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Altered Glutamate Neurotransmission and Behaviour in Dementia: Evidence from

Studies of Memantine
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Abstract: Behavioural symptoms are a significant problem in Alzheimer’s disease (AD). Symptoms including agitation/aggression and
psychosis reduce patient quality of life, significantly increase caregiver burden, and often trigger nursing home placement. Underlying
changes in the serotonergic, noradrenergic and cholinergic systems have been linked to some behavioural problems, however, the use of
antipsychotics in this population has been associated with significant safety concerns.

A role for the glutamate system in schizophrenia, as well as in anxiety and depression, has been suggested, and evidence is emerging for
a role for dysfunctional glutamate neurotransmission (via N-methyl-D-aspartate (NMDA) receptors) in certain behavioural changes in
dementia. For example, the NMDA receptor antagonist, memantine has been shown to improve cognition, function (activities of daily
living, ADLs) and, more recently, agitation/aggression, and delusions in AD patients. To date, little information is available regarding the
neurochemical basis of agitation/aggression. However, the frontal and cingulate cortices — specifically, the formation of neurofibrillary
tangles in glutamatergic pyramidal neurones of these areas — are proposed as regional substrates of these behaviours.

Given that memantine displays a favourable tolerability profile, it is relevant to investigate the underlying mechanism linking memantine
with the behavioural elements of AD. One hypothesis proposes that memantine corrects dysfunctional glutamatergic neurotransmission in
the frontal and cingulate cortices, thereby normalising pathways responsible for causing agitation. An alternative hypothesis is based on
the observation that increased tangle formation is associated with agitation, and on recent studies where memantine has been shown to
reduce tau phosphorylation via glycogen synthase kinase (GSK)-3 or activation of protein phosphatase (PP)-2A, which might subse-

quently lead to reduced agitation.
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INTRODUCTION

Behavioural symptoms are observed at all stages of Alz-
heimer’s disease (AD), and significantly impact AD management.
Although the most severe behavioural difficulties are associated
with more advanced disease, AD patients can present with depres-
sive, agitated and aggressive behaviours at any stage — up to 70% of
patients experience agitation and/or irritability within the first year
of diagnosis [1, 2]. Symptoms such as agitation/aggression and
psychosis have a negative impact on the quality of life and social
interactions of patients and their families, and present a significant
burden to carers in terms of distress and physical and mental ex-
haustion [3-6]. According to the recent Alzheimer Europe Dementia
Carers’ survey, behavioural symptoms are the most problematic
area to cope with for 50% of carers (more so than cognition, re-
ported as most problematic by 45% of carers), with agita-
tion/aggression the most common cause of the problem (16%) [5].
Carer burden is associated with increased nursing home placement;
as behavioural symptoms are considered a significant problematic
area for carers, these symptoms may consequently be a frequent
trigger for nursing home placement [5-8]. Furthermore, such behav-
ioural symptoms are often socially inappropriate, can be attention-
seeking or even abusive [9].

Existing treatments for behavioural symptoms in dementia are
often only effective in the short-term and some carry an increased
risk of significant cardiovascular problems and accelerated cogni-
tive decline [10, 11]. Furthermore, recent warnings have been is-
sued by the FDA for the use of atypical antipsychotics in dementia
patients, due to an increased mortality risk [12]. Many of these
drugs antagonise dopamine or serotonin receptor subtypes, although
no specific mechanism has yet been identified. There is an evidence
base for the safe use of antidepressants in dementia patients, but
only for the treatment of depression [13]. In addition, acetylcho-
linesterase inhibitors seem to improve apathy and mood in AD, but
not agitation/aggressive behaviour [14, 15]. It is clear that drugs
with alternative mechanisms of action are required to treat trouble-
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some behavioural symptoms, particularly agitation and aggressive
behaviour, in patients with dementia. Of interest is new evidence
from clinical studies of the N-methyl-D-aspartate (NMDA) receptor
antagonist, memantine, which demonstrates improvement of these
symptoms.

