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ABSTRACT
Regulation of NMDAR activity by desensitization is important in physiological
and pathological states. We previously reported that desensitization decreases during
hippocampal neuronal development, correlating with NMDAR composition, synaptic
localization and association with PSD-95. To determine if PSD-95-induced changes in
NMDAR desensitization occur because of direct binding to NR2 subunits or due to
recruitment of regulatory proteins, we tested the effects of various PSD-95 constructs on
NMDAR currents in HEK293 cells and neurons. In HEK cells, wt PSD-95 significantly
reduced wt NMDAR desensitization without altering currents of NMDARs containing
NR2A-S1462A, a mutation that abolishes PSD-95 binding. Moreover, PDZ1-2 domain
was sufficient for this effect in neurons with low endogenous PSD-95 levels. Moreover,
other PSD-95 family members with highly homologous PDZ1-2 domains significantly
reduced NMDAR desensitization. In mature neurons, disruption of PSD-95/NMDAR
interaction through PKC activation, or through interference peptides, increased
desensitization to levels found in immature neurons. We conclude that direct binding of
PSD-95 increases stability of NMDAR responses to agonist exposure.
Desensitization is a property that shapes synaptic responses, and modulates the
calcium signal mediated by the two predominant NMDARs subtypes in hippocampus, with
possible consequences for their functioning. Further, we examined the involvement of NR2
subtypes in synaptic plasticity in hippocampal dentate gyrus of juvenile mice. Exercise was
used as a means to alter expression of the NR2 subunits in this region. We compared two
groups of animals: Controls, which were housed in conditions of minimal enrichment, and
ii

Runners, which had access to an exercise wheel. NMDAR-dependent LTP expression was
significantly greater in Runners than in Controls; in the presence of NR2B subunit
antagonists, it was significantly reduced in both groups. NR2A subunit antagonist blocked
LTP in slices from Runners and produced a slight depression in Control animals. LTD
could not be prevented by either of the NR2B specific antagonists. Strikingly, eliminating
NR2A subunit-containing receptor activity prevented LTD in Runners, but not in Control
animals. Overall, these results indicate that interplay between subtype, subcellular
localization and size of NMDAR subpopulations accounts for their diverse role in synaptic
plasticity induction, and that exercise increases the contribution of NR2A to plasticity.
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Chapter One

1 INTRODUCTION
1.1

The hippocampal NMDA receptor family

1.1.1 General overview
Excitation in the brain is mediated by the neurotransmitter glutamate, an amino acid
found in abundance in the brain (as it is in all animal tissues), where it takes part in cellular
metabolic processes, apart from its role in synaptic transmission.
Excitation may also be mediated by another amino acid, aspartate, acting on Nmethyl-D aspartate receptors (NMDARs) only (which have a weak affinity for it); released
at hippocampal synapses (Szerb, 1988, Nadler et al., 1990) this amino acid mediates a
signal that is dependent on the level of synaptic activity.
Glutamate, released from the presynaptic axon varicosities onto soma and dendrites,
depolarises hippocampal neurons (Biscoe and Straughan, 1966). The evidence for this role
is the immunocytochemical data showing staining of the presynaptic sites at asymmetrical
(excitatory) synapses, by antibodies raised against glutamate. This role is mediated by the
action of glutamate on ionotropic receptors; upon binding of the transmitter, these allow
sodium, potassium and calcium fluxes, which modify the membrane potential of the
postsynaptic neuron. Apart from depolarisation, glutamate contributes to neuronal
signalling through the activation of metabotropic receptors.
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The ionotropic glutamate receptors are comprised of three classes: the NMDA
receptors (NMDARs), α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors
(AMPARs), and kainate receptors. These mediate currents with strikingly different
properties, which makes them play different roles in synaptic and cellular function.
The NMDARs differ from the other ionotropic glutamate receptors in that they
mediate a slower mode of transmission, and exhibit relatively high calcium permeability as
well as voltage-dependent block by Mg2+ in the pore (McBain and Mayer, 1994,
Dingledine et al., 1999). The latter properties underlie NMDA receptors’ role as coincident
detectors of activity in the two components of the synapses, and are involved in the
induction of both synaptic plasticity, and in events related to neuronal survival and death
(Bliss and Collingridge, 1993, Cull-Candy et al., 2001, Hardingham and Bading, 2003).
Ever since they were first described, in the mid 20th century, evidence regarding
NMDA receptors’ properties, patterns of expression, and physiological importance has
increased enormously. However this information cannot yet precisely explain the various,
complex and sometimes apparently opposing, roles of this receptor population.
The present understanding about the structure, expression patterns, properties and
roles of the NMDA receptors is owing to the development of NMDAR specific agonists
and antagonists, cloning of the NMDAR subunits (cDNA cloning techniques), knock-in
and knock-out studies, and development of antibodies against NMDAR subunits.
A series of synthetic agonists and antagonists for this receptor have been produced,
and they provide the opportunity to gain detailed understanding of the role the NMDA
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receptors play in brain function. General antagonists such as 2-amino-phosphonovaleric
acid (APV), memantine, and MK801, are some of the most extensively used in studies
characterizing NMDAR structure, properties and function. Pharmacological agents like
haloperidol (Vicini et al., 1998), or ifenprodil (Williams, 1993) bind with higher affinity to
NR2B-containing receptors, while NVP-AA007 shows a preference for NR2A-containing
NMDARs.

1.1.2 Structure and assembly of NMDA receptor complexes
1.1.2.1 Structure
Each subunit in the tetrameric NMDAR complex is a protein macromolecule, with
topology consisting of a large amino-terminal domain (ATD) (~50 kDa), a carboxyterminal (C-terminal) domain, and four hydrophobic domains (M1-M4). M2 forms a reentrant loop that lines the pore of the receptor, similar to the P-loop of voltage-gated
channels. ATD is a polypeptide made of ~ 400 amino acids; that which is part of the NR1
subunit forms dimers in solution. It was determined that zinc (Fayyazuddin et al., 2000,
Low et al., 2000, Paoletti et al., 2000) and ifenprodil (Perin-Dureau et al., 2002) bind to the
receptor though interaction with this domain, modulating gating properties. The ligand
binds to a clamshell-shaped domain known as S1-S2, and composed of the segment
situated between the ATD and M1 (S1 domain), along with the M3-M4 loop (S2 domain).
The agonist-binding core for the NR1 has been excised from the pore region,
expressed, and crystallised (Ivanovic et al., 1998, Furukawa and Gouaux, 2003), and its
3

examination proved that glycine binds in a cleft between the two lobes of the construct,
and that the sequence of the S1S2 polypeptide is interrupted by two alpha-helixes that span
the membrane. The S1S2 region in the NR2 subunits binds the agonist glutamate. The Cterminal region is large in the NMDAR subunits, and it interacts with various cytoskeletal
proteins.
There are seven different NR subunits that may contribute to formation of a
functional receptor: NR1 (with eight variants – NR1-1a to NR1-4a, and NR1-1b to NR1-4b
-- produced by alternative splicing, amongst which NR-1a is the most abundant), NR2
(NR2A-NR2D), and NR3 (NR3A-NR3B). The amino acid sequence identity between the
NR1 and the NR2 subunits (the most predominant ones in the hippocampus), is about 27%,
while the NR2 subunits share 40-50% identity between themselves (Kutsuwada et al.,
1992, Monyer et al., 1992, Ishii et al., 1993). The seven different subunits are encoded by
separate genes. NR1 is encoded by a single gene, but it undergoes transcriptional
modifications resulting in eight isoforms. NR2 subunits are encoded by four different
genes, so they further subdivide in four different types, known as NR2A-NR2D. These
subunits undergo posttranslational modifications as well, like serine/threonine, or tyrosine
phosporylation, glycosylation and proteolysis (McBain and Mayer, 1994). Elsewhere in the
brain, the existence of the “orphan” delta subunits has been reported (Lomeli et al., 1993),
but not in hippocampus. Also the NR3 subunit expression in hippocampus is limited to
the period of embryogenesis (Ciabarra et al., 1995); very low levels are to be found in adult
CA1 region.

4

1.1.2.2 Assembly
NMDA receptors found in the hippocampal formation are heterotetrameric
complexes formed of two obligatory subunits NR1, and two of the NR2 subunits
(Benveniste and Mayer, 1991, Clements and Westbrook, 1991, Behe et al., 1995). The
receptor is organised as a dimer of dimers, and the NR1-NR1-NR2-NR2 arrangement is
due to interactions at the amino-terminal domain (Meddows et al., 2001, Furukawa et al.,
2005) and at the S1 segment (Regalado et al., 2001, Furukawa et al., 2005).
The assembly of the subunits into a functional tetrameric complex occurs before
insertion in the plasma membrane. The precise rules that give specificity to the assembly,
as well as the factors that influence and govern it are of high importance, as the final
composition of the receptor population accounts for its roles. Specific sets of rules
dictating the correct assembly and composition apply for the developing, and for the
mature nervous system.
Most hippocampal NMDARs contain either NR2A or NR2B subunits, evident from
studies comparing certain characteristics of neuronal responses mediated by NMDARs,
with the heterologously-expressed pure NR2A- or NR2B- containing populations. The
characteristics that allow distinguishing among the two diheteromers are pharmacological
sensitivity to certain drugs, agonist sensitivity, and the decay time of EPSCs.
Diheteromers’ pattern of expression has been clarified in a series of studies (Kutsuwada et
al., 1992; Monyer et al., 1994; Ohno et al., 1992; Tovar and Westbrook, 1999; Vicini et al.,
1998).
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The possibility of triheteromers’ existence came about when receptors with kinetics
resembling NR2A diheteromers, but pharmacology (block by haloperidol) similar to the
NR2B diheteromers, were discovered (Vicini et al., 1998). Other studies reported decay
time constants mediated by NMDARs that were intermediate between pure NR2A of
NR2B –mediated responses (Dalby and Mody, 2003). The possibility of NR2A and NR2B
assembly in a triheteromeric complex was demonstrated in a study using heterologous
systems of expression (Vicini et al., 1998; see also (Brimecombe et al., 1997; Chazot et al.,
1994; Cheffings and Colquhoun, 2000; Chen et al., 1997), and their presence in neurons
was found to constitute the majority of NMDARs in a study using immunocytochemical
techniques (Luo et al., 1997). Triheteromers’ existence in vivo was not quite demonstrated
(note: the existence of NR1/2B/2D in hippocampus in vivo was though (Pina-Crispo &
Gibb 2002). A recent study suggests a relatively small proportion of NR1/NR2A/NR2B
triheteromers in hippocampus, as 60–70% of NR2A and 70–85% of NR2B subunits were
associated in NR1/NR2A or NR1/NR2B di-heteromeric complexes (Al-Hallaq et al.,
2007).

1.1.3 Expression of hippocampal NMDA receptors
NMDARs are expressed in pyramidal, granule and inhibitory hippocampal neurons,
mainly

in

the

somato-dendritic

membrane,

as

proven

by

conventional

immunocytochemical, and genetic techniques (Laurie and Seeburg, 1994b, Monyer et al.,
1994). Here, they are concentrated at synaptic junctions: EM gold localization of NR1 and
NR2A/B subunit studies reveal enrichment of the gold particles at asymetrical synapses
6

(Racca et al., 2000, Sassoe-Pognetto and Ottersen, 2000). There is a 100-fold higher
density of ionotropic receptors at synaptic versus extrasynaptic membranes (Bekkers and
Stevens, 1989, Nusser et al., 1998). Some functional studies also detected NMDARs
presynaptically in hippocampus (Breukel et al., 1998) and in entorhinal cortex (Woodhall
et al., 2001).
At glutamatergic synapses, NMDARs colocalize with AMPARs; they can localize
outside of synapses as well, at peri-and extrasynaptic sites. In the newly formed synapses,
NMDAR represent the only ionotropic glutamate receptor; these are known as “silent”
synapses (Isaac et al., 1995, Nusser et al., 1998, Takumi et al., 1998, Petralia et al., 1999)
because glutamate binding to NMDA receptors does not trigger ion influx in the absence of
postsynaptic membrane depolarization, as a result of NMDAR block by Mgo2+, at resting
membrane potentials.
Based on the shape and size of the postsynaptic density (PSD), hippocampal synapses
expressed in CA1/CA3 pyramidal neurons can be classified as perforated (where PSD has
a complex shape and is relatively large), and nonperforated (with disk-like, rather small
PSDs) (Harris et al., 1992). NMDARs seem to be enriched at perforated synapses, which
makes these relatively more powerful in information transmission (Ganeshina et al., 2004).
Additional physiological evidence points to a correlation between spine morphology and
receptor distribution, and finds NMDARs to be enriched in thinner, filopodia-like spines
(Matsuzaki et al., 2001). As for the precise location within the spines, NMDARs are likely
to occupy a disk-like space near the center of the postsynaptic density (whereas other
ionotropic glutamate receptors are evenly distributed throughout PSD (Racca et al., 2000).
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Based on data obtained by immunogold techniques, it is believed that the NMDAR content
at hippocampal synapses is linearly related to the diameter of the PSD (Takumi et al.,
1999).
Out of the 10s to 100s of glutamate receptors expressed on one spine (Kennedy and
Ehlers, 2006), an average PSD contains approximately 20 NMDARs (Sheng and
Hoogenraad, 2007); with respect to the total number of synaptically expressed receptors
per cell, we shall consider that synapses occupy only approximately 1-2% of cell
membranes (Rusakov et al., 1998). Within these limits, modifications in the size of
NMDAR subpopulations might still occur. This could be a critical mechanism involved in
cases where the amount of charge transferred through NMDARs is a key factor, as is the
case for plasticity and excitotoxicity.
Mechanisms of homeostatic regulation have been described (Turrigiano and
Nelson, 2004), in which alterations in network activity levels lead to scaling up or down
the NMDAR component in order to maintain neuronal functioning within normal limits.
Chronic block of activity for example induces a general up-regulation of surface NMDARs
(Rao and Craig, 1997). The expression of both NR2A and NR2B is enhanced; the synaptic
NMDAR number is increased, as is the spine density (Mu et al., 2003) in a PKA-dependent
manner (Crump et al., 2001). Excessive neuronal activity, on the other hand, promotes
splicing of NR1 C2 cassette, slowing surface delivery of newly synthesized NMDARs and
favoring endocytosis of NMDARs, to scale down synaptic activity (Mu et al., 2003). In
disease states, a readjustment of NMDAR population sizes was also reported. For instance
in addiction, an increased number of synaptic receptors was noted, as a result of acute
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cocaine administration (Borgland et al., 2006), however, acute ethanol administration in
hippocampus leads to selective internalization of NR2A, resulting in a pure NR2B
population (Suvarna et al., 2005). In Alzheimer disease, amyloid beta protein triggers
NMDAR internalization (Mattson, 2004), while in schizophrenia, neuregulin (genetically
linked to the disease), also induces rapid internalization of receptors from the surface by a
clathrin-dependent mechanism (Hahn et al., 2006). NMDAR losses were also reported to
occur in putamen, in Huntington disease (Young et al., 1988), but this condition also
displays increased signalling through NR2B type NMDAR in the striatum of
presymptomatic transgenic Huntington’s Disease mice (Li et al., 2004).
Receptor density at the synapse was suggested to be constant, so that if more
receptors must be expressed, then the synapse itself needs to undergo enlargement
(Sabatini et al., 2001), as an invariable number of receptor “slots” are available for
occupancy. However, the synaptic density of NR2A relative to the NR2B subunit may
change with activity (Aoki et al., 2003; Fujisawa and Aoki, 2003; Mu et al., 2003). One of
the subtype-specific trafficking mechanisms involves the YEKL motif in the C-terminal of
NR2B subunits, that can bind AP2, triggering this particular subunit’s internalization
(Roche et al., 2001).
Other factors that affect NMDAR numbers are mGluR activity, which triggers
removal of both NR2A and NR2B from synapses (Philpot and Bear, 2002). As well, if
glycine binds to the receptors, without receptor activation, it can prime them for
internalization (Nong et al., 2003).
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An input-specific fine-tuning of NMDAR composition is expected to occur later in
adulthood, when patterned activity is modulating the efficiency of neurotransmission
and/or the neuronal resistance to damaging insults through the NMDARs. This fine tuning
occurs within well-defined limits, and may be part of the mechanism by which subjective
experience shapes in particular ways neurons belonging to the same region of the nervous
system, in a fashion that confers each its uniqueness.
More specific qualitative and quantitative aspects of NMDAR patterns of expression
in various brain regions and at different times in development are still under investigation,
but some are considered below.

1.1.3.1 Regional variability of expression
Some patterns of NMDAR expression were characterized, which are similar in all
mammalian nervous systems, and probably under genetic control; for instance, NR2A,
NR2B and NR2D (but not NR2C) subunits are specific to hippocampus and cortex, while
NR2B and NR2D (but not NR2A and NR2C) - to cerebellar stellate cells.
In hippocampus, the one gene encoding for the NR1 subunit and the four genes
encoding for the NR2 subunits are variably expressed (as they are throughout the brain).
The gene that encodes NR3B is not expressed in this region, whereas the one encoding for
the NR3A is sparsely expressed.
Knock out studies proved that the NR1 subunit is essential for the formation of
NMDARs (Forrest et al., 1994). Indeed the messenger ribonucleic acid (mRNA) for the
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eight different NR1 isoforms are expressed throughout hippocampus (Laurie and Seeburg,
1994b), with NR1a, NR1-1 and NR1-2 predominating in all pyramidal neurons. Low levels
of NR1-4 have been detected in CA3 pyramids.
The NR2A/NR2B subunits are expressed abundantly in all cell layers of the
hippocampus, while the NR2C mRNA has not been detected in this region by in situ
hybridization methods. NR2D subunit is restricted to interneurons in stratum radiatum of
CA1 and CA3, where it may form heterodimers with NR2B (Standaert et al., 1996). From
the NR3 group, only the NR3A subunit is sparsely expressed in CA1 and subiculum
(Ciabarra et al., 1995), where it predominantly forms diheteromers with NR1 but a small
proportion of NR1/NR2 complexes also contain NR3A in mature hippocampus (Al-Hallaq
RA et al., 2002).
NMDARs are located mostly on the ~30,000 spines covering a typical hippocampal
pyramidal neuron. Within the cell, these are specifically distributed on the various
dendritic domains; thus some regions, like the soma and the first 100 um of the apical
dendrite, contain no spines at all, whereas 50% of the total number of spines is located on
apical branches, and 35% on the basal dendrites; the apical tuft (which contains ~10% of
all spines), displays excitatory synapses on shafts too (Andersen et al., 1980, Bannister and
Larkman, 1995, Megias et al., 2001)
The NR2A/NR2B are selectively targeted at certain synapses in hippocampal
pyramidal

cells:

