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ABSTRACT

NMDA receptor channels play a significant role in
learning and memory and their dysfunction can cause
neuronal cell death leading to dementia. Research
had shown that lipids change the risk for dementia,
especially some omega-3 lipids appear to lower Alz-
heimer’s risk, yet only limited research exists on the
modulation of NMDA receptor channels by lipids.
Here we review recent literature concerning molecu-
lar determinants that influence the NMDA receptor
channel gating via membrane lipids and fatty acids
with profound significance for understanding how
altered NMDA signalling leads to neuronal cell death
linked to age-related dementia’s. Future discovery of
lipid-like modulators of NMDA receptor function
offer the potential for the development of new bioceu-
ticals and affordable nutritional supplements to com-
bat neuronal degeneration as well as to promote well
being and healthy aging.
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1. INTRODUCTION

The NMDA receptor is an oligomeric cation channel
which mediates long-term potentiation, synaptic plastic-
ity and neuro-degeneration via conditional Ca®* signal-
ling [1-3]. The channel requires coactivation by gluta-
mate and glycine that bind to a ligand binding core [4].
The complexity of NMDA receptors arises from multiple
genes encoding different subunits of the channel and
alternative splicing of mRNA, which determines the
variability in subunit composition, as well as functional
heterogeneity. The ubiquitously expressed NR1 subunit
is a product of a single gene encoding eight splice vari-
ants (Figures 1(a) and (b)) whereas four NR2 subunits
(NR2A-NR2D) and two NR3 subunits are encoded by
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Figure 1. (a) Membrane topology and location of exon cas-
settes of the NMDA receptor NR1. Alternatively spliced C-
terminal exon cassettes are marked as C1, C2, CO; (b) Upper
eight splice variant of NMDA receptor NR1 formed by the
presence of one N-terminal and three C-terminal cassettes.
Below: Boxed are actinin binding residues within C0. Under-
lined are clusters of charged residues proposed to act as a lipid
sensor; (c) Reconstituted NMDA receptor NR1 into Giant Uni-
lammelar Vesicles (GUVs) prepared with \esicle-Prep-Pro (Na-
nion technologies) form functional homomeric channel acti-
vated by agonists.

distinct genes and their products are differentially dis-
tributed throughout the central nervous system [5-7]. The
transmembrane topology of NMDA receptor proteins
predicts an extracellular N-terminus, followed by three
transmembrane domains (TM1 - TM3) and intracellular
C-terminus (Figure 1(a)). A cytoplasmic reentrant loop
(P) lines the channel pore, whereas an extracellular loop
links the TM2 and TM3 domains. In the NMDANR1
subunit the cytoplasmic C-terminus is the subject of al-
ternative splicing (Figure 1(b)) which differentially af-
fects its interaction with intracellular proteins and phos-
pholipids [8].
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Several studies suggest that NMDA receptors influ-
ence neuronal growth, synaptogenesis and neuronal plas-
ticity as well as fine-tuning of neuronal connections.
During development, NMDA receptors are important for
neuronal survival, differentiation, and neuronal migration
[9,10] as well as for formation and stabilization of syn-
apses and neuronal circuits [11,12]. In the postnatal and
adult brain, NMDA receptors act as molecular coinci-
dence detectors of presynaptic and postsynaptic activity
facilitated by pre-synaptic release of glutamate and si-
multaneous depolarization of the postsynaptic membrane
that are requirements for the channel gating. Coincidence
detection by the NMDA receptor depends on a voltage-
dependent channel block by extracellular Mg?*. This
voltage-controlled Ca®" influx via the NMDA receptor is
thought to be essential for activity-dependent modula-
tions in synaptic strength [1,13]. De-regulation of NMDA
receptor function has been associated with excitotoxic
cell death where neuronal cells are damaged and killed
by excessive stimulation by glutamate and excitotoxins.
NMDA receptor-mediated excitotoxicity has been impli-
cated in many important human brain pathologies, rang-
ing from amyotrophic lateral sclerosis, Alzheimer’s dis-
ease and Parkinson’s disease, depression, epilepsy, trau-
ma and stroke to schizophrenia [14].