Memantine is indicated for the treatment of moderate to severe
AD, and has been shown to improve behavioural, cognitive and
functional (i.e., ADL-related) symptoms in this patient population
[16-18]. Memantine is also well tolerated, with rates of serious
adverse events and mortality that are comparable to those of pla-
cebo treatment [19]. Specific behavioural aspects of AD that are
influenced by memantine treatment, as assessed using the Neuro-
psychiatric Inventory (NPI), include delusions, agitation/aggre-
ssion, and irritability/lability [20-26].

Two hypotheses for the mechanisms of action that underlie
memantine’s effect on behavioural symptoms are presented with
the hope that such a review will stimulate further research in this
important area.

GLUTAMATE AND BEHAVIOUR

Normal glutamatergic neurotransmission and the main proc-
esses and molecules involved are illustrated in Fig. (1a), and have
been reviewed in detail elsewhere (Danbolt, 2001) [27].

Glutamate is the major excitatory neurotransmitter of the cortex
and hippocampus and is involved in many aspects of higher mental
function. In particular, loss and dysfunction of both the pre- and
postsynaptic glutamatergic system have been linked to cognitive
dysfunction in AD [28-30]. There is evidence for an involvement of
glutamate neurotransmission in psychosis, leading to the develop-
ment of the glutamate hypothesis of schizophrenia — this hypothesis
originated from the psychotomimetic action of phencyclidine
(PCP), a non-competitive NMDA receptor antagonist. It is currently
postulated that abnormalities in dopamine and glutamate neuro-
transmission are interconnected in the pathophysiology of AD;
NMDA hypofunction in the prefrontal cortex may generate dys-
regulation of the dopamine system that, in turn, affects the gluta-
mate-mediated systems [31, 32]. There is also evidence supporting
the involvement of glutamate neurotransmission in the cause and
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Fig. (1). Glutamatergic neurotransmission, its disruption in Alzheimer’s
disease, and a hypothesis for the effect of memantine (see text for explana-
tion, and also Parsons et al. 1993; Parsons et al. 1999; Francis, 2005; Fran-
cis, 2006) [29, 36, 39, 45].

treatment response of depression [33]. Many studies link changes in
the serotonergic system to aggressive behaviour, although the post-
synaptic location of most serotonergic receptors, including those
positioned on glutamatergic pyramidal neurones, suggests a role for
glutamate neurotransmission [34]. Further evidence for this pro-
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posal comes from neuropathological studies that demonstrated that
neurofibrillary tangle (NFT) formation in the orbitofrontal cortex
correlates with agitation/aggressive behaviour in AD patients [35].
When considered in conjunction with new clinical data indicating
that memantine improves agitation/aggressive behaviour in AD
patients, a role for the glutamatergic system in causing these symp-
toms is implicated.

Action of Memantine on the Glutamatergic System

Memantine is a moderate affinity, un-competitive, voltage-
dependent NMDA receptor antagonist. In many ways, its action is
similar to that of the endogenous NMDA antagonist Mg?*, rather
than other voltage-dependent antagonists such as PCP or use-
dependent antagonists such as MK-801. The explanations for these
differences centre on the faster blocking/unblocking kinetics and
greater voltage dependency of memantine as compared with these
molecules [36, 37].

In AD, it is proposed that dysfunctional glutamate neurotrans-
mission produces an elevated baseline level of glutamate at the
synapse, triggering inappropriate Ca®* influx through the NMDA
receptor, and impairing the usual detection of physiological signals
(low signal-to-noise ratio) (see Fig. (1b)) [36, 38]. Preclinical stud-
ies have shown that, because of its specific level of voltage depend-
ency, memantine can block the induction of signals likely to be
caused by elevated baseline levels of glutamate, while still allowing
physiological transmission [38, 39]. Therefore, in AD, memantine
is proposed to improve the signal-to-noise ratio, by selectively re-
ducing the noise level, and hence improves cognitive function (see
Fig. (1c)) [36, 38]. In addition, in vitro, memantine has been shown
to reduce the level of beta-amyloid (Ap) protein — deposits are a
defining feature of AD pathology, which have been shown to re-
duce glutamatergic transmission via the internalisation of NMDA
receptors® [40].