for

example,

NR2A

are

preferentially

expressed

at

commissural/associational synapses, while the NR2B subunits – at the fimbrial-CA3
pyramidal cell synapses (Ito et al., 1997). In CA1, NR2B subunits are enriched at the
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apical, but not basal dendrites (Kawakami et al., 2003). Within the same synapse, NR2B
subunits may be localized more at extrasynaptic sites, and NR2A more centrally (Tovar
and Westbrook, 1999).
NR2 subunits’ expression is selectively dependent on various factors; it is found that
the synaptic incorporation of the NR2B subunits is independent of the level of synaptic
activity, whereas that of the NR2A is dependent on this parameter; moreover, the level of
synaptic NR subunits regulates the further expression of the NR2A subunits (Barria and
Malinow, 2002).
Once the formation steps required for the normal structure and function of the neurons
had been achieved, the synaptic/extrasynaptic populations may undergo subtle changes,
either during basal turnover, or in an activity-dependent manner. Because of an elaborate
macromolecular signaling complex that links NMDARs at the membrane, it was initially
thought that these receptors are quite static (at least in comparison to AMPARs). However,
NMDAR populations were shown to be able to move from extrasynaptic to synaptic sites
(Tovar and Westbrook, 2002). The NMDAR subtypes can undergo lateral diffusion, with
NR2A being slower than the NR2B (Groc et al., 2004; Groc et al., 2006). It was suggested
that activity does not affect NMDAR mobility in mature neurons – as opposed to
AMPARs’ (Groc et al., 2004)
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1.1.3.2 Temporal variability of expression
Initial studies reported that NMDA-binding sites are 50-130% more numerous early
than later in development; also, the senescent rat hippocampus was found to display a low
density of NMDA-binding sites (Bonhaus et al., 1990), while the responses mediated by
NMDARs are more prominent in the developing brain, compared to the mature one. More
recent, immunocytochemical studies find the number of NMDARs to be relatively
invariant (as opposed to AMPAR numbers, which vary considerably) (Nusser et al., 1998,
Racca et al., 2000). Functional NMDARs have been observed at different stages in
development, depending on brain region, starting with the embryonic day 16 in cortex
(LoTurco et al., 1991), and postnatal day one in cerebellum (Farrant et al., 1994). Recent in
situ hybridization studies suggest indeed that NR1a, NR1-1 and NR1-2 are constantly
expressed in hippocampal pyramidal neurons throughout development.
A few splice variants of the NR1 have been detected mainly during embryogenesis,
as is the case of NR3A subunit (Ciabarra et al., 1995); NR2B is enriched at this time too,
whereas NR2A does not form functional receptors until later in development (Watanabe et
al., 1992, Monyer et al., 1994). A small (<10%) proportion of NR2-containing NMDARs
also include NR3A in mature hippocampus (Al-Hallaq et al., 2002). Indeed, the subunit
composition of NMDAR populations is not constant in time, but the ratio of NR2A/NR2B
may change dynamically as the organism matures. This change occurs similarly in all cells
of a certain type early in development. Hippocampal neurons express NR2B-containing
receptors early in development, mostly on non-synaptic plasma membrane. At a certain
time-point, a shift in composition, from NR2B to NR2A subunit is registered in many
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forebrain regions (Sheng 1994; Flint et al., 1997; Stocca and Vicini, 1998; Barria and
Malinow, 2002b; van Zundert et al., 2004; Watanabe et al., 1993; Williams et al., 1992;
Zhu and Malinow, 2002). This time-point is both genetically programmed, and influenced
by experience, as it can be postponed in the visual cortex by sensory deprivation (Mierau et
al., 2004; Philpot et al., 2001). Activity may be involved indirectly in the switch of
receptor composition, by modulation of intracellular factors that further affect NMDARs,
like the PSD-95 family of proteins or CamKII (Li et al., 1998). Other studies do not
support this temporal succession of NR2B and NR2A subunits in the synapse as being the
absolute rule, and show that the two subunits are segregated, many spines containing either
one or the other, but not both subunits (Janssen et al., 2005).
Studies assessing the proportion of NR2 subunits in cultured cells’ development using
RNase protection assay, determined that the levels of NR2B exceed by 6 times at 8 DIV,
by 4 times at 14 DIV, and by 2 times at 22 DIV, those of NR2A in cortical cultures (Sinor
et al., 2000). The mRNA for NR2B is detected at first week in vitro, and following that, its
expression remains constant; the NR2A is very low during the first 2 weeks, but doubles
by the 3rd week, and doubles again by week 4. Another study using cortical neuronal
cultures shows that indeed synaptic receptors are composed of NR2B subunits at 3 DIV,
while the NR2A, barely detectable at 7 DIV, increased to mature levels at 21 DIV (Li et
al., 1998). The NR2 subunit switch occurs at synapses in vivo as well around the same
postnatal age (Flint et al., 1997, Stocca and Vicini, 1998).
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1.1.4 Properties
NMDAR-mediated currents have very slow kinetics compared with the other
ionotropic glutamate receptors. Indeed, both the rate at which the responses to application
of agonist rise (activation), and decline, after removal of agonist (deactivation) are slower
than those seen in AMPAR and kainate receptors. NMDARs continue to mediate an ion
flux for hundreds of milliseconds after the glutamate pulse is terminated.
The activation time was measured at around 7 ms. Deactivation time course, dictated
by the dissociation rate constant of glutamate for its binding site, is longer than that of the
glutamate presence in the synaptic cleft; the time constants are anywhere between 200 ms
and 1-2 seconds, a lengthy time period, allowing the receptors to act as long-lasting
indicators of presynaptic activity. The slow kinetics of NMDAR EPSCs are due to channel
gating kinetics, and not by a prolonged presence of glutamate within the synaptic cleft,
since the agonist transient rises fast, reaching a concentration of ~ 1.1 mM at peak, and
then decays, all in about 1.2 ms (Clements et al., 1992).
The mechanisms of NMDAR activation are extremely complex, as suggested by
single channel studies (Gibb and Colquhoun, 1991, Edmonds and Colquhoun, 1992, Gibb
and Colquhoun, 1992); more specifically, a pattern of bursts, clusters and superclusters was
observed to describe the kinetic scheme underlining transitions from closed to open states.
It is possible that NMDARs rapidly open (showing high open probably), with short latency
after binding the agonist, and then slowly deactivate. Or, channels may open with lower
probability, so that the majority do not open for the first time during the peak response;
thus, the prolonged decay time of the EPSCs is due to the different time-to-first opening of
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each channel, following agonist binding. This would presume there is a higher number of
NMDARs at the synapse, in order to obtain the expected EPSC amplitude. Further
experiments reported that NMDARs activated by a few ms pulse of glutamate (1mM) open
for the first time within the first 20 ms after agonist binding (Jahr, 1992). Also, the
estimated open probability was 0.3 (high, (Jahr, 1992), suggesting that only a few receptors
need to participate to the peak of the EPSC of an amplitude similar to that observed
experimentally; more precisely, as few as one to four receptors

with a high open-

probability need be open simultaneously for EPSC generation. These results have largely
been obtained by the examination of NMDARs in outside-out patches. Conversely, the
peak open probability was found to be low in studies of autaptic transmission, where a
value of 0.04 was reported (meaning that about 40 receptors must participate in the
generation of a 5 pA – miniature EPSC at the resting membrane voltage of ~-70mV).
Deactivation time constants are determined by a variety of factors. A recent study
showed that decay constants are dependent on the temperature used during
experimentation, and the values are lower (25-50 ms instead of hundreds of ms) at
physiological conditions (Feldmeyer et al., 2002). In terms of molecular determinants, the
rate of deactivation is modulated by a tyrosine residue (Tyr 535) on the NR1 subunit
(Furukawa et al., 2005, Inanobe et al., 2005). The open time was linked to the
transmembrane domain in the receptor structure, as mutations in this region alter it (they
also alter desensitization rates) (Ren et al., 2003).The two most common heterodimers
present in hippocampus deactivate with different kinetics: the decay times are ~ 50-150 ms
for NR1/NR2A, and in the range of several hundred ms for NR1/NR2B receptors (Vicini et
al., 1998).
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Some NMDA receptors enter desensitized states in the presence of agonist; the time
course of desensitization is slow, and the extent of desensitization less complete, compared
to other ionotropic glutamate receptors (Iss/Ip ratio is 0.3-0.7; compared to the values for
the GluR1-4 and GluR5-7 subunits, 0.006-0.01). While NR2C subunit-containing receptors
do not desensitise at all, the hippocampal subunits show different characteristics, with
NR2B subunits desensitizing less than the NR2A. Desensitization is further discussed in
the next chapter.
The open pr obability was estimated to vary (due to modulation by intracellular
factors, like calcium) between 0.05-0.3 (Jahr, 1992, Rosenmund et al., 1995b) – see the
discussion above). The peak open probability is 2-5 fold higher for NR2A - than for NR2B
- containing receptors (Chen et al., 1999, Erreger et al., 2005).
The receptors have a relatively high a ffinity for glutamate, EC50 =1-10uM –
compared to AMPARs’ EC50 = 100-500µM, a property that modulates channel behaviour
(Lester and Jahr, 1992); because of the high affinity for the agonist, the peak synaptic
glutamate concentrations are normally high enough to fully activate NMDA receptors.
Extracellular ions like zinc can decrease the glutamate EC50 (Zheng et al., 2001).
NMDARs contain a second agonist-binding site on the NR1 subunit for either
glycine or serine, which must be occupied before the glutamate can activate the receptor
(Johnson and Ascher, 1987, Dingledine et al., 1988). Glycine levels seem to be high
enough endogenously, so that this site is always occupied; otherwise serine can substitute
for glycine (Schell et al., 1995, Baranano et al., 2001). The affinity of the NR1 subunit for
glycine depends on the identity of the NR2 that coassembles to form the functional
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receptor (Laurie and Seeburg, 1994a). NR2B-containing receptors exhibit a ~10-fold
lower EC50 for both glutamate and glycine than NR1/NR2A (Benke et al., 1999;
Dingledine et al., 1999) making NR1/NR2B receptors more sensitive to agonist activation.
NMDARs exhibit high single c hannel c onductance, estimated at 40-50 pS (Jahr
and Stevens, 1987, Gibb and Colquhoun, 1992), compared with that of the other ionotropic
glutamate receptors. This parameter is not different for the two main subtypes, NR1/NR2A
and NR1/NR2B (Clark et al., 1997).
NMDARs are calcium permeable (Ascher and Nowak, 1988), with estimates of
calcium fractional permeability in the range of 0.08 – 0.11 (Schneggenburger et al., 1993,
Garaschuk et al., 1996). Moreover, NMDAR activation triggers calcium-dependent
calcium release from intracellular stores (Emptage et al., 1999). The high calcium
permeability is related, among other determinants, to an asparagine residue situated in the
second transmembrane domain (Burnashev, 1996). Calcium permeability is another
parameter that is not affected by NR2A/2B subunit composition (Schneggenburger, 1996).
Magnesium ions block the channel of the receptor at negative potentials below -40
mV (Mayer et al., 1984, Nowak et al., 1984) so ion fluxes occur only at depolarised
potentials, or in conditions where extracellular fluid lacks magnesium. Among the
structural determinants of magnesium block is the asparagine residue mentioned above to
have a role in calcium permeability.

Because of these biophysical characteristics,

NMDARs open only when both the pre-and post synaptic neurons are activated, making
them the proposed “coincidence detectors” for Hebb’s postulate. The NR2A and NR2B
subunits are equally blocked by magnesium, which binds to these subunits with an affinity
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of EC50 = 1-20 μM (Mori et al., 1992, Ishii et al., 1993). The NR2C subunits have a lower
affinity for this ion.
In addition to magnesium, NMDARs are modulated by a series of intra-and
extracellular factors: glycine, zinc, polyamines, histamine, pH, kinases, phosphatases,
neurosteroids, and calmodulin. Some of these modulators (eg zinc, protons) affect the
behaviour of the two subtypes differently (McBain and Mayer, 1994, Dingledine et al.,
1999).

1.1.5 Cytoskeletal and signalling proteins associated with NMDARs
Because of the relatively long C-terminal tail of the NR subunits, NMDARs
interact with a variety of intracellular proteins, many of which regulate their function.
Indeed, the C-terminal domains are formed of ~100 amino acids for the NR1 subunits, and
~ 600 amino acids for the NR2A/B.

1.1.5.1 PSD-95 complex and other MAGUKs
C-terminal segments of NMDAR subunits interact directly through their PSD95/Discs large/Zona occludens-1 (PDZ) binding motifs with the membrane-associated
guanylate kinase (MAGUK) family of proteins. These protein-protein interactions occur
through both the NR1 and NR2 subunits, and have been clearly described (Kornau et al.,
1995, Niethammer et al., 1996, Bassand et al., 1999).
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MAGUKs, a large family of synaptic scaffold proteins, are comprised of three PDZ
domains, a SH3 domain, and a guanylate kinase domain. Some members of this family are
post-synaptic density 95 kDa (PSD-95), synapse-associated protein 102 kDa (SAP102),
synapse-associated protein 97 kDa, and PSD-93; they are expressed at specific points
during development, and are targeted to specific membrane domains. Due to slight
variations in amino acid composition, NMDAR subunits preferentially bind to certain
MAGUKs; also, because each of the scaffold proteins is targeted more or less to certain
subcellular locations and its expression peaks at a certain time in development, there is a
space-and-time specific restriction for the interaction as well.
Which MAGUK protein binds which specific population of NMDARs is a matter
of great importance for receptor function. The Wenthold laboratory reported in a series of
papers that NR2B expression coincides in time with that of SAP102, whereas that of
NR2A – with PSD-95. Furthermore, the two pairs were shown to specifically interact, and
traffic together in the same vesicles, helped by specific motor proteins. Consistent with
this, NR2A expression is up-regulated in cerebellar neurons overexpressing PSD-95, while
that of NR2B subunits is depressed (Losi et al., 2003). In the developing sensory cortex, a
clear dependence of NR2A expression on PSD-95 was reported too: PSD-95 is upregulated by activity, and this MAGUK is able to further up-regulate the expression of
NR2A subunit (Yoshii et al., 2003). In adult animals (P42), the two NR2 subunits were
found to equally interact with each MAGUK-family member (Al-Hallaq et al., 2007). By
genetically deleting the subunit C-terminus, it was shown that NR2A-scaffold binding is
not essential in receptor trafficking and synaptic targeting (Sprengel et al., 1998,
Mohrmann et al., 2002), whereas that of NR2B is absolutely crucial for this function.
20

Consistent with this is the report on enhanced internalization of NR2B-containing receptors
that lack the C terminus in cultures (Roche et al., 2001).
Much of the information about the role of MAGUK proteins in regulating NMDAR
function comes from knock-down and overexpression studies. Due to the scaffolding role,
and the direct interaction between the two, it was expected NMDAR expression/activity
was down- or up-regulated, respectively, following these manipulations. Surprisingly
however, both conditions failed to produce an effect on NMDAR-mediated currents
(Migaud et al., 1998). Even when a massive knock down of three different MAGUK
proteins was tested, the effect on synaptic NMDAR expression was small (Elias et al.,
2006). Studies using a mutant form of the NR2A –containing NMDAR, with truncated
cytoplasmic tail (Sprengel et al., 1998) report the same observation, as do studies using
interfering peptides (Sheng 1999). These results remain to be reconciled with the ones in
heterologous systems, reporting that PSD-95 increases NMDAR opening rate and insertion
in the membrane (Lin et al., 2004). In conclusion, there is an unresolved controversy
regarding the precise effect of MAGUKs on NMDAR expression and function: PSD-95
promotes NMDAR clustering (El-Husseini et al., 2000a, El-Husseini et al., 2000b), and
surface expression (Roche et al., 2001, Lavezzari et al., 2004, Lin et al., 2004); but also the
clustering and trafficking of NMDAR to the synapses was independent of interaction with
PSD-95 in other studies (Sheng 2004, Waites 2005; Shin 2003).
In general it is widely accepted that association of NMDARs with scaffold proteins
can: 1) alter important properties of NMDAR, like their desensitization (Li et al., 2002, Li
et al., 2003a); 2) bring into receptor proximity certain kinases and phosphatases, which are
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able to regulate receptor properties, as well as trafficking (Sheng, 2004); and 3) affect
receptor expression in plasma membrane, conferring distinct degrees of stability to
synaptic / non-synaptic sites (Sans et al., 2000, Roche et al., 2001, Prybylowski et al.,
2005).
Indeed, the PSD-95 family of proteins may be responsible for stabilizing NMDARmediated synaptic responses; the peak current through extrasynaptic NR2B undergoes
more extensive rundown, compared to synaptic NR2A receptors, and this is not due to
intrinsic subunit-specific properties, but to subcellular receptor localization (Li et al 2002).
NMDAR desensitization is another property regulated by receptor interaction with
PSD-95, being highly dependent on receptor localization. Its specific regulation during
development (younger neurons being able to desensitize more than the mature ones) is
probably due to the increased expression of PSD-95 in adulthood (Li et al., 2003a). While
it is clear that MAGUKs play a central role in altering desensitization, the mechanism
remains unknown. A direct interaction of the scaffold molecule with the receptor may
regulate desensitization of the NMDARs, or this role may be undertaken by enzymes
clustered by scaffolds in the receptor’s proximity.

1.1.5.2 Other interacting molecules
NMDAR subunits directly bind to a variety of cytoskeletal and signalling proteins.
NR1 C-terminal tails bind the following intracellular proteins: 1) actinin, important in
linking the receptor to actin, the major dendritic cytoskeleton; 2) calmodulin, affecting the
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receptor’s open probability in a calcium-dependent manner; 3) yotiao links the receptor to
kinases and phosphatases (protein phosphatase 1, PKA; Sheng and Pak, 2000); 4)
neurofilament; and 5) dopamine receptors. Both NR2A and NR2B subunits directly
interact with enzymes like phospholipase C, through binding to their src domain (Gurd and
Bissoon, 1997). Calcium-calmodulin-dependent kinase II (CamKII), an enzyme with a
crucial role in synaptic plasticity, binds preferentially to the NR2B subunit of the
NMDARs (Strack and Colbran, 1998). Activated by calcium, this enzyme undergoes
autophosphorylation, which allows it to bind the NR2B C-terminal region, entering thus in
an autoactive state. Once in the PSD, the enzyme phosphorylates GluR1 and possibly other
proteins involved in AMPAR trafficking.

1.1.6 NMDAR function in cellular physiology
At a cellular level, NMDAR–mediated activity impacts on excitatory synaptic
transmission, on the structural development of certain neuronal-specific processes (like
dendrites and axons), and on the mechanisms modulating the efficiency of physiological
synaptic communication.

1.1.6.1 Fast excitatory transmission
Depending on the polarization level of the membrane they are inserted in,
NMDARs contribute several different components to the synaptic EPSCs. At membrane
potentials more hyperpolarized than ~-40mV, NMDARs have a minor contribution to the
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measured synaptic EPSC due to their block by magnesium ions. They add a second
component to the dual nature of the EPSCs recorded while the postsynaptic membrane is
charged to a potential of -40 to 0 mV. This component, an inward current, is due to the
sodium and calcium ions flowing into the cell. The characteristics of this inward current
differ from that mediated by AMPARs, in that it is of smaller amplitude, but of longer
duration. Further depolarization of the membrane, above 0 mV, makes NMDARs active in
mediating an outward current, which contributes to the repolarization of the postsynaptic
membrane. Thus, NMDARs play an insignificant role during monosynaptic excitatory
synaptic transmission activated by low-frequency presynaptic activation, as this normally
cannot raise the synaptic potential to levels close to -40mV, unless back-propagating action
potentials are contributing.
At depolarised potentials due to high-frequency stimulation, and/or a strong
backpropagating component, NMDARs contribute largely to EPSC duration, mainly
during the -40 - 0 mV interval, due to their slow deactivation kinetics. It is worth noting
that the amplitude and duration of the EPSC are considered to be a measure of synaptic
“strength” (Lester et al., 1990). Indeed, NMDAR emerge then as the main mediator of
long-duration depolarization that occurs during high-frequency activity (Collingridge et al.,
1988), as the temporal integration of synaptic inputs is largely controlled by the time
course of NMDA channel currents (Popescu et al. 2004; Erreger et al. 2005). The time
course has important implications for the function of the synapse because of the profile of
calcium influx mediated by these receptors, which is crucial for synaptic plasticity. One
mechanism by which the time course of NMDA currents can be modulated is by changes
in the rate of desensitization.
24

The impact NMDAR composition has on neurotransmission is, in part, a result of
differences in current kinetics mediated by the different subunits (see above, 1.3). NMDA
receptor-mediated excitatory postsynaptic currents (EPSCs) show different profiles
depending on the stage of development (Carmignoto and Vicini, 1992, Hestrin, 1992),
possessing longer durations in younger animals than in adults, with no apparent change in
their amplitude distributions. For example, the decay time-constant may differ almost
threefold between 23-33 days old - compared with 10-15 days old animals (Hestrin, 1992).
The decrease in NMDAR - mediated EPSC duration is delayed when the animals are
reared in the dark, a condition that prolongs developmental plasticity (Carmignoto and
Vicini, 1992). These changes in characteristics of the EPSC during development are due to
the switch in subunit composition from NR2B- to NR2A - rich receptors, as it was later
proved (Flint et al., 1997, Stocca and Vicini, 1998, Vicini et al., 1998).
The physiological significance of NR2–specific biophysical properties makes the
NR2B subunits more efficient at EPSC summation, the slow decay bringing neurons more
rapidly to firing threshold (Kumar and Huguenard, 2003; Lei and McBain, 2002). On the
other hand, NR2A subunits make receptors more effective as coincidence detectors. Also,
NMDAR populations that contain the NR2A subunit mediate more charge transfer during
high-frequency stimulation than NR2B populations, whereas the latter exceed the NR2A in
charge transfer during low-frequency stimulation (Erreger et al., 2005). This observation
may explain the relatively different roles of the NMDARs in plasticity induction.
The impact NMDAR localization has on receptor function arises from their
differential activation by neurotransmitter, distinct regulation of their biophysical
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properties by location-dependent enzymes and scaffold proteins, and distinct trafficking
mechanisms, that affect population size and composition. Glutamate escaping from the
cleft (during high frequency presynaptic firing or during aberrant excessive stimulation)
could tonically activate the NMDARs present in extrasynaptic membrane, regulating thus
cellular excitability through non-synaptic mechanisms (Sah et al., 1989, Blanton and
Kriegstein, 1992). It was suggested that this activation may affect regenerative electrical
properties in neurons, facilitating the coupling between dendritic and somatic electrical
events.
As discussed above, the synaptic population of NMDARs was found to be richer in
NR2A subunits, consistent with the up-regulation of this subunit later in development,
while the NR2B subunit is prominently expressed at earlier stages (Li et al., 1998). The
extrasynaptic population of NMDAR, richer in NR2B-subunit, was proposed to have a role
in sensing global glutamate signals, and being able to detect glutamate arising from
multiple synapses (Kullmann and Asztely, 1998); thus the NR2B-containing receptors have
been proposed to mediate a form of “cross-talk” between hippocampal synapses (Scimemi
et al., 2004). Another role for the extrasynaptic population may be to provide a reserve
pool of receptors, easily transported to and from PSD (Tovar and Westbrook, 2002).