2. SUBUNIT COMPOSITION PRESENTS
A CHALLENGE TO STUDY NMDA
RECEPTOR’S FUNCTION

The subunit composition of the N-methyl-D-aspartate
(NMDA) glutamate receptor affects both its channel ac-
tivity and its sensitivity to modulation by a wide variety
of substances. Despite research in this area, currently the
exact subunit/splice variant composition of native NMDA
receptor channels is not known although there is some
evidence that the functional NMDA receptor forms a
heterotetrameric channel composed of two NR1 and two
NR2 subunits and multiple NMDA receptor channel iso-
forms exist resulting from selective splicing of the NR1
transcripts and differential expression of the NR2 sub-
units [15]. Different physiological studies indicate that
endogenous neuronal postsynaptic NMDA receptors are
heterooligomeric complexes composed of NR1 and NR2
subunits [5,16,17]. However immunohistological studies
revealed the presence of homomeric NMDANRL recep-
tors in the hippocampus, visual cortex, amygdale, stria
terminalis [18-20]. The most commonly studied NM-
DANRL splice variant NR1a forms a functional channel
when heterologously expressed in oocytes, yeast strains
but not certain mammalian cell lines, whereas four
modulatory NR2 subunits function only if co-expressed
with any of the NR1 subunits in any heterologous ex-
pression system [21-25]. However, functional homo-
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meric complexes composed of NR1 subunits have been
reported to exist in the central nervous system [26].
Electrophysiological studies of reconstituted NMDA
receptor complexes isolated from total brain membranes
showed a multi-conductance state behaviour which could
be a result of several multimeric subunits of the receptor
present in native neuronal membranes [27].

High Ca®" permeability and its control by voltage-de-
pendent Mg?* block are defining features of NMDA re-
ceptors [28,29]. These features are lost if the principal
NR1 subunit carries an asparagine (N) to arginine (R)
substitution in the pore forming region of M2 on the
NR1 subunit (residue 598). Such substitution not only
abolishes Ca?* permeability and voltage-dependent Mg**
block [30,31] but also reduces single channel conduc-
tance [32] and modulates potentiation and block by
polyamines, inhibition by protons and Zn*, and channel
sensitivity to glutamate and glycine [33-36]. Further-
more, mice that express mutant NMDA receptors in po-
sition 598 of the NR1 subunit developed dysfunction in
the nervous system with phenotypes ranging from re-
duced life expectancy, growth retardation, impaired nur-
turing reflex in females to death before weaning [37].
This indicates that the activity-dependent Ca®* influx
through the NMDA receptor channels controlled by
NMDANR1 subunit is likely to play an essential role in
synaptic transmission in the central nervous system. Ne-
uronal excitotoxicity is thought to be dependent on sub-
unit composition of individual NMDA receptor com-
plexes which greatly affect the electrophysiological and
pharmacological properties of the intrinsic receptor
channel. There is evidence that native NMDA NR1 pro-
teins have distinct biochemical and functional properties
and differ in stability and molecular weight [38,39]. This
heterogeneity has a further implication in the pathology
of Alzheimer’s disease. Alzheimer’s disease, a major cause
of dementia in the elderly, is characterized by selective
neuronal degeneration within specific sub-regions of the
hippocampus. Biochemical and molecular studies have
demonstrated alteration in NMDA receptor subunits
within a specific region of the hippocampus during Alz-
heimer’s disease progression [40].

Despite the physiological significance of NMDA NR1
subunit to channel function the homomeric NMDA NR1
receptors have not been studied thoroughly due to the
difficulty to isolate single NMDANRL currents in neu-
ronal cells. Another difficulty that such studies present is
the inability to determine which splice variant of the
NMDANRL1 receptor form functional channels at syn-
apses. New methods of study of ion channels have
emerged recently to address this issue. The extensively
researched reconstitution methods of heterologously ex-
pressed recombinant proteins into liposomes and giant
unilamellar vesicles (GUV) allow study of ion channels
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in isolated systems without complex cellular interactions
[41]. We have successfully purified and reconstituted
NMDA receptor channels into liposomes and GUV made
of soy bean azolectin and performed single channel re-
cordings using the standard patch-clamp techniques [42];
(Figure 1(c)). Our results suggests that the splice variant,
NMDANRZ1(3b), heterologously expressed and purified
from mammalian cell line HEK-293 can form a func-
tional homomeric channel when reconstituted into artifi-
cial lipid bilayers made from phospholipids and fatty
acids (Figure 1(c)). Taken together current evidence sug-
gests that some endogenous NMDANR1 splice variants
may exist as functional homomeric complexes in neu-
ronal cells and therefore play an important role in synap-
tic transmission.