Therefore, in the following section, | discuss a hypothesis for
the action of memantine in improving agitation/aggressive behav-
iour via correction of glutamatergic neurotransmission. A second,
contrasting hypothesis also considers the potential involvement of
memantine in the reduction of NFT formation, through influence on
the phosphorylation of tau.

HYPOTHESIS |I: CORRECTION OF GLUTAMATERGIC
NEUROTRANSMISSION IN A CORTICAL REGION RE-
SPONSIBLE FOR AGITATION

Frontal lobe dysfunction and the presence of NFTs in the fron-
tal and cingulate cortices, are associated with agitation/aggression
in AD [35, 41]. It has been suggested that this pathology may re-
duce the threshold that triggers agitated behaviour, thereby generat-
ing an apparently exaggerated response to the effects of other
symptoms, e.g., depression, and to environmental factors [41].
Therefore, in the first hypothesis, | consider whether memantine
produces its behavioural effect in AD by correcting dysfunctional
glutamatergic neurotransmission in the frontal and cingulate corti-
ces.

Approximately 70% of cortical neurones use glutamate as a
neurotransmitter and hence the glutamatergic system plays an im-
portant role in all regions of the cortex and hippocampus. Evidence
for a pivotal role of glutamate in learning and memory is long-
established [16, 28, 42], however, it is likely that any function of a
particular cortical region will depend on glutamate neurotransmis-
sion at some level. One particular feature of the glutamatergic syn-

Lahiri, D. K.; Chen, D.; Alley, G. M.; Banerjee, P. K. Effects of memantine on the
activity of secretase enzymes in the human neuroblastoma cells. Abstract presented at
the 10" International Conference on Alzheimer’s Disease and Related Disorders
(ICAD), Madrid, Spain, 15-20 July 2006.
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Fig. (2). Reduced glutamate reuptake, as measured using [*H]D-aspartate, in the frontal and temporal cortices of patients with Alzheimer’s disease [46].

apse is the NMDA receptor, which acts as a co-incidence detector
in long-term potentiation (LTP) formation [43, 44]. A vital part of
this mechanism is the transient high peak of glutamate in the synap-
tic cleft during depolarisation, detected against a low resting back-
ground level (high signal-to-noise ratio) (see Fig. (1a)).

In AD, there is evidence that glutamate release and uptake are
chronically decreased (see Fig. (1b)) [28, 45]; and that this inter-
feres with neural activity in many cortical regions and the functions
that they subserve. For example, reduced glial glutamate uptake is
reported in AD (Fig. (2)) [46], reflecting oxidative damage to the
transporters [47, 48]. Additionally, there is loss of the vesicular
glutamate transporter (VGIuT) in several cortical regions (Fig. (3))
[30]. Such changes are likely to generate an elevated baseline level
of glutamate at the synapse, triggering inappropriate Ca®* influx.
These raised background levels of glutamate impair the usual detec-
tion of physiological signals (low signal-to-noise ratio), disrupting
normal cognitive processes [36]. Furthermore, the disruption of
vesicular glutamate transport results in less glutamate being stored
in pre-synaptic vesicles, reducing the level of signal upon neuro-
transmitter release [29, 30]. At extreme, abnormally high levels,
synaptic glutamate and hence intracellular Ca®*, can also cause
neurotoxicity — a process that has been implicated in neurodegen-
eration in AD [49]. However, even mildly elevated background
concentrations of glutamate are likely to have deleterious effects on
signalling at these synapses, through an impaired signal-to-noise
ratio at NMDA receptors.

1.2

In addition, deposits of AB can reduce glutamatergic transmis-
sion by inducing the internalisation of NMDA receptors [40]. This
pathological effect has been shown to disrupt NMDA-induced re-
ceptor currents, inhibiting long-term potentiation (LTP — synaptic
plasticity) and signalling to downstream targets such as Akt (also
known as protein kinase B) [40, 50, 51].