1.1.6.2 Structural development of neural processes
The initial observation that NMDARs may be involved in the regulation of
neuronal development and growth was made in the 1990s, when it was reported that
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growth cones are dependent on calcium signal mediated by these receptors (Komuro and
Rakic, 1993).
Genetic manipulations of NMDAR subunits show the receptor’s role in dendritic
arbour development (Lee et al., 2005). Formation of dendritic spines is dependent on
NMDAR activation too, as it is triggered by LTP protocols in vitro (Engert and
Bonhoeffer, 1999, Maletic-Savatic et al., 1999). The cytoskeletal changes important for
emergence of new spines may be linked to several proteins, whose activation is mediated
by NMDARs. Amongst these are a Rap-specific GTPase (which has been shown to cause
an enlargement of spines in transfected neurons) (Pak et al., 2001), and cortactin, a
synaptic actin-binding protein, whose overexpression leads to spine elongation (Hering and
Sheng, 2003).
NMDAR activation during a brief temporal window in development is required for
experience-dependent modifications of synaptic connectivity in visual cortex (Olson and
Freeman, 1980, Daw et al., 1992). It is also required in the formation of ocular dominance
columns and segregation of retino-geniculate fibers (Bear et al., 1990), as it is in the
process of synapse elimination (Rabacchi et al., 1992).

1.1.6.3 Synaptic plasticity
The efficiency of synaptic transmission can be modified to become stronger or
weaker through the activation of NMDARs, among other mechanisms. This can be
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achieved either by patterned presynaptic stimulation, or by coincident activation of the preand post-synaptic elements.
The calcium permeability through the NMDARs is the property that distinguishes
them as major players in the induction of synaptic plasticity. Further, the different kinetics,
as well as the different subcellular location of the NMDAR subtypes, may explain their
divergent role in strengthening, and weakening synaptic transmission, when receptors are
activated in a certain fashion.
Of similar importance in plasticity induction is another NMDAR –specific
property: their blockade by magnesium, which occurs in a voltage specific manner, as
discussed in 1.4. The colocalization of NMDAR and AMPARs at individual synapses
results in the former playing the role of highly specialized coincidence detectors (Lisman et
al., 1997, 2002; Nicoll and Malenka, 1995). Synaptic potentiation only occurs when both
the pre-and postsynaptic neurons are active, and this co-activation can be only detected by
the NMDARs.
More details on the mechanisms of NMDAR-induced plasticity will be discussed in
subchapter 3 of the introduction.

1.1.6.4 Neuronal survival and excitotoxicity
It is still through the calcium signal they mediate, that NMDARs play a role in
activating cascades impacting on neuronal fate. Neuronal vulnerability to excitotoxic
events is mediated by NMDARs, among other factors. These receptors can induce cell
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death when overactivated or completely blocked, but also trigger protective mechanisms,
beneficial for neuronal health in other conditions. While investigating the vulnerability to
excitotoxicity mediated by NMDARs, the initial focus was on location-specific
subpopulations. In a series of four studies, the synaptic population was found to mediate
pro-survival effects, while activation of the extrasynaptic receptors triggered cell-death
pathways through a CREB shut-off mechanism (Hardingham, 2006; Hardingham and
Bading, 2002; Soriano et al., 2006). However, the calcium-mediated activation of
synaptically-located nNOS enzyme may also play a central role in toxicity (Aarts et al.,
2002b; Sattler et al., 1999). The differential regulation of synaptic/extrasynaptic receptors,
in terms of rundown and desensitization (which limit calcium influx) (Li et al., 2002; Li et
al., 2003) may further prove important for toxicity.
Recently, the subtype-specific populations were also investigated with regards to
involvement in excitotoxicity. Surprisingly, a complete dependence on subunit
composition, and not on subcellular location, was found, at least for neurons at a certain
time-point in development (Liu et al., 2007). Another study reports the same dependence
for the same period in development that does not apply though for mature neurons, where
death occurs through activation of NMDARs regardless of the subtype (von Engelhardt et
al., 2007).
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1.1.6.5 Insights on the NMDAR function from NMDAR subunit mutant mice
Various mutant mice have been created, lacking either NR1, or any of the NR2
subunits, as well as conditional knock-out mice lacking these proteins either in a specific
hippocampal region or for a specific period of time. The examination of synaptic function,
plasticity properties and behaviour of these mice suggests some of the functions the
NMDA receptor has in the normal physiological conditions.
The NR1 subunit knock-out mouse model was created in 1994 (Forrest et al.,
1994), and it proved the essential function of this subunit in formation of functional
channels, as the mice died a few hours after birth. Another mouse model, showing only
5% of normal expression levels of the NR1 protein (Mohn et al., 1999), displays
behavioural deficits similar to those seen in the animal models of schizophrenia (increased
motor activity, stereotypy, social deficits).
The regional NR1 knockout, restricted to the hippocampal CA1, provides
information about its essential role in releasing the NR2 subunits from the endoplasmic
reticulum, and delivering functional receptors to the plasma membrane (Fukaya et al.,
2003). Moreover, LTP was impaired, as was the ability to acquire new information in
spatial memory tasks. The ability to consolidate information was tested in a temporallyrestricted knock-out, and was found to be impaired as well, so NMDARs expressed in CA1
are important in plasticity, spatial memory acquisition and consolidation. The hippocampal
CA3-specific knock-out mouse displayed impaired LTP too (Nakazawa et al., 2002), but
only at commissural-associational synapses; in memory tests, it showed deficits when
some of the spatial cues were missing, which led to the proposed role of this region in
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“pattern completion”, a role dependent on the NMDARs. Mice with point mutations on the
NR1 subunit were also created, in order to investigate particular properties, like glycine
binding (Kew et al., 2000) or calcium permeability (Single et al., 2000).
The NR2B subunits are sufficient for plasticity induction when NR2A are lacking,
as revealed by investigations of the NR2A knock-out (Sakimura et al., 1995); spatial
learning was also slightly impaired. NR2B knock-out mice die shortly after birth,
confirming this subunit is crucial early in development; LTD was abolished, and no
synaptic NMDAR-mediated currents could be recorded in mice kept alive for a few days
(Kutsuwada et al., 1996).

1.2 NMDAR desensitization
1.2.1 Definition and classification
NMDAR-mediated current decreases in the continuous present of the agonist, a
phenomenon called desensitization. The conformational change underlying the
desensitized state can occur either when the receptor-channel is in the open state, or when
it is closed (Lester et al., 1993, Lin and Stevens, 1994, Colquhoun and Hawkes, 1995,
Colquhoun, 1998), and is due to certain conformational changes preventing ion flow
through the channel pore, even though the agonist is bound to the extracellular ligandbinding site. Physiologically, the relaxation of the NMDAR-mediated current in the
presence of the agonist may be characterised by slow kinetics, and it is measured as the
steady-state-to-peak ratio for the macroscopic currents obtained by prolonged application
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of the agonist. The recovery of the receptors from the desensitized states is also slow,
requiring seconds; this parameter is estimated by paired-pulse applications of glutamate at
different time intervals (Lerma 1992).
Desensitization has initially been described to occur in conditions of low glycine
concentrations (Mayer et al., 1989, Benveniste et al., 1990). The two agonists, glutamate
and glycine cooperate negatively when glycine levels are low, such that the receptor enters
a desensitized state. Since the glycine affinity is influenced by subunit composition, (see
1.4) this form of desensitization may also be different for the two receptor subtypes. In
normal physiological conditions the levels of this amino acid are high, so this type of
modulation may be relevant only under conditions where glycine levels are downregulated. The rate of onset of the glycine-sensitive component of desensitization is
affected by polyamines like spermine; more specifically, it becomes slower and is reduced
in extent in the presence of spermine (Benveniste and Mayer, 1993).
NMDARs continue to show a diminished response to the continuous presence of
glutamate even when glycine levels have been restored. Further research isolated a
calcium-dependent component (Rosenmund et al., 1995a), but a certain level of
desensitization still remains in conditions of calcium exclusion, which has later been found
to depend on modulation at the C-terminus of the receptor, as well as on zinc (binding at
the N-terminus) (Sather et al., 1992a, Tong and Jahr, 1994). Because the calciumdependent component has been termed “inactivation”, we will refer to the last form as
“glycine-insensitive desensitization”.
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Indeed, NMDAR have been shown to “inactivate” i n a calcium-dependent
manner, in conditions of saturating glycine (Vyklicky et al., 1990, Legendre et al., 1993,
Rosenmund and Westbrook, 1993, Krupp et al., 1996). The increase in intracellular
calcium triggers a series of events that lead to the action of intracellular second messengers
(activated by elevated intracellular calcium) on the C-terminal region of the NMDAR
subunits. The source of calcium could be the NMDAR themselves, but not necessarily.
Consistent with this phenomenon, other effects of calcium on NMDARs include reducing
the single channel conductance (Ascher and Nowak, 1988), and decreasing receptor
activity (Mayer et al., 1987).
The time course of inactivation is very slow and requires NMDAR activation over a
period of several seconds. It was reported absent in outside-out patches, suggesting an
essential intracellular calcium-sensitive constituent (Rosenmund and Westbrook, 1993).
Actin in its filamentous form regulates NMDAR activity in a calcium-dependent manner,
and its depolymerisation induces receptor rundown. Also, postsynaptic calcium-dependent
enzymes like calcineurin, as well as regulatory proteins like calmodulin, modulate the
extent of inactivation, both for whole-cell and synaptic currents. This type of
desensitization was shown to depend on the NR2 subunit identity (Krupp et al., 1996),
being substantial for the NR2A, but not significant in the NR2B subunits. NR2C subunits
do not desensitize in this manner.
The third type of desensitization, glycine–insensitive, initially described in outsideout membrane patches (Sather et al., 1992b, Tong and Jahr, 1994, Tong et al., 1995), was
believed to appear only when the intracellular contents were fully dialysed. Later, this form
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of desensitization was recorded in whole-cell preparations as well.

Polyamines like

spermine and histamine have a modulatory effect on glycine-insensitive desensitization
(Lerma, 1992). Desensitization may also be modulated by arachidonic acid, which has
been shown to make NMDAR responses more transient.
The glycine – insensitive desensitization in the NR2A subunits in particular can be
described by two kinetic components: a slow one, with a time constant of ∼1–2 s, and a fast
one, with a time constant of 200-300 ms (Chen et al.1997; Krupp et al. 1998; Villarroel et
al. 1998; Zheng et al. 2001). It was argued that the fast component, caused by an allosteric
interaction between the zinc binding-site in the N-terminus and the glutamate binding preM1 region should be excluded from the category “glycine-insensitive desensitization”,
being only an “apparent” form (Hu and Zheng, 2005).

1.2.2 Structural determinants of NMDAR desensitization
Some of the molecular determinants of the desensitized conformations have been
elucidated. They have been localised both at the N-terminal and at the C-terminal regions
of the receptor, depending of the type of desensitization. The ATD of the NR1 subunit is
particularly relevant for the glycine-dependent form (Krupp et al., 1998, Villarroel et al.,
1998, Zheng et al., 2001), while that on the NR2 subunit for the glycine-insensitive form
(Krupp et al., 1998, Hu and Zheng, 2005, Jackson et al., 2006). Modulation at the Cterminal domain is a determinant both for calcium-dependent inactivation (Ehlers et al.,
1996) and for glycine - insensitive desensitization (Krupp et al., 2002, Li et al., 2003a).
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1.2.2.1 Structural determinants at the N-terminal domain
The binding sites on the NR1 and NR2 subunits interact allosterically when glycine
levels are sub-saturating, with a negative effect on current flow.
Two sites on the N-terminus of NR2A subunits were shown to collaborate to
control the degree of glycine-insensitive desensitization. More specifically, the sites are
comprised of four amino acids located upstream of the M1 region (two of which being
identified as Ala 555 and Ser 556, (Villarroel et al., 1998)), and a number of ~190 amino
acids located in a region preceding the S1 (Krupp et al., 1998, Villarroel et al., 1998).
Recent studies performed in the nominal absence of zinc could not replicate these results,
and the authors argued that the aforementioned sites play a role in zinc-dependent
modulation, and not in glycine-sensitive desensitization (Hu and Zheng, 2005). They
propose, on the other hand, several residues in the lurcher motif of either NR1 or NR2A
are critical for this form of desensitization of NR1/NR2A receptors. The lurcher motif is a
short stretch of highly conserved amino acid residues located in the extracellular regions of
the NMDAR. Indeed, the lurcher motif has been linked to desensitization before, when
single point mutation [NR1a(A653T)] of NR1 has been reported to alter desensitization of
NMDA receptors (Kohda et al., 2000). Moreover, Villarroel and colleagues have described
an NR2A chimera that lacked the slow component of desensitization giving insight on the
molecular determinant of the “proper” glycine-insensitive desensitization. This chimera
was created by introducing a triple mutation in the pre M1 region (F553Y, P566A and
A567S).
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As for the zinc-mediated modulation of the NMDAR currents, additional data shed
more light on the allosteric binding of the ion at the N-terminal domain of the NR2A
(Zheng et al., 2001), and that this binding can increase the fast component in the kinetics of
the current decline (Legendre and Westbrook, 1990, Chen et al., 1997, Paoletti et al., 1997,
Low et al., 2000, Erreger and Traynelis, 2008). Recently, Erreger and colleagues
demonstrated that the affinity of zinc for its binding site depends on glutamate, and not on
glycine binding; it also does not depend on the channel pore opening. They predict, based
on modelling data, that zinc regulation affects EPSC amplitude (Erreger and Traynelis,
2005); recordings in outside-out patches show no effect on mean single-channel open
duration, open channel probability, or single-channel current amplitude (Erreger and
Traynelis, 2008).

1.2.2.2 Structural determinants at the C-terminal domain
Calcium-dependent inactivation is the effect of intracellular calcium elevation
(Rosenmund et al., 1995a), which activates either the enzyme calcineurin, or/and
calmodulin. Calcineurin acts by dephosphorylating the NR2 subunits; calmodulin, a
regulatory protein, binds to the C0 cassette of NR1, displacing α-actinin and disrupting
NR1 association with cytoskeleton, reducing thus the NMDAR-mediated current. Mutation
studies show that the C-terminus of the NR1 subunit contains two calmodulin-binding
sites, which seem to be relevant for the regulation of calcium-dependent inactivation
(Ehlers et al., 1996, Zhang et al., 1998, Krupp et al., 1999).
Regulation of the NMDAR subunits at the C-terminus, with relevance for glycineinsensitive desensitization, can occur either through the action of enzymes or through the
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direct interaction of the C-terminal tail with synaptic scaffold molecules. There are several
phosphorylation sites on the NR1 and NR2 subunits; a previously unidentified site for PKC
phosphorylation on the NR1 and /or NR2A subunits has been suggested to play a role in
regulating glycine-insensitive desensitization. Even though calcium was present in the
recording conditions in this experiment, the authors argued that calcium-dependent
inactivation could not have been affected by their manipulations.
The phosphorylation site Ser 1303 on the NR2B subunits is the locus of CamKIImediated regulation of these subunits’ activity. This enzyme has recently been shown to
increase the extent and/or rate of desensitization of NR1/NR2B-mediated macroscopic
currents in HEK293 cells; when tested on NR2A-containing subunits, the effect was the
opposite (Sessoms-Sikes et al., 2005). Modulation of desensitization at the C-terminus in
the absence of the enzymatic activity, by the direct effect of scaffolding molecules on the
NMDAR conformation has been suggested by a previous study, but not directly tested.

1.2.3 Proved and hypothesised roles for NMDAR desensitization

The role of NMDAR desensitization in synaptic function was suggested by Jahr in
1995, when the first synaptic NMDAR-mediated response was shown to desensitize in a
glycine-independent, calcium-dependent manner. The authors used autaptic cultures, which
permit the recording of synaptic (or “autaptic”) EPSCs. The NMDAR-isolated response
shows desensitization in the response to a second pulse of glutamate, after a first
stimulation has opened all synaptic receptors 1.5 s in advance. More precisely,
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desensitization is measured as the ratio between the test EPSC evoked 1.5 s after a
complete activation of synaptic receptors in the presence APV, and another test EPSC,
evoked 1.5 s after a complete activation of synaptic receptors in control solution (no
antagonist). This study showed for the first time, the shaping of the EPSC by NMDAR
desensitization.
NMDAR desensitization may play a role in plasticity too, as hypothesised in the
above–discussed studies, which proved desensitization shapes synaptic responses, and
consequently the calcium signal. The calcium profile is crucial in the induction phase, and
dictates the direction of plasticity. Thus it was speculated that, during high-frequency
stimulation, the degree of desensitization may be important, since the recovery of receptors
from this state takes several seconds. Plus, calcineurin was shown to be essential in
modulating the form of desensitization described above; on the other hand, other studies
implicated calcineurin as a determinant of homosynaptic LTD, so the two phenomena may
share the same mechanism.
The potential role of NMDAR desensitization in plasticity was hypothesised also in
studies that described the effect of CamKII on NR2B-containing receptors. This enzyme
has been linked before to plasticity mechanism, as it was proved essential for LTP
induction, as it was suggested to have a role in distinguishing distinct patterns of
intracellular calcium rise (De Koninck and Schulman 1998). CamKII levels, barely
detectable immediately after birth, increase by 10-fold at P16 , while NR2B levels decrease
in development, so there might be a clearly defined temporal window for the interaction of
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the two, and this may partially explain the plasticity levels that can be elicited at different
points in development.
The role of NMDAR desensitization which received most attention is that in deathrelated mechanisms / neuronal survival. That is because excessive and prolonged
elevations in glutamate, required to induce NMDAR desensitization, have been detected in
brain trauma and cerebral ischemia. The intracellular signalling cascades activated by this
excessive glutamate lead to various forms of neuronal damage and apoptosis.
Desensitization of the NMDAR has been reported to have a neuroprotective effect
(Villarroel et al., 1997), while situations where desensitization is decreased, for example,
late in adulthood (Li et al., 2003b), may render neurons more prone to apoptosis.