3. MODULATION OF NMDA RECEPTOR
CHANNEL BY LIPID BILAYER

NMDA receptors are regulated by polymodal stimuli.
The enhancement of NMDA receptor responses by fatty
acids, osmotic forces, membrane phospholipids and
membrane stretch [43-45]; Kloda et al., 2007 [42-46] has
been previously reported. Since lipids form a matrix for
insertion of ion channels, it is not surprising that any
changes to cell membrane, induced by either physical or
chemical stimuli, could affect gating properties of ion
channels which are sensitive to such changes. In fact
membrane fluidity is determined by the presence of fatty
acids (increase membrane fluidity) and the phospholip-
ids/free cholesterol ratio, as cholesterol increases mem-
brane viscosity [47,48]. Thus a diet based on a high pro-
portion of essential polyunsatured fatty acids would al-
low a higher incorporation of cholesterol in the mem-
branes to balance their fluidity that would further limit
the availability of cholesterol in the blood stream.

The correlation of membrane expansion induced by
either mechanical or chemical stimuli with the block of
the NMDA receptor channel indicates that the synaptic
transmission can be altered if NMDA receptor com-
plexes experience local changes in the lipid environment.
Such changes may be caused by either dynamic targeting
of “raft” proteins to lipid microdomains and modification
of biophysical properties of cell membranes due to e.g.
insertion of lipophilic compounds. Lipid rafts are distinct
parts of the cell membrane enriched in cholesterol and
sphingolipids and could affect the function of NMDA
receptor channels directly via changes in biophysical
properties of the lipid bilayer, which can occur during
“raft” recruitment as well as changes in membrane fluid-
ity due to the distinct composition of raft lipids. These
microdomains play an important role in cellular signal-
ling processes [49-51]. Indeed, there is evidence that
glutamate signalling via Ca" influx is regulated by lipid
rafts [14]. Although functional regulation of NMDA re-
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ceptor channels seems to be associated with complex
molecular systems including signalling proteins, it is po-
ssible that other aspects of the membrane environment
play a significant role in this process. NMDA receptor
channels have been shown to be associated with lipid
rafts [52] and lipid rafts have been found to play a critical
role in the maintenance and function of synapses [53,54].
There is evidence that lipid rafts can modulate the func-
tion of NMDA receptor channels [14]. Furthermore, de-
pletion of plasma membrane cholesterol plays a critical
role in NMDA-receptor mediated Ca®* influx in hippo-
campal cultured neurons and has a dramatic effect on
neuronal excitability [54]. Thus excitotoxicity, which in
AD is mainly glutamate and NMDA receptor dependent,
could occur due to altered membrane fluidity. This in
turn could affect the functional properties of NMDA
receptors such as Mg®* block via the bilayer mechanism
[42], further indicating that the function of the NMDA
receptor as a molecular coincidence detector may not
only be controlled by voltage but also by the membrane
bilayer deformation forces.

4. MODULATION OF NMDA
RECEPTORS VIA MEMBRANE LIPIDS

Evidence shows that NMDA receptor channels are po-
tential targets for membrane phospholipids [8,44]. Lyso-
phospholipids inhibit NMDA-mediated responses further
suggesting that the membrane tension and/or curvature
are important modulators of the NMDA receptor func-
tion [44,42]. In contrast Phosphatidylinositol-4,5-Bipho-
sphate (PIP2), which has been reported to modulate the
activity of many other ion channels and transporters [55]
is proposed to regulate NMDA receptor activity through
interaction with alpha-actinin. A recent study demon-
strated that the NMDANR1 subunit forms complexes
with actin protein and further, the authors identified sites
on the NMDANR1 subunit that sense PIP2 [8].

The C-terminus of the NR1 subunit can be divided
into three domains: CO, C1 and C2 (Figures 1(a) and
(b)). C-terminal domains of NMDA NR1 subunit are not
only targets for alternative splicing [56] but also harbour
sites for protein-protein interaction of the NMDA recep-
tor channel with e.g. tubulin, spectrin, calmodulin and
others [57,58]; 1997 [59-62]. According to [8] it is a CO
domain of NMDA NR1 subunit that is most likely in-
volved in PIP2 sensing via binding of alpha actinin. The
proposed model suggests that alpha-actinin tethers C-ter-
minal regions of the NR 1 subunit of NMDA receptors
and PIP2 in the plasma membrane to keep the channel
open. Upon cleavage of PIP2 by phospholipase C (PLC)
into inositol triphosphate and diacylglycerol, alpha ac-
tinin detaches from the membrane resulting in channel
closure and suppression of currents through the NMDA
receptor channel. Indeed previous studies have suggested
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that displacement of alpha-actinin by calmodulin is re-
sponsible for calcium-dependent inactivation of NMDA
receptors [60,63]. On the other hand actin depolymeri-
zation has been reported to reduce NMDA channel activ-
ity [64], decrease the number of synaptic NMDA re-
ceptor clusters [65], and trigger long-term depression of
NMDA synaptic responses in the hippocampus [66].
Alpha actinin has been shown to interact with not only
proteins including PDZ-type proteins, certain types of
kinases and collagen [67-69] but also membrane lipids
including diacylglycerol (DG) and palmitic acid (PA)
[70], PIP2 [71,72] as well as other negatively charged
phospholipids [73-75]. Because PIP2 concentration on
the cytosolic leaflet at the plasma membrane undergoes a
constant cycle of regeneration and breakdown [55,76], it
is conceivable that any perturbation of this pathway is
likely to affect the functioning of ion channels that are
regulated by phospholipids such as PIP2. These events
have physiological significance as PIP2 are cleaved in
response to various stimuli including activating G-cou-
pled receptors that couple to phospholipase C such as
acetylcholine receptor. Indeed physiological studies
showed that blocking PIP2 synthesis or stimulating PIP2
hydrolysis reduces NMDAR-mediated currents in corti-
cal neurons and formation of the NMDA-receptor de-
pended long term depression [77,78]. Furthermore, a
reduced level of phosphoinositides in the brain has been
linked to symptoms of Alzheimer’s disease [79-81].