Therefore, via an influence on glutamatergic transmission, me-
mantine could potentially impact upon AD pathology. Any subse-
quent evidence linking NMDA receptor dysfunction to specific
symptomatic effects such as agitation/aggression, could help to
explain the differential effects of memantine, as compared with
therapeutic agents targeting other neurotransmitter systems. How-
ever, to date, there has been little study of this potential relationship
between the glutamatergic system and agitation/aggression. Instead,
the focus has been on the relationship between changes in the glu-
tamatergic system, including NMDA receptors, and cognitive
symptoms — particularly because of the link with LTP. As a conse-
quence, AD pathology in relation to cognitive performance has
been studied extensively.

It is of course possible that regions other than those linked here
to agitation may be a substrate for the action of memantine on agi-
tation. For example, the increase in irritability and agitation towards
night time, the so-called ‘sundowner’ syndrome, may be associated
with disruption of the entrainment of the light-dark cycle [52]. One
may, therefore, speculate that glutamatergic transmission in the
retinohypothalamic tract may be normalised by the action of me-
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Fig. (3). Reduced synaptophysin and VGIuT1 in the parietal cortex of patients with Alzheimer’s disease [30].

Reproduced with permission from Kirvell, S. L.; Esiri, M.; Francis, P. T. Down-regulation of vesicular glutamate transporters precedes cell loss and pathology
in Alzheimer’s disease. J. Neurochem. 2006, 98(3), 939-950. © 2006 Wiley-Blackwell Publishing Limited.
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Fig. (4). Memantine reduces tau phosphorylation in AD11 mice (Egebjerg, J., et al. 2005).
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mantine and the specific actions on agitation may flow from this
mechanism [53].

HYPOTHESIS II: REDUCTION OF NEUROFIBRILLARY
TANGLE (NFT) FORMATION, THROUGH INFLUENCE
ON THE PHOSPHORYLATION OF TAU

Hyperphosphorylated tau is the primary component of NFTSs,
and NFT density in the frontal and cingulate cortices has been
shown to correlate with the NPI item agitation/aggression in AD
[35]. It is, however, worth noting that other conditions involving
some type of agitation/aggression (e.g., schizophrenia) are not asso-
ciated with NFT formation.

In the second hypothesis, therefore, | consider whether meman-
tine improves agitation/aggression by reducing NFT formation in
pyramidal neurones through actions on the phosphorylation state of
tau.

Tau Phosphorylation in the AD Brain

Tau is a microtubule-associated phosphoprotein that, under
normal conditions, mediates the assembly and maintenance of mi-
crotubules. However, if hyperphosphorylated, normal tau function
is reduced, leading to the destabilisation of microtubules — with
negative consequences for axonal transport, and probably neurode-
generation [54, 55]. These abnormally hyperphosphorylated forms
of tau are the major protein subunit of NFTs [54, 56], and are char-
acteristic features of the AD brain.

The regulation of tau phosphorylation has been linked to the ac-
tions of glycogen synthase kinase-3 (GSK-3) and protein phospha-
tase 2A (PP-2A). GSK-3is the main candidate for the phosphoryla-
tion of tau, and has also been associated with a variety of other
intracellular signalling-related actions, regulating neuronal plastic-
ity, gene expression and cell survival, and also promoting the pro-
duction and action of AP [55, 56]. GSK-3 is therefore closely asso-
ciated with the prominent features of AD pathology.

PP-2A is also thought to be connected with the pathological ef-
fects of tau. PP-2A mediates the activity of tau via dephosphoryla-
tion, however, in AD, its activity is compromised [54]. Interest-
ingly, activation of the NMDA receptor has also been linked with
the reduction of PP-2A activity in vitro [57], and this is one factor
that has prompted the study of memantine in relation to tau phos-
phorylation.

Memantine and Tau Phosphorylation

Although speculative at this stage, emerging evidence suggests
that memantine may influence the status of tau phosphorylation,
acting via either GSK-3 or PP-2A.

Memantine increases the pool of phosphorylated (i.e., inactive)
GSK-3 by stimulating its serine phosphorylation [56]. A relatively
high dose of memantine (50 mg/kg) administered to mice increased
the phosphorylation of GSK-3f at serine-9 in the cerebral cortex
after 2 hours, with no change in total GSK-3p [56]. Exact details of
this mechanism of action are unknown, but there is some evidence
from in vivo studies that the kinase, Akt, may be involved [56].