1.3 NMDAR-dependent synaptic plasticity in hippocampus
1.3.1 Definition and forms of synaptic plasticity
A form of enhancement in synaptic communication was first described in 1939 by
Larrabee & Bronk, in sympathetic ganglia. It occurred due to high – frequency stimulation
of the presynaptic fibers, and it only lasted a few minutes (5-7min).
Longer enhancement was observed a few decades later, when Bliss and Lomo
applied repeated high-frequency stimulation episodes (tetani), to fibers innervating the
dentate gyrus of the rabbit in vivo (Bliss and Lomo, 1970, 1973). They named this
phenomenon long-term potentiation (LTP), but the reverse was also described later, when
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patterned presynaptic activity can lead to weakening of synaptic efficiency (Dudek and
Bear, 1993). Moreover, synapses can be modified in a graded manner, their efficacy
ranging anywhere from -50 to +50 % of its base level. The polarity of the change is
dictated mostly by the amplitude and time course of the calcium transient, essential to
plasticity induction, as will be discussed below.
Many brain regions display various forms of plasticity: the prefrontal, sensory and
motor cortex (Artola and Singer, 1987; Sakamoto et al., 1987; Laroche et al., 1990),
cerebellum (Crepel and Jaillard, 1991), amygdala, and nucleus accumbens (Kombian and
Malenka, 1994). However, the hippocampus was the region where this phenomenon was
most extensively studied, due to the ease in stimulating and recording specific components,
conferred by its famous laminar structure. Synaptic plasticity in the hippocampus can occur
both at inhibitory and excitatory synapses, onto either principal cells or interneurons.
Various forms of plasticity have been described so far, based on their mechanism of
induction, ranging from NMDAR-dependent or mGluR-dependent to classical or spiketiming depending plasticity. Essential aspects regarding hippocampal, NMDAR-dependent
plasticity at excitatory synapses, will be considered below.

1.3.1.1 Transient and short-term forms of plasticity
Basic synaptic transmission is normally mediated by AMPAR currents, of certain
characteristics. Amongst these, the amplitude is considered a measure of “synaptic
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strength”. This parameter is modifiable – transiently or “permanently” in certain
conditions, and the modification is taken to reflect the level of synaptic plasticity.
One of such conditions that are linked with transient modifications in synaptic
responses is the paired-pulse. The postsynaptic response to a second pulse, delivered a few
hundreds of ms after an initial one, is increased. This phenomenon was described in
hippocampus amongst other regions (like neuromuscular junction (Magleby, 1979), and
was called “facilitation”; if the time between the two pulses is in the order of seconds
though, the synapse shows “depression”. Amongst the mechanisms of expression of
facilitation, it can be mentioned that more neurotransmitter is released upon the second
pulse, due to the high levels of presynaptic calcium, which invaded during the initial pulse
(Wu and Saggau, 1994). Synapses showing high levels of facilitation are considered to
have a low initial probability of release, and vice-versa. Depression, on the other hand can
result from depletion of vesicular content, and from feedback mechanisms which activate
presynaptic GluRs or GABARs.
Repeated synaptic stimulation induces a short-lived type of facilitation called posttetanic potentiation, with duration in the order of minutes; it is probably due to increased
calcium concentration in the presynapse (Wu and Saggau, 1994).
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1.3.1.2 Long-term plasticity: early and late LTP/LTD
Experimentally, LTP and LTD are measured either at a population or single-cell
level. In the first case, field potentials are taken to reflect neurotransmission, and in the
latter, the AMPAR-mediated EPSCs.
In terms of time course, LTP is quickly observable after the induction phase (in ~2
seconds in CA1; but it takes minutes in dentate gyrus (DG), peaks after another 30
seconds, and then slightly declines to a stable value, lasting, variably, tens of minutes to
hours, days or even years (Abraham, 2003).
It was noticed that after inhibiting cellular protein synthesis, hippocampal plasticity
could not last longer than a few hours (Frey et al., 1988); the same happens with
transcription inhibitors. Protein kinases (like PKC, CamKII) on the other hand, must be
active approximately an hour after induction, otherwise plasticity decays soon to baseline
levels (Malenka et al., 1989; Malinow et al., 1989). Based on these criteria, LTP is
believed to be comprised of three distinct phases, each sensitive to certain blockers but
immune to others: short-term plasticity, which is observable for an hour after induction and
cannot be washed out with either kinase – or protein synthesis inhibitors; early LTP, lasting
from the 1st – to the 5th hour after induction, and dependent on kinases’ activity, and late
LTP, lasting longer than ~ 5 hours, and dependent on transcription and protein synthesis.
LTD follows the same rules of categorization.
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1.3.1.3 Metaplasticity
Not all synapses respond identically to plasticity induction protocols. It was
suggested, initially by theoretical analyses that the prior synaptic activity each synapse had
been engaged in, may affect the way it will later respond to patterned activity. The
Bienenstock-Munro-Cooper model put forward the idea that, depending on the frequency
of stimulation, the synaptic weight falls below (LTD) or above (LTP) the value for basal
neurotransmission. This in turn, more importantly, is not a static value, but a function of
postsynaptic activity, and could be shifted to the right or left following certain
manipulations. Later it was experimentally demonstrated that stimuli that normally cannot
elicit plasticity changes themselves, affect the response to LTP protocols if delivered a
while before them. For example, weak trains, or low frequency-activation of NMDARs,
can prevent subsequent induction of LTP (Coan et al., 1989; Huang et al., 1992). Also,
LTD could not be induced immediately after unsilencing the so-called “silent synapses”
(Montgomery and Madison, 2002).

1.3.1.4 Homeostatic plasticity
Aside from conferring a certain degree of flexibility, plasticity could also be seen as
a means of stability in a network of neurons, based on the observations that neuronal
activity levels can homeostatically regulate the properties of neural circuits to maintain
firing rates within certain boundaries (Turrigiano and Nelson, 2004).
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1.3.2 Induction
One of the most striking characteristics of LTP / LTD is its very rapid onset after
the induction protocols have been applied. These protocols, initially described as repeated
tetani, could alternatively take the form of coincident pre-and postsynaptic depolarization.
Apart from influencing the direction of plasticity, specifically patterned activity affects the
magnitude and the duration of plasticity.
Crucial to the induction of either form of plasticity, is the activation of certain
postsynaptic receptors, and the downstream events they trigger. NMDAR was the first
class to be recognized, and indeed hippocampal plasticity is essentially dependent on its
activation. Plasticity is defined as NMDAR-dependent if it is prevented by antagonists of
NMDARs, like AP5, applied during the induction phase (when applied later they have no
effect on plasticity, as demonstrated by Collingridge in the early eighties (Collingridge et
al., 1983b) .
Alternatively, other classes of glutamate receptors can induce non-NMDAR –
dependent types of plasticity. mGluRs have been linked to LTD, especially in adults,
where this forms prevails over the NMDAR-dependent type. But these receptors can
induce LTP too, especially onto CA1 interneurons. Also, a kainate receptor –dependent
type of LTP has been described in CA3.
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1.3.2.1 Classical patterns
The most popular protocol to induce LTP is the famous train of 100 Hz pulses
repeated 4 times, which when applied to a bundle of fibres, induces synaptic enhancement
in large populations of neurons. This was the pattern first described to produce a longlasting effect, as previous attempts using lower frequencies rendered short-time plasticity
only. Alternative forms of high-frequency stimulation protocols are the brief trains of 400
Hz pulses (Douglas and Goddard, 1975), the primed-burst stimulation (Larson et al., 1986),
and the theta-burst stimulation (Rose and Dunwiddie, 1986). For the last two, a priming
stimulus or a brief train, respectively are succeeded after a 200 ms interval by a burst or a
train of stimuli. The initial stimulation in these cases activates the feedforward
interneurons, leading to presynaptic GABABR-mediated reduction in GABA release,
maximal right around 200ms after stimulation (Davies et al., 1991).
The number of stimuli in a train was found to prevail in importance regarding the
magnitude of LTP, over the actual pattern of stimulation (Hernandez et al., 2005), however
the minimal patterns are probably more likely to occur naturally than the long trains of
hundreds of stimuli.
The first studies on LTD induction used one train of 100 pulses at 1Hz, but this
didn’t prove to be an entirely satisfactory paradigm; more efficiently, prolonged trains of
900 pulses reliably produce LTD, as described later by Dudek and Bear (Dudek and Bear,
1993).
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1.3.2.2 Spike-timing protocols
LTP can be induced in single cells as well, when both pre-and postsynaptic neurons
are depolarised within a narrow temporal window. Normally, the afferent stimulus must
precede the brief depolarizing postsynaptic pulse by ~20 ms in order for LTP to be induced
(Levy and Steward, 1983, Gustafsson and Wigstrom, 1986). If the order is reversed,
depression of the synapse occurs, making the temporal requirements for the pre-and
postsynaptic activation very straightforward (they are not obvious with classical patterns of
induction). Physiologically, postsynaptic depolarization of a certain synapse which is not
strongly activated by presynaptic firing may occur with the back-propagation of action
potentials due to activation of other synapses (Stuart and Sakmann, 1994).

1.3.2.3 Calcium signalling through NMDARs in plasticity induction
The essential role of calcium in plasticity induction was proved in 1983 by Lynch
and colleagues, who used calcium chelators in their recordings, and reported that LTP is
prevented by such conditions (Lynch et al., 1983). The calcium signal is mediated by the
NMDARs, which are highly permeable to the influx of this ion (see above), and further
amplified postsynaptically by calcium released from internal stores. This was proved by
preventing the refill of these stores with thapsigargin, which blocks the induction of LTP
(Harvey and Collingridge, 1992). Another source of elevated intracellular calcium is the
voltage-gated calcium channel, particularly important in non-NMDAR forms of plasticity.
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Specific characteristics of the calcium transient are important in dictating the
direction of plasticity: in conditions of low extracellular calcium, a protocol that normally
induces LTP becomes one that induces LTD (Mulkey and Malenka, 1992); the same
happens when calcium entry during tetanus is reduced by the use of low concentrations of
AP5. From these observations, it can be concluded that the concentration of intracellular
calcium is the crucial parameter in the induction of the two forms of plasticity. How
exactly lower calcium leads to LTD, while higher levels – to LTP, was speculated by
Lisman (Lisman, 1989, Harvey and Collingridge, 1992)), who pointed out that the affinity
of protein phosphatases for calcium is much higher than that of the kinases, and so the
activation of each class preferentially may trigger the different cascades of event with the
opposite outcome.

1.3.3 Expression
Following above-mentioned protocols of activation, synapses communicate more
efficiently, a fact obvious in the larger amplitude of the AMPAR-mediated current. This
may be due to modification in the presynaptic neuron, like increased release of the
neurotransmitter, and in the postsynaptic neuron, through modifying existing receptors, or
inserting new ones. The different characteristics and loci of expression, specific for the
distinct phases of plasticity will be discussed below. Generally, they are influenced by the
age of the animal, the brain region tested, and other factors.
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1.3.3.1 Presynaptic locus of expression
In LTP, the probability of release was found to be increased in a number of studies
(Stevens and Wang, 1994, Bolshakov et al., 1997), consistent with diminished paired-pulse
facilitation during LTP (Schulz et al., 1994). Also, modifications of the fusion pore – such
that more neurotransmitter is released - could alternatively account for LTP expression
(Choi et al., 2000). Finally, the presynaptic boutons were increased in certain conditions
associated with LTP (Antonova et al., 2001). On the other hand, in LTD, the rate of
neurotransmitter release is decreased, as concluded in imaging studies investigating
vesicular turnover (Stanton et al., 2001).

1.3.3.2 Postsynaptic locus of expression
Postsynaptically, both modifications in the properties of existing AMPA receptors
and insertion of new ones, can account for the increased basal transmission in LTP.
AMPAR sensitivity to glutamate is modified in LTP, as evident in studies using ligands for
this receptor, where the sensitivity was found greatly increased (Davies et al., 1989,
Montgomery et al., 2001, Bagal et al., 2005). The AMPAR properties support
modifications mainly through enzymatic phosphorylation

(Lee et al., 2000). Single

channel conductance for example, was found to be increased after CamKII-mediated
phosphorylation of the Ser831 site on AMPARs (Derkach et al., 1999). The change in
conductance may be, in some cases, sufficient to account for LTP (Benke et al., 1998).
There are in fact a number of kinases involved in different phases of LTP, and at different
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points in development: while CamKII is activated in adults, PKC and PKA are essential at
earlier developmental stages, before the postnatal day nine (Yasuda et al., 2003). At around
two weeks of age, either kinase is sufficient for LTP, but a blockage of all three prevents
LTP expression (Wikstrom et al., 2003). The number of AMPARs may increase following
LTP-induction protocols, especially of those containing the GluR1 subunit (Shi et al.,
1999, Hayashi et al., 2000, Lu et al., 2001). The insertion occurs either at functional, or at
“silent” synapses (Pickard et al., 2001).
For LTD, the postsynaptic mechanisms of expression involve dephosphorylation of
GluR1 by phosphatases like PP1 and PP2, and internalization of GluR2-containing
AMPARs. For the latter, a large number of studies employed various techniques, to
conclude that GluR2 internalization at extrasynaptic sites precedes synaptic AMPAR
downregulation (Ashby et al., 2004). Central to the expression of LTD seems to be the
specific interaction on the GluR2 subunit with N-ethylmaleimide-sensitive factor (NSF)
which triggers its internalization by exchanging places with adaptor protein 2 (AP2)
(Collingridge et al., 2004).
GluR2 subunits directly interact with scaffolding proteins like glutamate receptor
interacting protein/ AMPAR-binding protein (GRIP/ABP) and protein interacting with C
kinase 1 (PICK) and these may also have an alternative role in internalization. Specifically,
PICK1 has been linked to LTD (Kim et al., 2001), through a mechanism that involves
calcium binding. However, GluR2 knock-out animals display NMDAR-dependent LTD;
this is probably mediated though the dephosphorylation of the GluR1 subunit (discussed
above).
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1.3.4 Particularities of plasticity in hippocampal dentate gyrus
The dentate gyrus (DG) is a C-shaped structure, extending, in rodents, from a
dorso-medial position, close to the septal complex, to a ventro-lateral position, close to
amygdala. Along with the hippocampus proper (CA1, CA2 and CA3), subiculum and
parasubiculum, it is part of the hippocampal formation. One important particularity of the
hippocampal formation is the unidirectionality of its inputs and outputs, such that
excitation flows from one sub-structure to another without feeding-back.
DG, a structure that appeared much later in evolution compared to the other
hippocampal components, receives excitation from entorhinal cortex through perforant
path fibers, and excites in turn the CA3 cells, through mossy fibers.
There are three layers to the DG, the middle one, ~ 70 um, being formed of densely
packed granule cells, the principal cells of this structure. Some particularities of granule
cells are: 1) their shape and dendritic arbour: they lack basal dendrites, and have instead a
large apical tuft that is cone-shaped; 2) they are smaller than the pyramidal cells; and 3)
they burst-fire very rarely, at about ~0.5 Hz, displaying a high threshold for activation
(Jung & McNaughton, 1993); however, during the theta oscillations, they can fire
sustained bursts (Munoz 1990). Granule cells extend their dendrites in the molecular
layer, and their axons, which form the mossy fibers, towards CA3. The third layer of the
DG is the polymorphic layer, which contains another type of cell, the mossy cell.
The organization of dentate gyrus makes it, as it makes the other hippocampal
structures, ideal for experimentation. Among the characteristics that make the study of
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plasticity easy in DG are the compact cell layer, made up of dense packing of cell bodies,
the parallel position of the apical dendrites, making them easy to be activated
synchronously, and, stratification of afferent fibers, which synapse on specific locations of
the dendritic tree.
Plasticity occurs in DG at the synapses between perforant path fibers and granule
cells. In fact, plasticity had been discovered and described for the first time precisely at
these synapses, in rabbit. Because the fibers coming from the entorhinal cortex split in
two types, lateral and medial, with different characteristics, plasticity in DG is also of two
types. The basal responses mediated by the two inputs are different in the rising phase of
the field EPSPs (being slower for the lateral input, as the lateral fibers terminate more
distally), and paired-pulse plasticity (lateral input displaying facilitation, while medial
input- depression).
LTP at medial perforant path synapses is a typical form of NMDAR-dependent
plasticity; LTD has also been described for this path. Plasticity at the lateral perforant
path, on the other hand, is NMDAR-independent, and sensitive to opioids, in a
frequency-dependent manner (Xie & Lewis, 1991). Also, pairing protocols are not
effective in inducing this kind of plasticity (Colino & Malenka 1993).
An important particularity of dentate gyrus is that it is one of the few structures
supporting neurogenesis in adulthood. About 9000 new granule cells are born every day,
with an essential role in certain hippocampal functions (Shors et al., 2001). A small
fraction of them survives to develop into mature granule cells, to become integrated into
the DG cellular network, and to establish similar connectivity (Hastings and Gould, 1999,
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Song et al., 2002). The threshold for LTP induction was reported to be lower for the
immature granule cells (Schmidt-Hieber et al., 2004), due to both expression of T-type
calcium channels, and increased input resistance. Neurogenesis is regulated by genetic
(Kempermann, 1997, 2000) and epigenetic factors, amongst which exercise / running has
been shown to dramatically enhance it (van Praag, 1999).
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1.4 Theme and hypothesis
Previous work in our laboratory suggested that synaptic and extrasynaptic
NMDARs are differentially regulated (Li et al, 2002), and this may have important
consequences for receptor functions. Our purpose was to investigate the mechanisms for
this differential modulation, as well as if there are subunit differences pertaining to it.
The property we brought under scrutiny was desensitization, being highly
modulated for the various NMDARs subtypes (location and subunit–wise), as well as
having tremendous impact on the calcium influx, crucial to NMDAR functions.
We have investigated how the interaction of NMDARs with the MAGUK family of
proteins regulates desensitization. Predominantly, we investigated the effect of PSD-95, a
scaffold protein with a certain profile of expression during development, and having
certain affinities with NMDAR subtypes.
Our hypotheses for the first chapter were: 1) PSD-95 regulates desensitization
directly, and not through recruiting neuronal-specific factors in receptors’ proximity; 2) a
direct interaction of PSD-95 with the receptor is sufficient to regulate desensitization, both
in recombinant and neuronal receptors. Moreover, we proposed to elucidate which domains
of PDS-95 are required for regulation and to test the effect of uncoupling the receptors
from PSD-95 on desensitization (using three different means: TPA, 2BP, and NR2B-9C
peptide treatments).
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Having elucidated the extent of desensitization each subpopulation of NMDARs
displays, and how PSD-95 modulates it, we proceeded further to elucidate how these
subpopulations are involved in plasticity induction in the rodent hippocampus.
Our hypotheses for this chapter were that the level of potentiation and depression
induced through the activation of NR2 subpopulations would show differences that may
possibly be explained by the profile of calcium signal mediated by these receptors. Both
the amount of the intracellular calcium and its subcellular location are important for
dictating the direction, and magnitude of plasticity. Further, the amount and localization of
calcium signal are a direct consequence of the NMDAR subtype, localization, and various
properties. Amongst these, desensitization is a limiting factor.
We have evaluated these characteristics of plasticity in mouse dentate gyrus - its
direction and magnitude – after having isolated the NR2A and NR2B subpopulations of
NMDARS, and activated them with typical plasticity induction paradigms. We have also
used a behavioural manipulation, exercise, in order to modify the size of the NR2B
subpopulation.
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Chapter Two 1

2 NMDA Receptor Desensitization Regulated by Direct Binding to
PDZ1-2 Domains of PSD-95
N-methyl-D-aspartic acid (NMDA) – type glutamate receptors are expressed at
most CNS excitatory synapses and play key roles in synaptogenesis, induction of synaptic
plasticity, and excitotoxic neuronal death. These receptors are tetrameric complexes of two
NR1 with two NR2, or one NR2 and one regulatory NR3, subunits (Cull-Candy et al.,
2001). NR2 subunits are encoded by four different genes – NR2A, B, C, D – that are
tightly regulated temporally and spatially (Monyer et al., 1994), and these subunits
determine differences in NMDAR pharmacological and physiological properties (CullCandy et al., 2001). Both NR2A and NR2B subunits are highly expressed in the mature
forebrain where NMDARs containing NR1/NR2B predominate at non-synaptic sites in the
neuronal plasma membrane and NR2A-containing NMDARs are enriched at the synapse
(Stocca and Vicini, 1998, Tovar and Westbrook, 1999, Barria and Malinow, 2002).
Differences in subcellular distribution are not absolute, however, and determining effects
of subunit composition on NMDAR localization and signaling in neurons is complicated
by expression of tri-heteromeric NR1/NR2A/NR2B complexes (Luo et al., 1997, Thomas
et al., 2006). Additionally, subcellular localization of NMDARs affects their functional
regulation (Li et al., 2002, Li et al., 2003a).

i.