Many pharmacological probes such as poly-lysine and
spermine show a spectrum of effects on NMDA receptor
channels including voltage-dependent block as well as
glycine-dependent and glycine-independent enhancement
of NMDA-mediated responses [82-84]. These cationic
molecules have a high affinity for anionic phospholipids
that could modulate NMDA receptor function by inter-
acting with phospholipid sensing domain of the receptor
protein. Indeed a cluster of charged residues has been
identified within the C-terminus of NMDA NR1 CO and
C1 splice variants (Figure 1(b)) and may act as a phos-
pholipid sensor. A similar cluster of positive charges in
the proximal C-terminal domain of TREK-1 is central to
the effect of phospholipids on the channel function. This
cationic region is required for the interaction between the
C-terminal domain of TREK-1 and the plasma mem-
brane lipids [85] and has been shown to inhibit TREK-1
currents [85,86]. It would be of great interest to investi-
gate further the role of C-terminal domains of NMDA
receptor splice variants and their possible role in phos-
pholipid sensing.

5. REGULATION OF NMDA RECEPTORS
BY FATTY ACIDS—POTENTIAL
“BRAIN FOOD”

Modulation of NMDA receptor channels by fatty acids

Copyright © 2012 SciRes.

including arachidonic acid and linoleic acid have been
reported and could occur either via changes in biophysi-
cal properties of the lipid bilayer such as curvature or a
direct effect via a binding site [8,42,87,88]. Similar to
phospholipids, fatty acids are components of all biologi-
cal membranes and their presence increases membrane
fluidity [47]. Furthermore, the NMDANRL1 subunit con-
tains a sequence similar to that of a family of fatty acid
binding proteins [88].

Several studies suggest that a positive feedback
mechanism may exist between fatty acids and NMDA
receptor activation. This is because initial Ca*" influx
through activated NMDA receptor channels stimulates
endogenous phospholipase A2 [89] and thus release of
more fatty acids from cellular membranes. Liberation of
these fatty acids into intracellular fluid further potentiates
NMDA receptor responses [90]. Omega-3 and omega-6
fatty acids have been shown to stimulate cell membrane
expansion at the growth cones indicating their role in
neurogenesis [91], which is thought to be mediated via
NMDA receptor channels. This further indicates that the
composition of the lipid bilayer is an important modula-
tor of the NMDA receptor function and could play an
important role in NMDA receptor mediated signalling,
synaptogenesis and excitotoxicity. Recently we have de-
monstrated that in the liposome system, stretching of the
lipid bilayer, as well as the application of arachidonic
acid, alleviate Mg®* block and potentiate currents through
recombinant NMDA receptor channels [42]. Similar re-
sults have been obtained with the use of linoleic acid
[87]. This further indicates that the composition of the
lipid bilayer is an important modulator of the NMDA
receptor function and could play an important role in
NMDA receptor mediated signalling, synaptogenesis and
excitotoxicity. It can also provide an explanation as to
why the functioning of certain types of NMDANR1
splice variants depends on the cell type they are ex-
pressed in. Interestingly omega-3 and omega-6 fatty ac-
ids have been shown to stimulate cell membrane expan-
sion at the growth cones indicating their role in neuro-
genesis [91], which is thought to be mediated via NMDA
receptor channels.