In vitro studies have shown that memantine is able to reverse
the inhibition of PP-2A [54]. Treatment of organotypic cultures of
rat hippocampal slices with 100 nM okadaic acid reduced PP-2A
activity [54]. Treatment with memantine 10 uM, but not 1 uM,
reversed this change [54]. The concentration required (10 uM) is at
the high end of what is considered to be therapeutically relevant.
Memantine has also been shown to reduce the abnormal hyper-
phosphorylation of tau in AD11 transgenic mice?. These transgenic
mice express anti-nerve growth factor antibodies that neutralise the
actions of NGF, and recapitulate many aspects of AD pathology
including increased tau phosphorylation in the entorhinal cortex
[58-60]. At 4.5 months of age, AD11 mice were treated for 90 days
with 30 mg/kg/day memantine in the drinking water to reach a
clinically relevant plasma level of approximately’ 1 uM. Parallel
groups of wild type (WT) and AD11 mice with/without memantine
treatment were sacrificed at 7.5 months of age and the percentage
of phosphorylated forms of tau in brain areas was detected using
AT8 and AT270 antibodies®. Memantine treatment prevented the
phenotypic increase in tau phosphorylation in the entorhinal cortex
(see Fig. (4))°. Recently, memantine has been shown to reduce
brain levels of hyperphosphorylated tau in triple transgenic AD
mice following three months of treatment®. There is further in vitro
evidence that memantine inhibits the action of the protein, 1,"7°4 —
itself an inhibitor of PP-2A [61]. The involvement of the NMDA
receptor in mediating PP-2A activity (as described earlier) may also
be implicated in the mechanism underlying the effect of memantine
on PP-2A [57].

Clearly, further evidence, including investigation of the concen-
tration/dose dependency of these tau-related effects, is required to
support the initial findings. However, initial clinical support for
these tau-related effects comes from a recent study in which me-
mantine was shown to reduce levels of phosphorylated tau in the
cerebrospinal fluid of AD patients, after 1 year of treatment [62]. A

zEgebjerg, J.; Westlind-Danielsson, A.; Capsoni, S.; Cattaneo, A. Memantine reverses
in vivo tau hyperphosphorylation and a behavioural deficit in a mouse model of Alz-
heimer’s Disease. Poster presented at the 7" International Conference on Alzheimer’s
and Parkinson’s Diseases (AD/PD), Sorrento, Italy, 9-13 March 2005.

3Martinez-Coria, H.; Green, K. N.; Banerjee, P. K.; LaFerla, F. M. Memantine im-
proves cognitive function and reduces brain levels of B-amyloid and hyperphosphory-
lated tau in a mouse model of Alzheimer’s disease. Soc. Neurosci. 2007, Abstract
548.2.
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further test of this mechanism of action would be the effect of other
GSK-3B inhibitors, such as lithium or those currently under devel-
opment, on agitation. Indeed, there is some — however limited —
evidence of the efficacy of lithium in the treatment of aggression
[63].

SUMMARY

Behavioural symptoms are a troublesome aspect of AD, often
becoming disruptive and/or aggressive as the disease progresses.
However, there is some concern over the safety of existing antipsy-
chotic medications used for the treatment of AD. The NMDA re-
ceptor antagonist, memantine, has demonstrated efficacy and safety
in the treatment of behavioural symptoms in patients with moderate
to severe AD, and specific benefit has been noted in the domain of
agitation/aggression. Therefore, with relevance to the ongoing de-
velopment of pharmacological treatments for AD, it is informative
to investigate the link between the memantine mechanism of action
and the underlying neuropathology of behavioural dysfunction in
AD. Although no direct evidence for this connection is currently
available, two hypotheses have been proposed suggesting a link via
glutamate transmission and tau phosphorylation. To assist in mak-
ing the association between neuropathology and the induction of
agitation, and to aid in appropriate patient management, a clear
definition of specific behavioural symptoms must be available for
clinical analysis.
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