21 A version of this chapter has been published. Sornarajah L*, Vasuta OC*, Zhang L, Sutton C, Li B, ElHusseini A, Raymond LA (2008) NMDA receptor desensitization regulated by direct binding to PDZ1-2
domains of PSD-95 Journal of Neurophysiology 99(6):3052-62 (used with permission).
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Desensitization of glutamate receptors -- the decay of current with sustained agonist
exposure – protects neurons from excitotoxicity (Zorumski et al., 1990). NMDAR
desensitization also shapes neuronal responses to repeated stimulation (Tong et al., 1995).
Previously, we reported that NMDAR desensitization is regulated by receptor subcellular
localization in hippocampal pyramidal neurons (Li et al., 2003a). Interestingly, synaptic
NMDARs showed dramatically less desensitization than non-synaptic NMDARs, despite
enrichment of NR2A subunits at the synapse and extrasynaptic localization of NR2Bcontaining receptors. This result was unexpected since NR1/NR2A desensitizes more
extensively than NR1/NR2B when expressed in non-neuronal cells (Krupp et al., 1996,
Dingledine et al., 1999). NMDAR association with PSD-95 in hippocampal neurons also
correlated with decreased desensitization (Li et al., 2003a); however, it was not clear
whether this effect was secondary to PSD-95’s role as a scaffolding protein, anchoring
protein kinases and phosphatases in close proximity to NMDARs (Kim and Sheng, 2004),
or if its binding to NMDARs directly altered receptor desensitization.
Palmitoylation at two cysteines near the N-terminus of PSD-95 targets this protein
to the synapse (Craven et al., 1999) where it participates in a complex of nearly 200
proteins associated with NMDARs (Kim and Sheng, 2004, Collins et al., 2006). Expression
of PSD-95 with NMDARs in non-neuronal cells results in receptor clustering (Kim and
Sheng, 1996), although PSD-95 is not required for NMDAR targeting or clustering at
neuronal synapses (El-Husseini et al., 2000a) In neurons, studies suggest a role for PSD-95
in regulating NMDAR surface expression (Roche et al., 2001, Lin et al., 2004) and
stabilizing NR2B-containing NMDARs at synapses (Prybylowski et al., 2005), but
evidence for a direct role in regulating NMDAR function is lacking. Here we show for the
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first time that direct binding of the PDZ1-2 domains of PSD-95 to NR2A- or NR2Bcontaining receptors reduces NMDAR desensitization. Additionally, PSD-95 binding to
NMDARs and its effect on current desensitization is regulated by PKC activation.

2.1 Materials and methods
2.1.1 Primary neuronal cultures and transfection
Hippocampal cultures were prepared from 17- to 18-day-old rat embryos as
described previously (Li et al., 2002) of ~300-400 cells/mm2 and grown in B-27
supplemented Neurobasal medium in a humidified atmosphere with 5% CO2. Medium was
refreshed twice every week by replacing half the volume. Neurons were transfected with
1.2 µg of plasmid DNA per well 24-well plate, using a calcium phosphate kit (Clonetech,
Mountain View, CA). Neurons, plated on coverslips, were transfected at 4 days in vitro
(Cottrell et al., 2004) and used for patch clamp recording 2-3 days after transfection.

2.1.2 HEK293 cell culture and transfection
HEK293 cells (CRL 1573; American Type Culture Collection, Rockville, MD)
were maintained as we described previously (Chen et al., 1997). Cells were transfected
using the calcium phosphate precipitation method (Chen et al., 1997) with a total of 12 µg
of plasmid DNA per 10 cm plate. Cells were transfected with a 1:1:2 ratio of cDNAs
encoding NR1-1a, NR2 (A or B or NR2A-S1462A), and either green fluorescent protein
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(GFP), PSD-95-GFP, PSD-95 PDZ1-2-GFP, growth-associated protein 43 (GAP-43) first
12 amino acids (GAP12), GAP12 PDZ1-2-GFP, Prenylated PSD-95-GFP, SAP-102, or
PSD-93. To minimize NMDAR-mediated death, cells were bathed in medium
supplemented with 100 µM memantine following transfection until the time of recording.

2.1.3 Drug treatments
Cultured hippocampal neurons were treated with 12-O-tetradecanoylphorbol-13acetate (TPA), RO-320432 (RO), or 2-bromopalmitate (2-BP) by direct addition to the
medium. Cultures were then returned to the incubator for time periods ranging from 10
min to 6 hours, as indicated in the Results section. At the end of the drug incubation
period, cells were collected for biochemical experiments, or else the medium was replaced
by external recording solution and cells were moved on glass cover slips to the recording
chamber for electrophysiology, where recordings were made within five minutes of
removal of the drug.

2.1.4 Electrophysiology
Cultured neurons were used for recording at 4-7 DIV (“immature”), or >13 DIV
(“mature”). Recordings from HEK293 cells were made 12-24 hours following the end of
transfection. Conventional whole-cell patch clamp recording was conducted as previously
described (Hamill et al., 1981). Electrodes were fabricated from borosilicate glass (Warner
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Instruments, Hamden, CT) using a Narashige (Tokyo, Japan) PP-83 electrode puller. Open
tip resistance was 5-6 MΩ for electrodes containing (in mM): 115 Cs-methanesulfonate,
10 HEPES, 20 K2-creatine phosphate, 4 MgATP, 10 BAPTA, as well as 50 U/ml creatine
phosphokinase, pH 7.26, 310 mOsm.
HEK293 cells were superfused with external recording solution, containing (in
mM): 145 NaCl, 5.4 KCl, 0.2 CaCl2, 10 HEPES and 11 glucose, pH 7.3. For neurons, the
external solution contained (in mM): 167 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 0.2
CaCl2, pH 7.3 (325 mOsm), and tetrodotoxin (TTX) (300 nM) and glycine (50 µM) were
added just before use. Agonist (1 mM NMDA) was dissolved in the same solution used to
bathe the cells and gravity-fed to the cells through one side of a theta-tube (Chen et al.,
1997). All other drugs, dissolved in the external bathing solution, were included in both the
control and agonist side of the theta-tube. Computer-controlled solenoid-driven valves
were used to rapidly switch between the two solutions. Agonist was applied for 10 sec at 1min intervals. For experiments in cultured hippocampal neurons, large, pyramidal-shaped
neurons were selected for recording. In experiments with cultured HEK293 cells, smaller
cells (<30 micron diameter, with capacitance of <30 pF) were preferentially selected for
recording in order to optimize the rate of agonist exchange, keeping the 10-90% rise-time
to peak less than 100 ms. In all recordings, the peak and steady-state current amplitudes
were stable over periods of more than 15 minutes.
All recordings were made in voltage-clamp mode at a holding potential of -70
mV. Data were acquired using the Axopatch 200B patch-clamp amplifier (Axon
Instruments, Foster City, CA). Currents were filtered at 1 kHz and digitized at 10 kHz.
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pClamp 8.1 software (Axon Instruments) was used for data acquisition and analysis. Series
resistance and cell capacitance were regularly monitored and recordings were abandoned if
series resistance exceeded 20 MΩ.

2.1.5 Co-immunoprecipitation and western blot analysis
Batches of 14-17 DIV hippocampal neuronal cultures in 10-cm dishes were treated
with drugs or vehicle as described in Results, then each dish was collected in 1 ml Harvest
buffer containing 1 mM EGTA, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 2
µg/ml aprotinin, 20 µg/ml pepstatin A, and 20 µg/ml leupeptin in PBS. Cell suspensions
were processed as described previously (Li et al., 2003a). Briefly, after centrifugation,
pellets were lysed and solubilized in Harvest buffer containing 0.1% SDS and 0.8% Triton
X-100 (0.5 ml final volume). One-tenth of the lysate was reserved for input loading, and
the remainder was incubated with protein-A and protein-G beads then briefly centrifuged
to remove nonspecifically bound proteins. The supernatant was incubated with 10 µg of
rabbit polyclonal anti-NR2A antibody (Upstate Biotechnology) for 1 hr at 4°C, then
Protein-A and protein-G beads were added for another 1-hr incubation period. Beads were
washed three times with 50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
and 1% Triton X-100. Proteins were eluted from the beads and denatured by boiling in
loading buffer for 5 min, then loaded to SDS-PAGE. Proteins from each group of different
treatment conditions (vehicle, 2-BP, TPA, and TPA with 2-BP; or vehicle, RO, and TPA)
were loaded to the same gel. After transfer, membranes were probed with antibodies
against NR2A (the same as used for immunoprecipitation, at 1 μg/ml) and PSD-95 (mouse
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monocolonal;

5

µg/ml;

Chemicon).

Bands

were

visualized

using

Enhanced

Chemiluminescence (Amersham) and densities were quantified by densitometric analysis
(Li et al., 2003a). The PSD-95 to NR2A band-density ratio was calculated to determine the
amount of PSD-95 co-immunoprecipitated with NR2A.

2.1.6 Materials
All chemicals were purchased from Sigma (St. Louis, MO). PSD-95 constructs
were described previously (Craven et al., 1999, El-Husseini et al., 2000a, Schnell et al.,
2002, Christopherson et al., 2003, Prange et al., 2004). NR2A-S1462A and wild-type rat
NR2A (on which the mutant NR2A was made) cDNAs were generous gifts from Dr.
Robert Wenthold and were previously described (Prybylowski et al., 2005).

NR1-1a

(Dingledine et al., 1999)(Dingledine et al., 1999)(Dingledine et al., 1999)(Dingledine et al.,
1999)(Dingledine et al., 1999)(Dingledine et al., 1999)(Dingledine et al., 1999)(Dingledine
et al., 1999) NR2B and NR2A (ε1) cDNAs were described previously (Chen et al., 1997).
NR2A (ε1) was used for all experiments in HEK cells except those comparing effects of
PSD-95 on wild-type versus mutant S1462A NR2A, when the corresponding rat cDNA
construct was used for wild-type NR2A. Tissue culture reagents were obtained from
Invitrogen. Stock solutions of 100 mM NMDA and 100 mM glycine were each stored in
individual aliquots for up to 6 weeks at -200C. TPA was dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 1mM and diluted to a final concentration of 100 nM. A 200
mM stock solution of 2-BP in ethanol was diluted to a final concentration of 100 μM. RO
was dissolved in DMSO for a stock concentration of 2mM and used at 1μM. Stock
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solutions of TPA, 2-BP and RO were stored as aliquots at -200C and thawed only once.

2.1.7 Data analysis
Results are presented as mean ± SE. Sets of different results were compared using
one-way ANOVA followed by Bonferroni post-test or Student's t-test as appropriate, and
significant differences were determined at the 95% confidence intervals unless otherwise
indicated. Three to 10 responses of each cell were averaged for estimation of steady-state
to peak current ratio (Iss/Ip).

2.2 Results

2.2.1 PSD-95 regulates NMDAR glycine-independent desensitization
NMDAR desensitization attenuates receptor activation during sustained exposure to
agonists (Tong et al., 1995). Glycine-independent desensitization can be isolated in
cultured hippocampal neurons by recording NMDAR currents in response to 10-sec
applications of saturating concentrations of agonist – 1 mM NMDA with 50 µM glycine –
in low external calcium and a high intracellular concentration of BAPTA (Mayer et al.,
1989, Tong and Jahr, 1994), as well as strychnine (50 uM) to block the chloride channels.
Previously, we demonstrated a developmental decrease in this form of NMDAR
desensitization recorded from cultured hippocampal neurons, which could be explained by
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receptor localization to the synapse; however, the reduction in desensitization also
correlated with co-association of NMDARs with PSD-95 (Li et al., 2003a).
PSD-95 recruits many scaffolding and signaling molecules to the post-synaptic
density directly through its various domains or indirectly through macromolecular
MAGUK-AKAP complexes (Colledge et al., 2000, Sheng and Pak, 2000, Lim et al., 2002,
Kim and Sheng, 2004). To assess whether the previously reported effect of PSD-95 on
NMDAR desensitization (Li et al., 2003a) occurred as a result of neuronal-specific
mechanisms, we compared NMDAR currents from HEK293 cells transfected with either
GFP (control) or PSD-95, in combination with different subtypes of NMDARs. HEK293
cells expressing GFP and NR1/NR2A showed significantly greater desensitization
compared to cells co-expressing GFP and NR1/NR2B (Fig. 2.1A, B), as previously
reported (Krupp et al., 1996, Dingledine et al., 1999). Strikingly, immature neurons that
predominantly express NR1 and NR2B subunits exhibit more extensive NMDAR
desensitization than recombinant NR1/NR2B in HEK293 cells (compare Figs. 2.2A,B with
1A,B), whereas mature hippocampal neurons that express largely NR2A-containing
receptors (Li et al., 2002) show significantly less desensitization compared with either
NMDARs in immature neurons or NR1/NR2A expressed in non-neuronal cells (compare
Figs. 2.4A,B with 2.1A,B). Co-expression of PSD-95 significantly reduced the extent of
NMDA-evoked current desensitization in both NR1/NR2A- and NR1/NR2B-expressing
HEK293 cells (Fig. 2.1A,B). In contrast, expression of PSD-95 did not alter the mean
NMDA-evoked peak current density (69 ± 9 pA/pF, n=17 for NR1/NR2A + GFP and 63 ±
8 pA/pF, n=10 for NR1/NR2A + PSD-95; P>0.05 by unpaired t-test). Moreover, the
extent of desensitization showed no correlation with peak current density for individual
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cells as illustrated in Fig. 2.1C, suggesting that the number of active, surface NMDARs
does not influence desensitization of whole-cell NMDAR current. Notably, the steadystate to peak ratio for NMDAR current in PSD-95-expressing cells was similar for
NR1/NR2A and NR1/NR2B, and also resembled the ratio found in mature cultured
hippocampal neurons (compare Figs. 2.1A,B with 2.4A,B).
Previous studies have shown that nanomolar concentrations of zinc accelerate
NMDAR desensitization in transfected HEK cells (Chen et al., 1997, Zheng et al., 2001,
Erreger et al., 2005, Erreger and Traynelis, 2008), and that PSD-95 expression in Xenopus
oocytes reduces the effect of zinc on NR1/NR2A channel function (Yamada et al., 2002)
However, when we recorded NMDAR currents from NR1/NR2A-transfected HEK cells
under similar conditions to those used in Fig. 2.1A,B except for the addition of 1 µM
TPEN, which chelates any contaminating zinc in the recording solution (Paoletti et al.,
1997) we also found a significant difference in steady-state to peak ratio between cells cotransfected with PSD-95 compared with GFP alone. The Iss/Ip for current evoked by 1
mM glutamate in the presence of 100 µM glycine, nominal zero calcium, and 1 µM TPEN
in the bathing solution (and all other conditions the same as described for data in Fig. 1)
was 61 ± 4% and 22 ± 6% for PSD-95- and GFP-expressing cells, respectively (n=7 and 6
different cells, respectively; P<0.001 by unpaired t-test).

The more profound

desensitization observed in the absence of PSD-95 in these experiments was typical of the
current responses evoked by saturating glutamate compared to NMDA in NR1/NR2Atransfected HEK293 cells. The lack of apparent zinc effect on NMDAR desensitization in
our experiments may be a result of minimal zinc contamination in the recording solutions.
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Calcium salts could be a major source of zinc contamination, and our recording solutions
contained nominal zero, or very low, added Ca2+.
The data shown in Fig. 2.1A,B demonstrate that the role of PSD-95 in regulating
NMDAR desensitization is independent of neuronal- and synapse-specific proteins.
Therefore, we hypothesized that direct binding of PSD-95 to NMDARs is required to alter
glycine-independent desensitization. NMDARs bind PSD-95 through the C-terminal PDZbinding motif (ESDV) of the NR2 subunit (Kornau et al., 1995). To test our hypothesis,
we compared NMDAR desensitization in NR1-transfected HEK cells co-expressing wildtype NR2A (using the rat cDNA) versus NR2A-S1462A (containing a mutation that
eliminates binding to PDZ domains, made on the wild-type rat cDNA construct) with or
without PSD-95. Consistent with our hypothesis, PSD-95 had no effect on desensitization
of NMDARs composed of NR1/NR2A-S1462A (Fig. 2.1D). Importantly, these mutant
receptors showed similar desensitization to wild-type NR1/NR2A in the absence of PSD95, and wild-type NR1/NR2A desensitization was significantly reduced by co-transfection
with PSD-95 (Fig. 2.1D).