One physiological consequence of the effect of fatty
acids on the block and permeability of NMDA receptors
could be its interference with LTP. Indeed, there is evi-
dence that DHA is crucial for induction of LTP and the
inhibition of phospholipase A2 (to block arachidonic acid
release) prevents induction of LTP in the hippocampal
CA1 region [92]. Interestingly, the dietary intake of DHA
enhanced the learning ability and improved spatial cog-
nition of rodents [93,95] further indicating the impor-
tance of fatty acids in learning and memory. Indeed a
deficiency in DHA is associated with a loss of learning
ability and visual acuity in several mammalian species
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[93,95]. Moreover, epidemiological studies suggest that
patients with Alzheimer’s disease show extremely low
levels of DHA in their brains [96]. Fatty fish are the ma-
jor source of DHA and reduced fish or DHA intake in-
creases risk for Alzheimer’s disease [97]. The DHA de-
pletion aggravates cognitive deficits in mouse whereas
DHA supplementation is neuroprotective and slows down
pathogenesis of Alzheimer’s disease [98].

Several epidemiological studies identified low dietary
intake of omega-3 polyunsaturated fatty acids as a can-
didate risk factor for Alzheimer’s disease. Omega-3
(present in linseed oil, nuts, soya beans, wheat and cold
water fish) and omega-6 (present in maize, sunflower
and sesame oil) are two types of essential polyunsatu-
rated fatty acids (PUFA) that cannot be synthetised by
the organism and have to be obtained from diet. Brain
membranes have a very high content of essential poly-
unsatured fatty acids and omega-3 and omega-6 are nec-
essary for the differentiation and functioning of cultured
brain cells [99]. Furthermore, a reduction in both omega-
3 and omega-6 types of fatty acids (decosahexaenoic and
arachidonic acids respectively) is observed during ageing
[99]. Dietary lack of essential polyunsatured fatty acids
(in particular omega-3) has been reported to influence
cerebral development, affect learning efficiency and me-
morizing tasks, as well as prevent neuropsychiatric dis-
orders, particularly depression and dementia, including
Alzheimer's disease [47,99] all of which are NMDA re-
ceptor mediated. From the historical perspective, an in-
crease in consumption of animal tissue rich in polyun-
saturated fatty acids such as bone marrow (another sour-
ce of PUFA) and diet including marine resources during
human evolution is believed to mark the origins of mod-
ern humans and the appearance of complex cognition
[100].

6. EPIDEMIOLOGICAL STUDY LINK TO
DEMENTIA

There is a growing body of evidence that disturbances of
NMDA receptor based neurotransmission may underlie
the pathogenesis and cognitive deficits of Alzheimer’s
dementia [101,102]. In Australia the prevalence of de-
mentia seems to increase continuously especially among
people from low socio-economic backgrounds including
Aboriginal people. For example recent study [103] found
that 27% of Aboriginal Australians over the age of 65
years living in the Kimberley region have dementia. The
high prevalence is at odds with what has consistently
been found in other populations with low literacy, smok-
ing and a western diet. Aboriginal people used to be
hunter-gatherers whose daily diet varied according to the
type of food available in the particular location and sea-
son. Their diet included variety of plants, nuts, reptiles
and extensive range of marine animals all of them rich in
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essential fatty acids. Since the European arrival, the tra-
ditional Aboriginal diet shifted towards processed west-
ern foods which are very low in essential fatty acids but
high in fat and cholesterol. Thus it is possible that diet
and increased prevalence of smoking which causes lipid
peroxidation—a marker of aging brain, are a potential
causal factor for the high rates of non-specified dementia
reported in certain population groups.

7. CONCLUSIONS

The biological and nutritional aspects of polyunsaturated
fatty acids and dietary fish oils have long been recog-
nized. The omega-3 linolenic and omega-6-linoleic acids
are plant derived dietary supplements which are essential
for all mammals. These fatty acids play an important role
in human health including brain development and neu-
ronal regeneration [104,105]. Many dietary supplements
of essential fatty acids are freely available and can be
taken safely in high doses and thus are suitable for pri-
mary prevention of neurodegenerative disorders. There-
fore, a better understanding of the role of phospholipids
and fatty acids and their action on different NMDA re-
ceptor subunits could aid in developing novel lipophilic
therapeutic agents and nutritional strategies for better
treatment and prevention of these important medical
conditions.

Further study towards understanding cellular processes
involved in regulation of NMDA receptors by lipid bi-
layer and cytoskeletal proteins and protein-lipid interac-
tion that affects channel gating will shed new light on the
molecular mechanism of NMDA-receptor mediated plas-
ticity that underlies memory formation. Better under-
standing of how memories are formed could lead to new
treatments for age related dementias such as Alzheimer’s
disease.
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