to the critical role of glutamate in both amyloid β–
and tau-mediated pathology, glutamate receptor antagonists
have been viewed as good therapeutic targets for many
years. Originally the noncompetitive NMDA receptor antag-
onists MK-801 and phencyclidine were tried as therapies for
Alzheimer disease.198,199 These compounds bind to sites within
the NMDA receptor channel complex and prevent further
Ca2+ entry by blocking the pore. Unfortunately, these drugs
had a slow onset of action and bound irreversibly to the
channel, preventing normal physiologic entry of Ca2+ into the
cell. This led to severe psychotomimetic side effects, such as
hallucinations, ataxia and memory loss, thus precluding their
use as therapeutics for Alzheimer disease and also other con-
ditions where NMDA receptors were therapeutic targets.198,200

Subsequently, other NMDA receptor antagonists, including
amantadine and dextromethorphan, have shown promising
results in the treatment of other forms of dementia, but have
failed to serve as good therapeutics for Alzheimer dis-
ease.200,201 Interestingly, memantine, which was first synthe-
sized by Eli Lilly in 1968 as a derivative of amantadine, was
found to be a noncompetitive, low to  moderate–affinity
NMDA receptor antagonist that can prevent pathological
 activation of the receptor without affecting its physiologic
functions.201–204 This antagonist exhibits a lower binding af -
finity than MK-801 and phencyclidine, but has a higher affin-
ity than the endogenous NMDA receptor antagonist, the mag -
nesium ion, which normally blocks the voltage-dependent
activation of the NMDA receptor. Further studies indicate
that memantine preferentially blocks NMDA receptor activ-
ity when the channel is excessively open. Since the NMDA
receptor channels are open during normal synaptic activity
for only milliseconds, memantine is unable to act or accumu-
late in the channel, thus selectively sparing normal synaptic
activity. However, during prolonged receptor activation, as
occurs under prolonged depolarization or excitotoxic condi-
tions, memantine becomes an effective blocker of NMDA re-
ceptor activity.202,203,205 The pharmacokinetics of memantine



and its ability to protect neurons in a variety of in vitro and in
vivo animal models suggest a favourable clinical safety pro-
file of the antagonist in the treatment of neurodegenerative
disorders. These results, together with some positive data
from human clinical trials, convinced the European Union in
2002 and the U.S. Federal Drug Administration in in 2003 to
approve memantine for the treatment of moderate-to-severe
Alzheimer disease.203,205

Accumulated evidence suggests that memantine can pro-
vide protection against a variety of insults, including quino-
linic acid–induced toxicity, brain trauma, ischemia and amy-
loid β1–40/1–42–mediated neurotoxicity under in vitro and
in vivo conditions.124,126,166,206 We have recently reported that
memantine can significantly protect rat primary cortical cul-
tured neurons against amyloid β1–42–induced toxicity by at-
tenuating activation of tau kinases (i.e., GSK-3β and ERK-
1/2) and phosphorylation of tau protein.125 The drug also
reduces amyloid β–induced cleavage of caspase-3 and de-
phosphorylation of cyclic AMP response element-binding
protein, both of which are critical for cell survival. However,
memantine did not alter either the conformation or internal-
ization of amyloid β peptide, and it was unable to attenuate
amyloid β–induced potentiation of extracellular glutamate
levels.125 In addition to its effect on toxicity, memantine is able
to reverse amyloid β–induced long-term potentiation deficits
in mouse hippocampal slice cultures207 and in the CA1 region
of the adult rat hippocampus under in vivo conditions.114

Consistent with these results, several studies have demon-
strated beneficial effects of memantine on cognitive deficits
and Alzheimer disease–related pathology in transgenic mice
overexpressing amyloid β peptides.208–210 There is evidence
that memantine can reduce amyloid β plaque burden and in-
crease synaptic density in the hippocampus of Tg2576 trans-
genic mice.211 Triple transgenic mice treated daily with
30 mg/kg of memantine for 3 months also showed improve-
ment in cognitive performance at 3 different age groups,
which was accompanied by reduced levels of hyperphospho-
rylated tau and increased levels of inactive GSK-3β.208 The
triple transgenic mice also showed a reduction in insoluble
amyloid β, but an increase in soluble amyloid β levels with-
out any alterations in APP, α-CTF or β-CTF after memantine
treatment. Thus, it is likely that the antagonist does not alter
APP levels/ processing, but changes amyloid β aggregation
or clearance in animal models of Alzheimer disease.208 This is
somewhat contrary to previous studies that have shown
lower APP levels and altered APP processing resulting in a
reduction in amyloid β1–40/1–42 production and/or secre-
tion after memantine treatment under in vivo and in vitro
conditions.91,212,213 Whether the discrepancy could be due to
long-term (30 mg/kg/d memantine for 3 mo)208 versus short-
term (i.e., 20 mg/kg/d for only 8 d)91 treatments with me-
mantine or other factors remains to be established. However,
these results, taken together, indicate that memantine is able
to attenuate both tau- and amyloid β–mediated pathology
along with an effect on the cognitive performance of the ani-
mal, validating its therapeutic potential in the treatment of
Alzheimer disease pathology.

The clinical effects of memantine have been widely studied,

and a number of trials and meta-analyses have shown bene -
ficial effects of the drug on the global status, cognition, be-
haviour and function of individuals with moderate to severe
Alzheimer disease without any major adverse effects.214–216 It
has also been shown to improve behavioural disturbances,
such as agitation and aggression. Its mechanism of action as
an NMDA receptor antagonist differs from the cholinesterase
inhibitors approved for the treatment of Alzheimer disease
(i.e., donepezil, galantamine and revastigmine), suggesting a
theoretical potential to be used in combination with these
drugs. Some clinical trials and other lines of experimental
data have suggested that the combination of memantine and
cholinesterase inhibitors is safe and might provide additive
benefits. The side effect profile of memantine is very different
from that of the cholinesterase inhibitors, thus allowing its
use in individuals with Alzheimer disease who cannot toler-
ate cholinesterase inhibitors because of their gastrointestinal
or cardiac adverse effects. The data on the efficacy of meman-
tine for individuals with mild to moderate Alzheimer disease
is somewhat less compelling, with some studies demonstrat-
ing no benefit beyond placebo either as monotherapy or in
conjunction with cholinesterase inhibitors.204,217,218 Unfortu-
nately, to date, clinical studies have only examined the symp-
tomatic benefits of mematine with a limited dose of the drug.
Given its purported mechanism of action as an NMDA recep-
tor antagonist, it is of interest to determine whether higher
doses of memantine with acceptable tolerability might have
disease-modifying effects, such as protection of neurons
against excitotoxicity by attenuating tau phosphorylation,
which may provide a rationale for the use of the drug in indi-
viduals with mild Alzheimer disease or even those at earlier
stages.204 Some recent studies have suggested that second-
generation analogues of memantine, nitromemantines, may
be more neuroprotective than memantine at a lower dosage
in both in vitro and in vivo animal models.219 These modified
drugs not only share memantine’s ability to block NMDA re-
ceptors, but can also nitrosylate 1 of 5 cysteines in NMDA
recep tors. Since S-nitrosylation of the NR2A subunit has been
shown to modulate NMDA receptor activity,203 it is likely that
nitromemantines may provide a means to specifically target
NMDA receptors without causing dangerous side effects,
such as lowering blood pressure, that are associated with
other nitrosylating drugs like nitroglycerin. However, more
research is needed to establish the efficacy of nitromeman-
tines in protecting neurons in animal models as well as clin -
ical safety for their use in humans with Alzheimer disease.
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