2.2.2 PDZ1-2 domains of PSD-95 are sufficient to alter NMDAR
desensitization
PSD-95 contains three N-terminal PDZ domains, a central Src homology 3 (SH3)
domain, and a C-terminal guanylate kinase-like (Aoki et al.) domain, which can each
recruit various proteins to the membrane (Cho et al., 1992, Kim et al., 1995, Kornau et al.,
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1995). PDZ domains 1 and 2 are required for binding the NR2 C-terminus (Kornau et al.,
1995). Deletion mutagenesis studies established that the N-terminal region of PSD-95,
containing palmitoylated Cys-3 and Cys-5, regulates both membrane targeting and
multimerization (Craven et al., 1999, Hsueh and Sheng, 1999, Christopherson et al., 2003).
In order to isolate which domains of PSD-95 are required for regulating NMDAR
desensitization, we utilized PSD-95 constructs with deletions of specific domains and/or
with mutations that eliminated PSD-95 multimerization. In HEK293 cells expressing
NR1/NR2A, co-transfection of PSD-95 truncated after domain PDZ2 (PSD-95 PDZ1-2GFP) resulted in significantly reduced NMDA-evoked current desensitization compared to
cells co-expressing only GFP, and an Iss/Ip ratio similar to that found with full-length
wild-type PSD-95 (Fig. 1E). Although the PSD-95 PDZ1-2 construct lacks many of the
domains involved in recruiting kinases and phosphatases to the membrane, it can
multimerize, allowing proteins such as GluR1 to co-cluster via free PDZ domains (Schnell
et al., 2002). To assess the role of PSD-95 multimerization in the regulation of NMDAR
desensitization we used two different PSD-95 mutants that targeted to the membrane but
remained in monomeric form: a variant of the truncated PSD-95 PDZ1-2-GFP construct,
in which the N-terminal 13 amino acids were replaced with the first 12 amino acids of
GAP-43 (GAP12 PDZ1-2-GFP); and a variant of the C3,5S mutant of full-length PSD-95,
in which the prenylation motif of paralemmin was added to the C-terminus (Prenyl-PSD95-GFP). The Iss/Ip of NMDA-evoked currents recorded from HEK293 cells expressing
these multimerization-deficient constructs was not significantly different from that
observed in cells expressing full-length wild-type PSD-95-GFP, indicating that
multimerization does not play a role in regulating glycine-independent NMDAR
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desensitization (Fig. 1E). Although mutating the N-terminus of PSD-95 should block
multimerization, these constructs were GFP-tagged and GFP may form oligomers (Jain et
al., 2001). However, we transfected the same constructs without the GFP tag and found no
significant difference in the Iss/Ip (data not shown). As an additional control, we recorded
NMDAR current from cells expressing the first 12 amino acids of GAP-43 fused to GFP
only (GAP12-GFP) together with NR1/NR2A. This construct had no effect on NMDAR
desensitization (Fig. 1E; Iss/Ip was not significantly different from that found in cells coexpressing GFP and NR1/NR2A), confirming that it is the PDZ domains of the GAP12
PDZ1-2-GFP protein that are responsible for altering NMDAR current desensitization.
Together, these data strongly support the idea that PSD-95 regulation of NMDAR
desensitization occurs through direct binding of PDZ1-2 domains to the NMDAR and does
not require domains involved in scaffolding other proteins in proximity to NMDARs.
Two closely related family members of PSD-95, synapse-associated protein 102
(SAP-102) and postsynaptic density protein 93 (PSD-93), which both contain PDZ1-2
domains that are highly homologous to those in PSD-95 (Kim and Sheng, 2004), are also
abundantly expressed in hippocampal neurons and may, in some cases, compensate for
effects mediated by PSD-95 (Elias et al., 2006). We found that both SAP-102 and PSD-93
significantly reduced NR1/NR2A desensitization in transfected HEK293 cells (Fig. 1E)
albeit to a smaller extent than PSD-95; this may be, in part, a result of lower affinity of
these family members for NR2A (Sans et al. 2000). Notably, SAP-102 had no effect on
desensitization of NR1/NR2B in transfected HEK cells (Iss/Ip was 61 ± 4%, n=23 for
NR1/NR2B+GFP and 60 ± 3%, n=7 for NR1/NR2B+SAP-102; P>0.05 by unpaired t-test),
and both NR1/NR2B and SAP-102 are highly expressed in immature hippocampal neurons
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prior to upregulation of NR2A and PSD-95 (Sans et al., 2000). SAP102 may be a less
effective interactor with NMDARs as well because of lack of anchoring at the membrane.
To determine whether expression of PSD-95 PDZ1-2-GFP, including only the Nterminal region through PDZ1 and PDZ2, in immature cultured hippocampal neurons is
sufficient to reduce NMDA-evoked current desensitization to levels found in mature
neurons, we transfected GFP, PSD-95-GFP, or PSD-95 PDZ1-2-GFP plasmids into
neurons at 4 DIV and compared NMDA-evoked currents recorded at 6 DIV. Expression of
PSD-95-GFP in immature neurons resulted in a decrease in NMDA-evoked current
desensitization compared to GFP-transfected controls and an Iss/Ip similar to that observed
in mature neurons (compare Figs. 2A,B with 4A,B). Notably, there was no difference in
peak current density between neurons transfected with GFP and PSD-95 (51 ± 7 pA/pF,
n=7 and 46 ± 9 pA/pF, n=12 for GFP- and PSD-95-transfected neurons, respectively).
Transfection of PSD-95 PDZ1-2-GFP also significantly reduced NMDAR desensitization
compared to GFP-transfected neurons, although the effect was smaller than that observed
for full-length PSD-95-GFP (Fig. 2A,B). From these data, our observations in HEK293
cells, and our previously published results (Li et al., 2003a), we conclude that binding of
PSD-95 PDZ1-2 domains to NMDARs plays a critical role in reducing receptor
desensitization over the course of neuronal development.
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2.2.3 PKC uncouples PSD-95 from NMDARs and increases receptor
desensitization in mature hippocampal neurons
The above results suggested that NMDAR desensitization in mature neurons might
be altered by signaling proteins that regulate the association of NMDARs with PSD-95.
Treatment of mature hippocampal neurons with phorbol esters to activate PKC increases
diffuse staining of NMDAR clusters throughout dendrites, indicating a shift from synaptic
to non-synaptic localization; under these conditions, PSD-95 staining remained punctate
and clustered at the synapse suggesting that NMDARs and PSD-95 become uncoupled
after PKC activation (Fong et al., 2002).
To confirm that treatment with phorbol esters results in dissociation of NMDARs
from PSD-95, we treated neurons with 100 nM TPA for 10, 30 or 60 minutes and
examined the interaction between NMDARs and PSD-95 by co-immunoprecipitation with
an anti-NR2A antibody. TPA significantly decreased the amount of PSD-95 coimmunoprecipitated with NR2A compared with control after a 60-min treatment (PSD95/NR2A ratio scaled to control was 77 ± 13%, 67 ± 15%, and 51 ± 13% after 10-, 30- and
60-min TPA treatments, respectively; n=5 independent experiments with all four
conditions done in parallel; P <0.01 for control vs. 60-min TPA). Although phorbol esters
activate PKC over the course of minutes, prolonged treatment can reduce PKC activity in
many cell types (Wagey et al., 2001). To confirm that the effect of a 60-min TPA treatment
was not a result of down-regulation of PKC activity, we treated neurons with 1 μM RO,
which inhibits PKC activity by binding to the catalytic region ATP binding cassette
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(Birchall et al., 1994). Consistent with our hypothesis that NR2A and PSD-95 coassociation was reduced because of PKC activation by TPA, treatment with RO for 10
minutes had no effect on the co-immunoprecipitation of NR2A and PSD-95 (PSD95/NR2A ratio scaled to control was 98 ± 19% and 64 ± 12% after 10-min RO and 60-min
TPA treatments, respectively; n=5 independent experiments with all three conditions done
in parallel; P<0.05 for control vs. 60-min TPA).
Previous studies have shown that inhibition of PSD-95 palmitoylation by treatment
with 2-BP shifts PSD-95 away from synapses and reduces co-localization with NMDARs
(El-Husseini Ael et al., 2002).

Indeed, 6-hr treatment with 100 μM 2-BP caused a

significant reduction in co-immunoprecipitation of PSD-95 with NR2A (Fig. 3B). Cotreatment of neurons with 2-BP (6 hours) and TPA (60 min) resulted in a reduction in the
association of PSD-95 with NR2A that was not significantly different than the decrease
found for either treatment alone (Fig. 3A,B). Together, these results indicate that PKC
activation by TPA results in a partial uncoupling of NR2A and PSD-95 that is similar, and
not additive, to that produced by 2-BP.
To determine whether PKC-induced dissociation of PSD-95 from NMDARs could
alter desensitization, we recorded NMDA-evoked current from cultured mature
hippocampal neurons after a 60-min treatment with 100 nM TPA or control solution. TPA
treatment caused a marked increase in desensitization to levels similar to those found in
immature neurons (compare Fig. 4A,B with Fig. 2A,B), whereas shorter treatments with
TPA (10 min) or inhibition of PKC with RO – both treatments that did not affect coupling
between PSD-95 and NR2A – did not alter NMDAR desensitization (Fig. 4B). As a
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control, incubation with an inactive phorbol ester, 4α-TPA (100 nM), for 1 hour did not
alter NMDAR current desensitization (Fig. 4B). Consistent with the similar reduction in
co-association of NR2A and PSD-95 produced by treatment with TPA or 2-BP or the two
together, these treatments also produced a similar, non-additive, reduction in NMDAR
current Iss/Ip (Fig. 4A,B). Both treatments result in dissociation of NMDARs from PSD95:

TPA treatment results in extrasynaptic localization of NMDARs while PSD-95

distribution remains unaltered at synaptic sites (Fong et al., 2002); 2-BP treatment results
in removal of PSD-95 from synaptic sites while NMDAR distribution is unaltered at the
synapse (El-Husseini Ael et al., 2002). The increase in desensitization that results from
either treatment suggests binding of PSD-95 to NMDARs is critical in regulating this
process.
Previous work indicated that PKC activation increases NMDAR peak current and
surface expression in Xenopus oocytes (Lan et al., 2001). However, we found no change in
peak NMDAR current density after a 60-min treatment with 100nM TPA (Fig. 4C),
consistent with a previous study using a biochemical approach to show that NMDAR
surface expression in cultured hippocampal neurons was unchanged following an identical
TPA treatment (Fong et al., 2002). TPA has also been shown to enhance NMDAR currents
in hippocampal slices (Chen and Huang, 1992) and cultures (Xiong et al., 1998). To
further test whether TPA directly alters channel gating under our experimental conditions,
we determined whether 60-min TPA had any effect on NMDAR current in immature
hippocampal neurons that express low levels of PSD-95. TPA did not significantly change
the NMDAR Iss/Ip, peak current or current density compared with the control treatment
(control vs. 60-min TPA showed: Iss/Ip of 34 ± 9% vs. 29 ± 11% and peak current density
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of 31 ± 10 pA/pF vs. 37 ± 13 pA/pF; n=15 for control n=7 for 60-min TPA; recordings
were made from neurons at 4-5 DIV).

2.2.4 PKC increases NMDAR desensitization by uncoupling PSD-95
from recombinant NMDA receptors expressed in HEK cells
The effect of prolonged treatment with phorbol esters, resulting in dissociation of
NMDARs from PSD-95, on recombinant NMDAR desensitization was also assessed in
HEK cells expressing NR1 and NR2A along with either GFP or PSD-95-GFP. The cells
were treated with TPA (100 nM) for 10 or 60 minutes, followed by the assessment of
NMDAR desensitization. TPA significantly decreased the steady-state-to-peak ratio in
cells expressing PSD-95 after a 60-min treatment, compared with control (Iss/Ip was 31 ±
4%, n=8 for 60-min treatment with TPA; and 59 ± 4%, n=8 for control cells, treated with
DMSO; P<0.001 by one-way ANOVA followed by Bonferroni post-test). The 10-min
treatment with TPA slightly increased NMDAR desensitization, though not significantly,
compared to control (Iss/Ip was 49 ± 3%, n=8; P>0.05 by one-way ANOVA). The
treatment with TPA had no significant effect on desensitization in HEK cells expressing
NR1/NR2A and GFP (Iss/Ip was 41 ± 3%, n=4 for 60- min TPA treatment, 34 ± 3%, n=6
for 10-min TPA treatment, and 37 ± 7%, n=4 for control cells, treated with DMSO; P>0.05
by one-way ANOVA).
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2.3 Discussion
2.3.1 Role of PSD-95 direct binding to NMDARs on current
desensitization
Our findings indicate direct binding of PSD-95 PDZ1-2 domains to the NMDAR
NR2A/B C-terminus reduces glycine-independent desensitization in HEK293 cells and
neurons. This is somewhat surprising, since NMDAR desensitization gating is largely
determined by amino acids in the lurcher motif of the channel vestibule (Hu and Zheng,
2005).

However, there is precedence for changes in NMDAR C-terminal domains

affecting function of distant domains: src-mediated phosphorylation of NR2A C-terminal
residues relieves zinc inhibition, which is determined by the amino-terminal domain
(ATD) (Zheng et al., 1998).
It is important to note that we measured desensitization by calculating the ratio of
steady-state to peak NMDA-evoked current during a 10s NMDA application.

For

technical reasons (cells were attached to the coverslip, limiting the rate of agonist
application and thereby slowing the rise time to peak) we were unable to accurately
measure the rate of onset of desensitization and therefore could not determine whether
PSD-95 binding affected this rate specifically. Since entry to the desensitized state occurs
through only one (C1) of three possible agonist-bound closed states (Auerbach and Zhou,
2005), it is also possible that PSD-95 binding enhances the rate of exit and/or reduces the
rate of entry to this particular closed state, favoring occupation of alternate agonist-bound
closed states (C2 and C3), and/or alters the dwell time in open states.
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Expression in HEK293 cells of wild-type PSD-95 or multimerization-deficient
truncates containing just the N-terminus and PDZ1-2 domains is sufficient to reduce
NMDAR current desensitization to levels similar to mature hippocampal neurons,
indicating other neuronal-specific proteins and signaling pathways are not required.
However, neuronal-specific mechanisms also contribute to regulating NMDAR
desensitization.

Hippocampal neurons expressing predominantly NR2B-containing

receptors and low levels of PSD-95 in early development show more extensive NMDAR
desensitization than NR1/NR2B-transfected HEK293 cells.

Neuronal NR1/NR2B

desensitization in the absence of PSD-95 binding can be enhanced by NR2B Ser1303
phosphorylation (Sessoms-Sikes et al., 2005) and reduced by tyrosine phosphatase
inhibition (Li et al., 2003a), and occurrence of these processes may be cell-type specific.
Conversely, mature neurons exhibit minimal desensitization while expressing high levels
of NR2A-containing receptors, which desensitize extensively in HEK293 cells. This may
be explained by direct interaction with PSD-95: NMDARs in mature neurons are largely
synaptic where they interact with PSD-95, while PSD-95 co-expression with NR1/NR2A
in HEK293 cells is sufficient to reduce desensitization.
Previous work indicated PSD-95 expression enhances NMDAR surface expression
(Lin et al., 2004). In contrast, another study reported that PSD-95 over-expression in
immature cerebellar granule cells reduced whole-cell NMDAR current density (Losi et al.,
2003) .We found similar NMDA-evoked peak current density in HEK cells co-expressing
NR1/NR2A with GFP or PSD-95; also, there was no correlation between peak current
density and Iss/Ip in individual cells. Moreover, in hippocampal neurons NMDAR peak
current density was unaltered following PSD-95 over-expression or dissociation of
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NMDARs and PSD-95. We conclude that regulation of NMDAR desensitization by PSD95 is not related to changes in receptor surface expression. Previously, PSD-95 was shown
to stabilize NR2B-containing receptors at the synapse, whereas trafficking of NR2A- or
NR2B-containing receptors to the cell surface occurred independently of PSD-95
(Prybylowski et al., 2005).. Together with our results, these studies suggest the larger role
for PSD-95 regulation of neuronal NMDARs is in maintaining synaptic receptors and
stabilizing their response to glutamate, rather than modulating surface delivery.
In immature neurons, we observed a significant reduction in NMDAR
desensitization with expression of PSD-95 PDZ1-2-GFP compared to GFP-transfected
controls, but the effect was attenuated compared with expression of full-length PSD-95,
whereas similar effects were seen for both constructs expressed in HEK cells.

The

attenuated effect in neurons may be explained by inefficient synaptic targeting or
clustering of PSD-95 PDZ1-2-GFP, resulting in less effective interaction with synapticallylocalized NMDARs; synaptic targeting of PSD-95 is determined in part by the C-terminal
13–25 amino acids (Craven et al., 1999) and the PDZ3 domain interaction with
postsynaptic protein CRIPT, which links PSD-95 to the microtubule cytoskeleton
(Passafaro et al., 1999).
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2.3.2 Effects of PSD-95/NMDAR interaction on neuronal NMDAR
function
Previous studies investigated the role of PSD-95 in modulating neuronal NMDAR
current. Consistent with our results, in mice expressing truncated C-terminus NR2A
(NR2AΔC/ΔC, which is unable to bind PSD-95), whole-cell recordings from hippocampal
neurons revealed enhanced NMDAR current desensitization (Steigerwald et al., 2000).
Interestingly, dramatic reductions in hippocampal CA1 long-term potentiation (LTP) were
reported in these mice (Sprengel et al., 1998, Steigerwald et al., 2000).
Increased desensitization should slow the late component of the NMDAR EPSC
decay time course and potentially reduce EPSC amplitude (Lester and Jahr, 1992). Both
changes were observed in the NR2AΔC/ΔC mice, while the former was also observed in
hippocampal slices from a PSD-95 knock-out mouse (Beique et al., 2006); however,
effects of the mutations on synaptic NMDAR subunit composition (Beique et al., 2006) or
peri-synaptic localization (Steigerwald et al., 2000) make EPSC changes difficult to
interpret. Hippocampal slices from a different PSD-95 knock-out mouse, or in which PSD95 was acutely knocked-down using short hairpin RNAs (shRNA), showed no change in
NMDAR-mediated EPSC amplitude, but decay rate was not examined (Nakagawa et al.,
2004, Elias et al., 2006).The authors suggested other PSD-95 family members (e.g., SAP102, PSD-93) could compensate for PSD-95 function. As we have shown that SAP-102
and PSD-93 also regulate NR2A-containing NMDAR desensitization, such compensation
may contribute to normalizing EPSC characteristics at a subset of synapses. Although
acute disruption of PSD-95/NMDAR interactions, utilizing peptides that competitively
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bind to PSD-95 PDZ1-2 domains, in hippocampal slices did not alter NMDAR-mediated
EPSC amplitude (Lim et al., 2003), the marginal efficacy of these peptides in uncoupling
NMDAR/PSD-95 synaptic complexes may contribute to lack of effect on NMDAR EPSCs.

2.3.3 Phorbol ester-induced PKC activation and regulation of
neuronal NMDAR function
Although previous studies have identified sites of PKC phosphorylation on NR1
(Tingley et al., 1997), we found that PKC activity can regulate neuronal NMDAR
desensitization by uncoupling PSD-95 from NMDARs. A previous study using different
techniques also showed dissociation of PSD-95 and NMDARs following 60-min TPA
treatment in hippocampal neurons, without changes in NMDAR surface expression (Fong
et al., 2002). Several lines of evidence indicate the effect of 60-min TPA treatment on
NMDAR desensitization is mediated by disrupting PSD-95/NMDAR binding rather than
by direct phosphorylation of NMDARs or associated proteins.

Brief (10-min) TPA

treatments that did not uncouple NMDARs from PSD-95 in mature neurons also had no
effect on desensitization, and 60-min TPA did not alter NMDAR desensitization in
immature neurons expressing low PSD-95 levels or in mature neurons pre-treated with 2BP to disrupt NMDAR/PSD-95 interaction.

Moreover, in transfected HEK cells

NR1/NR2A desensitization was significantly increased by 60-min (but not 10-min) TPA
treatment in cells co-expressing PSD-95 but not GFP, matching the results in neurons.
Interestingly, a previous study showed that in HEK293 cells expressing NR1/ NR2A or
NR1/NR2B in the absence of PSD-95, acute PKC activation also enhanced glycine95

independent desensitization, and this effect persisted after deletion of the C-terminal tail of
NR1 or NR2A (Jackson et al., 2006). Differences in the time course of phorbol estermediated effects may result in PKC regulation of NMDAR desensitization by distinct
mechanisms.
A recent study reported that an increase in peak NMDAR current mediated by PKC
in Xenopus oocytes is occluded by PSD-95 co-expression and depends on phosphorylation
of NR2A Serine-1462 (Liao et al., 2000, Lin et al., 2006). These results suggest that lack
of NMDAR peak current increase in mature neurons following phorbol ester treatment
may be explained by high levels of PSD-95/NMDAR co-association (Li et al., 2003a).
However, when we uncoupled PSD-95 from NMDARs with 2-BP and subsequently
activated PKC, NMDAR peak current density was unchanged. Moreover, TPA does not
alter NMDAR current density in immature neurons with low PSD-95 levels. While the
outcomes of NMDAR regulation by PKC may be different in neurons and Xenopus
oocytes, our data are in agreement with the major finding of Lin and colleagues (Lin et al.
2006), that PKC and PSD-95 converge in modulating NMDAR function.

2.3.4 PSD-95/NMDAR association may regulate synaptic plasticity
and excitotoxicity
NMDAR desensitization limits calcium influx during repeated synaptic stimulation
that can induce plasticity, or with prolonged exposure to glutamate such as may occur
during ischemia. Here, we have demonstrated a novel mechanism by which NMDAR
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function can be regulated that may impact these processes. PSD-95 binding to NR2
subunits to reduce NMDAR desensitization may contribute to the shift in stimulation
frequencies required to induce NMDAR-dependent synaptic plasticity that occur during
brain development (Philpot et al., 2003), with consequences for new learning. As well, the
effect of NMDAR/PSD-95 binding on the integrated calcium current in response to
sustained glutamate insults may alter neuronal sensitivity to excitotoxicity. Since
palmitoylation of PSD-95 is itself activity-dependent (El-Husseni et al., 2002), and this
process targets PSD-95 to synapses and promotes its interaction with NMDARs, regulation
of NMDAR desensitization by PSD-95 binding may be a highly dynamic mechanism for
modulating neuronal signaling.
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Figure legends
Figure 2.1 Expression of PSD-95 Regulates Glycine-Independent Desensitization
of Recombinant NMDARs. A. Representative traces of NMDAR currents in HEK cells
expressing NMDAR subunits with GFP or PSD-95-GFP. Currents were normalized for
comparison of desensitization. B. Expression of PSD-95 significantly reduced the extent of
NMDA-evoked current desensitization in both NR1/NR2A- and NR1/NR2B-expressing
cells. NR1/2A + GFP, n=23; NR1/2A + PSD-95-GFP, n=15; NR1/2B + GFP, n=23;
NR1/2B + PSD-95, n=13; *P<0.05, **P<0.01, ***P<0.001; one-way ANOVA followed
by Bonferroni post-test. C.

Iss/Ip shows no correlation with peak current density in

NR1/NR2A-expressing HEK cells co-transfected with either GFP (closed squares, n=17)
or wild-type PSD-95 (open circles, n=10). D. Mutation of the PDZ ligand in (Prybylowski
et al.) NR2A eliminates effect of PSD-95 on NMDAR desensitization. NR1/NR2A + GFP,
n=10; NR1/NR2A + PSD-95, n=15; NR1/NR2A-S1462A + GFP, n=8; NR1/NR2AS1462A + PSD-95, n=21. *P<0.05 compared to all other conditions; one-way ANOVA
followed by Bonferroni post-test. E. PDZ1-2 domains are sufficient to alter NMDAR
desensitization; multimerization of PSD-95 and protein targeting to the membrane are not
required. NR1/2A +: GFP, n=23 (same data shown in B); PSD-95-GFP, n=15 (same data
shown in B); PSD PDZ1-2-GFP, n=11; GAP12 PDZ1-2, n=7; Prenyl PSD-95, n=8;
GAP12, n=8; SAP-102, n=12; PSD-93, n=10.

*P<0.05 and **P<0.01 by One-way

ANOVA followed by Bonferroni post-test compared to NR1/2A + GFP; #P<0.05 and
##

P<0.01 by one-way ANOVA followed by Bonferroni post-test compared to NR1/2A +

PSD-95.
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Figure 2.2 Overepression of PSD-95 in Immature Neurons Reduces GlycineIndependent Desensitization. A. Representative traces of NMDAR responses in immature
neurons overexpressing GFP, PSD-95 PDZ1-2-GFP or PSD-95-GFP. B. Overexpression
of PSD-95 PDZ1-2-GFP or PSD-95-GFP in immature hippocampal neurons results in
decreased desensitization compared to GFP-transfected controls. GFP n=7; PSD-95 PDZ12-GFP, n=6; PSD-95-GFP, n=12; *P<0.05, **P<0.01 by one-way ANOVA followed by
Bonferroni post-test.

Figure 2.3 PKC Activation Uncouples NR2A from PSD-95 in Mature Neurons. A.
Representative blot of co-immunoprecipitation. PSD-95 band density was significantly
reduced in IP lanes with TPA alone or TPA plus 2-BP treatments compared to control. B.
1-hr TPA treatment of mature neurons significantly uncoupled PSD-95 from NR2A
similarly to 6-hr 2-BP treatments. Combined 1-hr TPA and 6-hr 2-BP treatment did not
produce additive reduction in NR2A/PSD-95 association. n=8 independent experiments
with all four conditions done in parallel; *P<0.05, **P<0.01 by one-way ANOVA
followed by Bonferroni post-test.

Figure 2.4 PKC Activation Alters Desensitization in Mature Neurons.

A.

Representative traces of responses from mature neurons under control conditions, treated
with TPA for 1 hour, and treated with TPA for one hour following 6-hr 2-BP treatment. B.
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1-hr TPA treatment reduced Iss/Ip of mature (>14 DIV) neurons. Shorter 10-min TPA
treatments, 10-min incubation with a PKC inhibitor (RO), or 1-hr treatment with an
inactive phorbol ester (4αTPA) did not alter desensitization of mature neurons. Combined
TPA and 2-BP treatments did not further reduce Iss/Ip. Control, n=23; 1-hr TPA, n=9; 10min TPA, n=7; 10-min RO, n= 9; 60-min 4αTPA, n=8; 2-BP + TPA, n=9. **P<0.01
compared to all other conditions by one-way ANOVA followed by Bonferroni post-test. C.
Change in desensitization not due to increased peak current. Mature neurons displayed no
changes in NMDAR current density with any treatment. Control, n=12; 60-min TPA, n=9;
10-min TPA, n=7; 10-min RO, n=9; 60-min 4αTPA, n=8; 2-BP + TPA, n=9. P>0.05 by
one-way ANOVA followed by Bonferroni post-test.

Figure 2.5 PKC activation alters desensitization of recombinant NMDA receptors
in HEK cells that express PSD-95. A. Representative traces of NMDAR currents in HEK
cells expressing NR1 and NR2A subunits, with PSD-95-GFP or GFP, in control conditions
or treated for 10 or 60 minutes with TPA. Current amplitudes were normalized for
comparison of desensitization. B. Treatment with TPA for 60 min increased the extent of
NMDA-evoked current desensitization in NR1/NR2A- and PSD-95- expressing cells.
Control, n=8; 10-min TPA, n=8; 60-min TPA, n=8, **P<0.01, ***P<0.001; one-way
ANOVA followed by Bonferroni post-test. Treatment with the phorbol ester, either for 10
or 60 minutes, did not induce a significant effect in GFP-expressing cells. Control, n=4;
10-min TPA, n=6; 60-min TPA, n=4.
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Chapter Three 2

3 Effects of Exercise on NMDA Receptor Subunit Contributions to
Bidirectional Synaptic Plasticity in the Mouse Dentate Gyrus

NMDA receptors are heteromeric complexes that primarily contain both NR1 and
NR2 subunits, and rarely NR3 subunits (Prybylowski and Wenthold, 2004). There are at
least eight different splice variants of the NR1 subunit (NR1A-H), and all of the NR1
splice variants can be found in the hippocampus, although their expression is both
regionally and developmentally regulated (Laurie et al., 1995). The NR2 subunits are
expressed as one of four different gene products (NR2A-D), and are instrumental in
determining NMDA receptor properties (Dingledine et al., 1999, Cull-Candy and
Leszkiewicz, 2004). NR2A and NR2B subunit expression also varies within the
hippocampus with greater NR2B expression in CA1 than DG in adult animals (Coultrap et
al., 2005). Therefore, NMDA receptor composition not only varies throughout
development but also within the different regions of the hippocampus, suggesting distinct
roles of NMDA receptors depending on age and hippocampal location.

2 A version of this chapter has been published. Vasuta C, Caunt C, James R, Samadi S, Schibuk E, Kannangara T,
Titterness AK, Christie BR (2007) Effects of exercise on NMDA receptor subunit contributions to bidirectional
synaptic plasticity in the mouse dentate gyrus. Hippocampus 2007 17(12):1201-8.

2

113

Recently it has been proposed that NMDA receptor NR2 subunits have the capacity
to determine the direction of change in synaptic plasticity in pyramidal cells (Liu et al.,
2004, Massey et al., 2004, Weitlauf C et al., 2005, Fox et al., 2006). The “subunit
hypothesis” states that NR2A subunits control the induction of LTP, while NR2B subunits
mediate LTD (long-term depression) (Sakimura et al., 1995, Liu et al., 2004, Yang et al.,
2005). These results are not uncontested in the CA1 region however (Hendricson et al.,
2002, Kohr et al., 2003, Berberich et al., 2005, Morishita et al., 2006), and it may be that
different brain regions utilize subunits in distinct ways (Weitlauf C et al., 2005). As subunit
composition varies within the hippocampus (Coultrap et al., 2005) the contribution of
NR2A and NR2B to LTP and LTD might be different in DG from CA1. A goal of this
study is to elucidate the role of NR2A and NR2B containing NMDA receptors to LTP and
LTD in DG.
NMDA receptor subunit expression is not only regulated by age (Monyer et al.,
1994, Wenzel et al., 1997) but also experience (Fox et al., 1999). We have previously
shown that voluntary exercise enhances NR2B mRNA in DG (Farmer et al., 2004) and
increases the capacity for the DG to express LTP in vitro and in vivo in adult animals (van
Praag et al., 1999, Farmer et al., 2004, Christie et al., 2005) even after neonatal teratogen
exposure (Christie et al., 2005). Exercise also increases neurogenesis and synaptogenesis in
the DG (van Praag et al., 1999, van Praag et al., 2002, Eadie et al., 2005, Redila et al.,
2006) and it seems likely that exercise exerts its effects on multiple levels. The
mechanisms behind exercise-induced enhancements of LTP in DG, however, remain to be
determined, as well as the effects of exercise on LTD.
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3.1 Materials and methods

3.1.1 Subjects
Experiments were performed primarily on C57BL/6 mice, 3 to 5 weeks of age
obtained from Charles River Laboratories (QC, Canada). Additional experiments were
conducted using NR2A knockout animals (Townsend et al., 2003) bred in our facility.
Animals were housed in cages containing minimal enrichment (small opaque tubes, paper
towels) and separated into Control and Runner groups. The only difference between the
two groups was that Runners also had access to a running wheel in the cage for 7-10 days
before they were used for experiments. On average, animals run about 4 km a day under
these conditions. Both groups were maintained on a 12 h light/dark cycle with constant
ambient temperature (21 ± 1°C) and humidity (50 ± 7%). Food and water were available
ad libitum and all testing was performed in the dark phase of the light cycle. All animal
procedures were conducted in accordance with UBC and Canadian animal care policies.

3.1.2 Slice preparation
Mice were anesthetized with halothane, decapitated and the brain was rapidly
removed and placed in cold sucrose based artificial cerebro-spinal fluid (ACSF) containing
(in mM): 110 sucrose, 60 NaCl, 3 KCl, 1.25 NaH2PO4, 28.0 NaHCO3, 0.5 CaCl2, 7 MgCl2,
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and 5 dextrose, 0.6 ascorbate. The solution was continuously bubbled with 95% O2-5%
CO2. Transverse hippocampal slices (400 μm) were cut using a Vibratome Series 1000
(Pelco). After cutting, each slice was placed in the incubation chamber (Isotemp 202) in
oxygenated ACSF containing (in mM) 125.0 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25.0 NaHCO3,
2 CaCl2, 1.3 MgCl2, and 10 dextrose. Slices were incubated at 25 + 1 oC for a minimum of
one hour post-dissection.

3.1.3 Field recordings and stimulation procedures
The slices were transferred to a recording chamber and perfused with ACSF
containing bicuculline (1.0 µM) to block GABAA-mediated inhibition. Stimulating and
recording electrodes were placed under visual guidance in the medial aspect of the dentate
molecular layer using an Olympus BX50wi microscope (10X objective). Field potentials
were evoked using a single 0.10 ms biphasic pulse applied to perforant-path fibers using
sharpened tungsten electrodes (A-M systems, WA) or twisted bipolar nichrome wires (66
um). For each animal, the stimulus intensity was set at 60% of the intensity necessary to
evoke a maximum fEPSP response (20-400 µA). Individual fEPSPs were evoked and
recorded every 15 s and a stable 15 minute baseline was required in all experiments. After
baseline recording, we applied one of two conditioning protocols: High frequency
stimulation (HFS: four bursts of 50 pulses at 100 Hz, 30 s between bursts) to induce LTP,
and low frequency stimulation (LFS: 900 pulses at 1 Hz) to induce LTD. After application
of the conditioning protocol, fEPSPs were again recorded for one hour. Ifenprodil (3 µM)
and Ro25-6981 (0.5 µM or 1 µM) were obtained from Sigma-Aldrich (USA). NVP116

AAM077 was a gift from Novartis Pharma AG (Basel, Switzerland). DL-TBOA was
obtained from Tocris Cookson (Bristol, UK).

3.1.4 Data analyses
The slope of the initial phase of the EPSP waveform, the duration and the peak
amplitude of the voltage deflection were measured for each evoked fEPSP. Computed
results were processed for statistical analysis using Clampfit (Axon Instruments, Molecular
Devices), and GraphPad (Prism) or Statistica (Statsoft). Data are presented as means ±
SEM, and statistical significance was evaluated by performing t-tests.

3.2

Results

3.2.1 Voluntary exercise enhances NMDA receptor-dependent LTP
induction in the DG
To examine synaptic plasticity, we activated perforant path fibers to the DG granule
cells of two experimental groups of mice, the Control and the Runner animals. LTP was
induced using 100 Hz conditioning stimuli identical to those used in similar studies in CA1
and cortical pyramidal cells (Liu et al., 2004; Massey et al., 2004; Weitlauf et al., 2005).
We found that the 100 Hz stimulation induced a robust LTP in slices obtained from control
animals (26.7 + 9.0%, n=14; t(20)=3.1, p<0.01). As reported previously (van Praag et al.,
1999), slices obtained from animals that were allowed access to a running wheel showed
117

significantly more LTP (56.0 + 6.6%, n=17; t(16)=8.46; p<0.01) than Control animals
(t(29)=2.75; p<0.05; Figure 1). LTP induction in both groups could be blocked by the nonspecific NMDA antagonist APV (Control: -12 + 20%; t(7)=1.7, p=0.13, N=5; Runner: -12 +
17%; t(4)=0.74, p=0.49, N=5).

3.2.2 Exercise alters the contribution of NR2 subunits to LTP
We next examined a role for individual NR2 subunits subtypes in LTP using
selective NR2-specific antagonists. As is shown in Figure 1, we found that the NR2B
subunit antagonist ifenprodil (3 µM) completely blocked LTP in Control animals (1.8 +
6.8%, n=18; t(17)=0.27; p=0.79) but some residual LTP was still present in Runners (17.0 +
7.9%, n=22; t(20)=2.17; p=0.042). However, the LTP in Runners in this condition was
severely attenuated when compared to that from Runners tested in normal ACSF
(t(37)=3.64; p<0.01). To confirm the results obtained with ifenprodil, we also used the
specific NR2B antagonist RO25-6981. At a concentration of 0.5 µM, Ro25-6981 also
produced a complete block of LTP in slices obtained from Control animals (-13.6 + 4.4%,
n=8; t(7)=3.10, p<0.05), and unmasked LTD. In contrast to ifenprodil, Ro25-6981 (0.5 µM)
completely blocked LTP in Runners (-2.7 + 14%, n=7; t(6)=0.50, p=0.64). A higher
concentration of RO25-6981 (1 µM) produced identical results (data not shown).
The antagonist NVP-AAM077 (0.4 µM), which has a higher affinity for NR2A
containing NMDA receptors than those containing NR2B subunits (Frizelle et al., 2006),
also completely blocked LTP in Control slices, and revealed a slight, insignificant
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depression (-17.0 + 8.0%, n=9; t(8)=2.1, p=0.065), similar to that observed with APV. In
contrast to the results with the NR2B antagonist ifenprodil, NVP completely blocked LTP
in Runners (3.6 + 2.7%, n=11; t(10)=1.3, p=0.21) although it did not significantly alter basal
synaptic transmission (data not shown). Taken together, these results indicate that both
NR2B and NR2A subunits contribute to LTP in Controls and Runners. However, subtle
differences in the role of NR2A subunits with LTP were unmasked by voluntary exercise.
Specifically, NVP produced LTD following HFS in Control animals but not Runners,
suggesting that although LTP was blocked by an NR2A antagonist in both groups, there
were slight differences in the contribution of NR2A subunits to synaptic plasticity
following exercise.

3.2.3 LTD in the DG is NMDA receptor-dependent in both Control
and Runner animals
To evaluate the role of NR2 subunits in LTD in the DG, and how exercise affected
LTD induction in this region, we applied low-frequency stimuli (1 Hz, 900 pulses)
identical to that used in previous studies (Liu et al., 2004, Massey et al., 2004, Weitlauf C
et al., 2005). The application of these stimuli caused robust LTD in Control slices (-26.3 ±
6.0%, n=16; t(15)=4.4, p<0.01) and in Runners (-25.6% ± 2.3%, n=12; t(8)=11, p<0.01), as
shown in Figure 2. This LTD was NMDA receptor-dependent, as significant LTD was not
observed in either Controls (-8 + 3.4%, n=4; t(3)=2.37, p=0.10) or Runners (0.9 + 4.2%,
n=6; t(5)=0.22, p=0.83) in the presence of APV (50 µM).
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3.2.4 Exercise enhances the contribution of NR2A, but not NR2B
subunits to LTD
In order to determine if NR2B subunits contributed to induction and expression of
LTD in the DG, we first used the specific NR2B antagonist ifenprodil (3 µM).
Administration of the LFS in the presence of ifenprodil did not prevent LTD in Control (42.7 + 10.6%, n=9; t(8)=4.0, p<0.01) or Runner (-31.3 + 4.5%; t(6)=6.97, p<0.01) slices
(Figure 2). To verify these results we also used R025-6981, another specific NR2B
antagonist. Control animals exhibited significant LTD in the presence of either 0.5 µM (35.3 +6.7%, n=11; t(10)=5.2, p<0.01) or 1.0 µM (-34.4 + 7.1%, n=13; t(12)=4.8, p<0.01)
Ro25-6981 in the bath. Similarly, LTD was not blocked by 0.5 µM of Ro25-6981 in
Runners (-43.2 + 8.6%; t(7)=5.0, p<0.01). These results suggest that NR2B subunits are not
critical for LTD in the DG of control animals, or following voluntary exercise.
Because NR2A subunits are prevalent in the DG (Pandis et al., 2006), and since
NR2B antagonists had no effect on the LTD induced here, we used the compound NVPAAM077 (0.4 µM) to determine if NR2A subunits contribute to the LTD we observed.
Control animals exhibited significant LTD in the presence of NVP-AAM077 (-50.3 +
8.0%, n=9; t(8)=6.3, p<0.01), and there was significantly more LTD than was obtained in
Control animals in ACSF (t(20)=2.5, p=0.02). Interestingly, a completely different effect
was observed in Runners. NVP-AAM077 completely blocked LTD in slices from these
animals (3.96 + 11.6%; t(6)=0.34, p=0.74) such that there was significantly less LTD than
that in normal ACSF (t(14)=2.8, p<0.01).
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Since NVP-AAM077 may have had some non-specific effects at sites other than
NR2A subunits, we also conducted similar studies in two NR2A knock out animals that
were allowed to exercise. Robust LTD was observed in NR2A KO Runners in normal
ACSF (-44.9 + 9.3%, n=4; t(3)=4.8, p<0.05) that was not blocked by NVP-AAM077 (-72.1
+ 9.14%, n=5; t(4)=4.8, p<0.01; Figure 3). Indeed, there actually was a trend for more LTD
being observed with NVP (t(7)=2.1, p=0.078). In one slice we also tested the efficacy of the
NR2B antagonist Ifenprodil (3 µM), but as in all other cases, it failed to block LTD
induction (-58%). Therefore, the contribution of NR2A subunits to LTD is enhanced
following voluntary exercise.
The experiments thus far indicate that NR2A subunits are critically involved in
LTD in animals that exercise. It remains unclear however, whether the population of
receptors that these subunits form is increased or/and whether the subcellular localization
of these subunits is modified by exercise. In previous studies, DL-TBOA has been used to
block glutamate uptake to determine whether extrasynaptically located receptors are
involved in LTD induction in other brain areas (Massey et al., 2004). Using identical
procedures in the DG, we found that prior treatment with DL-TBOA (10 µM) produced
significant LTD in both Control (-49.9 + 6.1%, n=7) and Runner (-54.3 + 4.7%, n=5) slices
(Figure 4). We were unable to block the LTD when Ifenprodil was included with the DLTBOA in either Control (-43.7 +4.5%; n=3) or Runner (-52.3 + 6.8%; n=4) slices. In
Runners however, the co-application of DL-TBOA and NVP-AAM077 blocked LTD
induction (-12 + 5.8%, n=4); an effect not observed in control animals (-41 + 2.2%, n=3).
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3.3 Discussion
Our results show that long-term plasticity in the DG of mice can be dramatically
influenced by a single behavioral manipulation, voluntary exercise. Perforant path evoked
responses in the DG of slices taken from animals that exercised over a period of 7-10 days
exhibited significantly more LTP than those taken from control animals (see Figure 5).
Continuing this trend, LTP in the DG was completely blocked by NR2B antagonists in
Control slices, but not in slices from Runners, where, although reduced, a significant
degree of LTP remained. When NVP-AAM077, an antagonist with a higher selectivity for
NR2A subunits over NR2B subunits was used, LTP was completely blocked both in
Control and Runner slices. These results suggest that voluntary exercise can regulate LTP
by affecting the contribution of NMDA receptor subunits to synaptic plasticity in the DG.
In contrast to the results with LTP, the magnitude of LTD was relatively unaffected
by exercise (see Figure 2). In addition, neither NR2B- nor NR2A-specific antagonists
blocked LTD in Control slices, despite the fact that the non-specific NMDAR antagonist
APV completely blocked LTD in both Control and Runner slices. In Runners, LTD was
also unaffected by ifenprodil, however NVP-AAM077 completely prevented LTD
induction in both normal ACSF and following exposure of slices to DL-TBOA. Therefore,
whereas NR2B subunits may contribute to LTD in CA1 (Liu et al., 2004, Bartlett et al.,
2007), they are not instrumental for LTD in the DG. On the other hand, voluntary exercise
appears to increase the role of NR2A-containing NMDA receptors to LTD in the DG,
again indicating that voluntary exercise robustly regulates NMDA receptor subunit
contribution to hippocampal synaptic plasticity. The only alternative explanation we can
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devise for these results is that exercise induces a requirement for both NR2A and NR2B
subunits in LTD, and that only NVP-AAM077 is capable of providing an adequate
blockade of both these subunits in animals that exercise. This hypothesis does not seem as
attractive given that none of the specific subunit antagonists that we used blocked LTD in
control animals.
There are precedents for the modification of bidirectional synaptic plasticity by
behavioral manipulations. Recently the effects of enriched environments on bidirectional
synaptic plasticity have also been examined in the CA1 region of the hippocampus.
Although this region does not exhibit a profound change in neurogenesis and
synaptogenesis with exercise, both LTD and LTP can be enhanced by environmental
enrichment (Duffy et al., 2001, Artola et al., 2006). Similarly, exposure to stress can also
modify bidirectional synaptic plasticity. Acute stress decreases the capacity for LTP
induction in the hippocampus, but this effect can also be reversed by enriched
environments (Artola et al., 2006, McDermott et al., 2006, Yang et al., 2006, Yang et al.,
2007). Conversely, the capacity for LTD is increased significantly by stress, suggesting
that stress may shift the capacity for bidirectional synaptic plasticity in favor of depression
over potentiation (Kim et al., 1996, Xu et al., 1997, Manahan-Vaughan, 2000, Xiong et al.,
2004, Yang et al., 2004, 2005, Artola et al., 2006, Yang et al., 2006, Yang et al., 2007).
The main difference between these previous results and those found here, is that exercise
increased the capacity for LTP in the DG, a finding reported previously (van Praag et al.,
1999, Farmer et al., 2004, Christie et al., 2005), without significantly altering the capacity
for the expression of LTD in the DG. Further investigation into the NMDA subunits active
in the induction of both of these forms of plasticity revealed that both NR2A and NR2B
123

subunits appear to play a large role in LTP in both Runner and Control animals. Neither
subunit appeared to be critical for LTD in the DG of control animals; however LTD in
animals that exercised was dependent upon the activation of NR2A subunits. Only in the
NR2A Knock-out animals was this not case, suggesting that if NR2A subunits are not
present, some other subunit is utilized to allow LTD induction. The fact that LTD is
conserved in these animals also suggests that LTD is a critical process for “normal”
neuronal functioning.

Taken together, these results suggest to us that NR2A and NR2B subunits can
contribute to LTP and LTD in the DG, and that behavioural manipulations such as
voluntary exercise alter some factor or condition that regulates the specific role played by
these subunits. In the case of LTP, it is possible that a strong depolarization can recruit
NR2A and NR2B subunits, both of which contribute to LTP since removing either subunit
population appears to lower the amount of calcium entering into the cell to a point that is
less than optimal for LTP induction (Berberich et al., 2005, Berberich et al., 2006). For
LTD on the other hand, the total charge crossing the membrane does not provide the most
parsimonious explanation for our results because: 1) NR2A subunit antagonists did
specifically block LTD in animals that engaged in exercise; 2) we were also unable to
define a role for NR2B subunits in LTD in either group of animals examined. This
suggests that either NR2B subunits do not play a role in LTD in the DG at all, or their
contribution is so minor, that removing them under these conditions does not alter calcium
influx sufficiently. Despite increasing the concentration of the NR2B antagonist Ro25124

6981 significantly (0.5 to 1.0 µM), we were unable reduce the amount of LTD induced by
the LFS. This seems to go against reports that the NR2B subunits are the major charge
carrier during LFS (Erreger et al., 2005) and thus are primarily responsible for LTD
induction (Liu et al., 2004, Massey et al., 2004), however these previous results were
obtained in pyramidal cells where NR2B specific antagonists can block LTD but not LTP
in vivo (Fox et al., 2006). Thus, NMDA subunits may contribute quite differently to
synaptic plasticity in different areas of the brain, but this is only one factor that can
possibly help explaining the discrepancy in the findings reported by various laboratories.

The dentate gyrus is unique in the hippocampal formation in that it exhibits
significant neurogenesis, increased dendritic complexity, and synaptogenesis in response to
voluntary exercise (van Praag et al., 1999, Eadie et al., 2005, Redila and Christie, 2006).
Thus, exercise has the capacity to increase the number of new cells in the DG that can
contribute to synaptic plasticity, as well as altering the number of synapses, in both
existing and new granule cells, that can contribute to bidirectional plasticity. Given the
short time frame that these animals were allowed to engage in exercise, it is likely that the
majority of the effect observed here was due to alterations in synaptic structure rather than
due to the increase in cell proliferation/neurogenesis that accompanies running. In this
instance, the time frame was not long enough for these new cells to mature and become
functionally integrated into the existing neuronal network (van Praag et al., 2002,
Overstreet-Wadiche and Westbrook, 2006).
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The biggest surprise in this work was that we did not see an increase in the role of
NR2B subunits in synaptic plasticity as we would have expected given previous results
(Farmer et al., 2004). Rather, there appeared to be a general facilitation of LTP irrespective
of drug condition, and an NR2A specific alteration in LTD induction in animals that
exercise. To test whether this change in LTD induction might involve the movement of
specific receptor subunit types to extrasynaptic sites, we decreased glutamate transport
with DL-TBOA to increase extrasynaptic glutamate levels (Massey et al., 2004, Bartlett et
al., 2007). These experiments were performed to investigate whether NR2A subunits at
synaptic sites might act as the main contributors to LTD induction in DG granule cells.
Although this proved to be a robust way to induce LTD, the overall amount of LTD was
not significantly different from that induced normally, and once again, only NR2A
subunits and not NR2B subunits appeared to be involved in the induction of LTD. If the
NR2A subunit is not present, it is possible that some other subunit can assume the
compensatory role necessary for at least LTD induction to occur - see Figure 3 (Farmer et
al., 2004).

Due to the different results obtained in Control and Runner animals in the present
experiments and the limitations of using pharmacological agents in general (Neyton and
Paoletti, 2006), we are unable to state unequivocally that LTD induction is determined by
either the total amount of charge entering the cell, or by some strict form of subunit
mediated control. We do believe however, that these results seem to support the hypothesis
that behavioral manipulations can actually alter the capacity of different subunits to
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regulate this form of plasticity; possibly by altering access to different biochemical
pathways (Li et al., 2006a, b). For example, given that both the LFS and HFS paradigms
used here appear to work via NMDA receptors, it may be that LFS activity preferentially
leads to some form of phosphatase activity, while the HFS leads to some form of kinase
activity (Mulkey and Malenka, 1992). Unraveling these signaling pathways will provide a
unique insight into how different forms of sensory stimulation and perception can alter the
functional capacity of neuronal systems in the brain during cognitive processing.
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Figure legends
Figure 3.1 A) In slices taken from Control animals, robust LTP is normally
obtained when the HFS stimuli (4x50 pulses at 100Hz) are administered (Black Squares).
Inclusion of the NR2B antagonist Ifenprodil (3 µM) in the ACSF significantly attenuated
LTP expression, though the initial STP was not significantly different (Dark Grey
Squares). In contrast, when NVP-AAM077 (0.4 µM) was included in the ACSF, the HFS
stimuli now produced no STP and resulted in a small depression. B) In Runners, robust
LTP was also attained in normal ACSF (Black Squares). Ifenprodil again attenuated LTP
expression, thought a significant degree of LTP was still present at 60 minutes. NVPAAM077 again blocked both STP and LTP, but did not result in a depression being
observed in slices from Runners. Scale Bars: 5 mV, 5 msec.

Figure 3.2 A) The application of 900 pulses at 1 Hz reliably produced LTD in the
DG of slices taken from Control animals, irrespective of whether Ifenprodil (3 µM) or
NVP-AAM077 (0.4 µM) was present in the ACSF. B) In slices taken from Runners,
reliable LTD was again observed in both normal ACSF and with Ifenprodil. Slices exposed
to NVP-AAM077 failed to show LTD however. Scale Bars: 5 mV, 5 msec.

Figure 3.3 In experiments performed in NR2A Knockout animals that were
allowed to exercise, robust LTD was observed in the DG following LFS in normal ACSF
(Black bar). Unlike in WT animals, the inclusion of NVP-AAM077 failed to block this
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LTD in the NR2A Knockout Runners, meaning that compensatory mechanisms may have
played a role in the occurrence of this form of plasticity, mediated by other subunits than
the NR2A.

Figure 3.4 A) The inclusion of DL-TBOA (10 µM) in slices from Control animals
invariably produced a reduction in the size of EPSPs recorded in ACSF. Following
application of the LFS stimuli, and wash-out of the drug, a persistent and robust LTD was
observed. Similar results were obtained when ifenprodil was also included in the ACSF
with DL-TBOA. Inclusion of NVP-AAM077 reduced the amount of depression observed
with DL-TBOA, but also resulted in robust LTD following LFS. B) In Runners, robust
LTD was obtained with DL-TBOA alone, and when it was presented in combination with
ifenprodil. In contrast, DL-TBOA + NVP-AAM077 failed to produce significant LTD
following the application of the LFS. C) Bar graph comparing the last five minutes of postconditioning baseline (55-60 minutes) for all groups tested.

Figure 3.5 Summary of effects of exercise in both Control and Runner animals
following High Frequency Stimulation (HFS) and Low-Frequency Stimulation (LFS). The
main effect of exercise on slices exposed to HFS is to produce an increase in the final
response slope, as compared to Control slices, irrespective of the antagonist used and even
when LTP Is not induced. In contrast, the effects on LTD appear to be to selectively alter
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the role of the NMDA NR2A subunit such that it is now critical for the induction of LTD
in the DG.
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Chapter Four
4

Discussion and Conclusions

4.1 The role of NR2 subpopulations of NMDARs in
desensitization and plasticity

Our research provides evidence that NMDAR desensitization is regulated by the
interaction of the receptor with MAGUK family members. Since these interact
differentially with each NMDAR subtype, their modulation of desensitization shows
specificity. Thus, the NR2A subytpe NMDARs desensitize generally more than the NR2Bcontaining NMDARs. Depending on the time in development, synaptic NMDARs are
either NR2B-rich (early) or NR2A-rich (for the mature synapses). Also, the expression of
MAGUKs increases in development, with PSD-95 being localized synaptically, and
SAP102 moving outside the PSD over the course of development. Consequently, the
synaptic / extrasynaptic subpopulations of NMDARs show complex profiles for
desensitization. In mature neurons, even though synapses contain the extensively desensitizing NR2A subunit, their coupling with PSD-95 decreases their level of
desensitization. Interestingly, extrasynaptic NMDARs show a high level of desensitization,
as would be expected for receptors that may be less tightly associated with MAGUKs
(since PSD-95 is enriched at synapses, and SAP-102 is not anchored to membranes and
therefore may be more transiently associated with NR2 subunits). On the other hand,
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studies indicate a predominance of the NR2B subtype at extrasynaptic sites, and these
receptors show low levels of desensitization in HEK293 cells; clearly there are other
neuronal factors regulating NR2B-type NMDAR desensitization in neurons. In addition,
prominent desensitization would be displayed by the small fraction of NR2A-containing
receptors that are expressed extrasynaptically, and which account for up to approximately
25% of the total currents gated by the extrasynaptic pool of NMDARs (Liu et al., 2007).

4.1.1 The role of NMDAR desensitization in plasticity mechanisms
Some of the functional implications of modulation in the level of desensitization
are linked to the role of NMDARs in excitotoxicity and plasticity. That is, because on one
hand, desensitization limits calcium signal, and on the other hand, the profile of calcium
influx is crucial in both plasticity and cell-death mechanisms. Moreover, desensitization
was shown to shape synaptic responses, in a study that used micro-island (autaptic)
hippocampal cultures as the system to test the behaviour of synaptic NMDARs (Tong et
al., 1995). Because the recovery from desensitization takes as long as several seconds, the
amount of calcium (important for plasticity), can be strongly regulated by the mechanisms
involved in modulation of desensitization, such as those involving PSD-95 and other
MAGUKs, which have been central to our investigation.
The association of the synaptic receptors with PSD-95 in mature neurons makes
them undergo reduced desensitization, allowing them to remain active during periods of
repetitive stimulation such as occur with LTP induction. Previous work has linked the
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activation of this particular pool of receptors, the synaptic one, to the induction of LTP
(Massey et al., 2004); others report that it is the subunit composition of NMDARs (mainly
NR2A subunit) that accounts for the role in LTP induction, rather than its localization (Liu
et al., 2004).
Hippocampal synaptic plasticity in transgenic mice expressing either mutants of
PSD-95 or of NMDAR subunits that interfere with NR2 / PSD-95 binding has been
assessed in previous studies. In one case, hippocampal LTP has been induced in mice in
which the NMDARs do not bind to PSD-95 because of a C-terminal truncation in the
NR2A subunit (NR2AΔC/ΔC) (Sprengel et al., 1998); another study investigated plasticity in
mice that express the PDZ1-2 fragment only of the PSD-95 (Migaud et al., 1998).
Mutant mice expressing NMDAR with a truncated C-terminus (NR2AΔC/ΔC) show
smaller amplitudes of EPSCs, more desensitization and slower recovery from
desensitization (Steigerwald et al., 2000); all these characteristics point to less calcium
influx during repetitive stimulation compared to control mice. LTP in these mice is
decreased significantly (Sprengel et al., 1998). These data are consistent with our findings
described in Chapter two: in the absence of PSD-95-mediated regulation of NR2Acontaining NMDARs, a high level of desensitization is expected, so less calcium entry, and
ultimately decreased magnitude of LTP. In the mutant mice developed by Migaud et al,
PDZ1-2 still binds the receptor. Although the desensitization has not been directly assessed
in these mice, we would expect the steady-state to peak ratio to have a high value
(equivalent to a low level of desensitization), based on our results; due to this regulation,
calcium levels mediated by the receptors would be high. Consistently, LTP was increased
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in these mutant mice, and regulation of desensitization may partially account for it. That is,
because the high calcium load mediated by receptors that undergo low desensitization (due
to PDZ1-2 binding in this case) is expected to trigger LTP of large magnitude.
In contrast to these findings, acute dissociation of the NMDAR - PSD-95
interaction in slices, using antibodies and interference peptides, had no effect on NMDARmediated plasticity, or on NMDAR-mediated EPSCs (Lim et al., 2003). This may be due,
at least in part, to difficulties in the diffusion of these components into distant regions of
the dendritic arbour.

4.1.2 Charge transfer, NR2 subunits and plasticity induction mechanisms
Two of the most important features of the calcium influx, which dictates the
direction of plasticity, is its amount and its timing (Lisman, 1989), and it has long been
regarded that a prolonged, but modest increase in intracellular calcium would result in
LTD, while a large, fast influx would lead to LTP (Malenka et al., 1992; Hansel et al.,
1997). Simulation studies, on the other hand, predict that NR2A-type NMDARs mediate a
larger calcium signal during high-frequency stimulation (100Hz). Activated at low
frequency (1 Hz) however, NR2B – containing receptors become the major mediators of
calcium charge (Erreger et al., 2005); these subunits have been linked to the induction of
LTD.
In our second project, we have determined the differential contribution of NR2A
and NR2B subunits to different forms of plasticity, and have confirmed that the basal
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levels (in the absence of experience-driven plasticity) of NR2A subunit-containing
receptors are essential for LTP induction. LTD, on the other hand, could be induced
through the activation of either NR2A- or NR2B –containing receptors. This last result is
consistent with studies reporting that, while NR2B subunits could mediate LTD (Liu et al.,
2004), these are not absolutely essential for this process, and alternatives exist (Morishita
et al., 2007).
Because the type of NR2 subunit does not constitute a strict determinant for the
direction of plasticity, we have utilized a behavioural paradigm previously shown to
modulate the size of NMDAR supopulations, and have carried out experiments aimed at
differentially activating the synaptic/extrasynaptic pools in plasticity induction. For this,
we have used the running paradigm in order to alter NMDAR subunit expression - based
on a previous study (Farmer et al., 2004) - and then examined its effect on plasticity
induction. Also, in some experiments, we have allowed activation of the extrasynaptic pool
of NMDARs by using the drug TBOA during the synaptic stimulation induction protocol;
the drug prevents glutamate uptake, making the neurotransmitter available for the distallylocated receptors.
The precise location of calcium influx subcellularly, as well as the NMDAR
subunit composition, could each contribute to determining the direction of synaptic
plasticity. NMDARs activate different signalling cascades at synaptic versus extrasynaptic
sites (Hardingham et al., 2002, Hardingham and Bading, 2003), and different NMDAR
subtypes (NR1/NR2A versus NR1/NR2B) also exhibit differential interactions with
scaffolding and signalling proteins (Al-Hallaq et al 2007). It was reported that in adult
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animals the NR2A subunit is more abundant at the synapse, while NR2B predominates at
extrasynaptic sites (Li et al., 1998, Stocca and Vicini, 1998, Tovar and Westbrook, 1999).
As we discussed above, calcium influx profiles through the two subunits also differ, which
can affect the downstream pathways in distinct ways. It also has to be considered that
different signalling molecules are available at the two locations – synaptic and
extrasynaptic. Lastly, specific behavioural paradigms may engage distinct NMDAR
populations (in terms of subcellular localization and/or subunit composition). Consistent
with this idea, a recent paper shows that environmental enrichment gates certain signalling
cascades relevant for plasticity, i.e. makes a MAP-kinase available in NMDAR-dependent
LTP (Li et al., 2006a).

4.1.3 Synaptic plasticity induced through the activation of basal-level versus
modified NMDARs
We report here a modification in the threshold for synaptic changes following
exercise, which is consistent with previous reports of a sensory activity – dependent
enhancement in plasticity at the synapses in visual cortex (Clothiaux et al., 1991,
Carmignoto and Vicini, 1992)

and barrel cortex (Benuskova et al., 1994).

In our

experiments, we observe a shift after exercise, towards greater ease to potentiate the
synapses using high frequency stimulation (Figure 4.1, left). The increased magnitude of
LTP in animals that exercise is consistent with previous findings (van Praag et al., 1999).
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One explanation for the effects of exercise on NMDAR-mediated plasticity is that
receptor composition has been modified following this paradigm; another explanation, is
the enhanced receptor coupling with PSD-95. To test the first hypothesis, we assessed
synaptic plasticity in conditions of acute pharmacological block, which selectively
eliminated either one or the other of the two major subtypes of NMDARs from
participating in plasticity. When ifenprodil was used, the HFS protocol resulted in
increased LTP in Runners compared to Controls, similar to the trend described above when
the receptor population was intact (Figure 4.1). LTD induced in the absence of the NR2B
subpopulation, was characterized by a magnitude that was no different from that induced in
ACSF (no antagonist), both in Controls and in Runners (Figure 4.1). It must be mentioned
however, the possibily that triheteromers composed of both NR2A and NR2B subunits,
may be expressed too, and may contribute to these effects. These observations taken
together suggest that exercise does not exert its effects on synaptic plasticity by modulating
the participation of NR2B-containing receptors to plasticity.
When the other major population of NMDARs, the one comprised of NR2A
subunits, was blocked by NVP-AAM077, the expression of plasticity, in general, was
modest (Figure 4.1). This result can be explained by the presumably large proportion of the
total synaptic NMDAR population consisting of NR2A-type receptors in adult animals
(Sans et al., 2000), which, when blocked, would render the synapses poor in ready-to-be
active NMDARs. The fact that LTP could not be induced in NVP-AAM077 either in the
Control or in the Runner group supports the idea that this subunit is necessary for this form
of plasticity. The only case in which plasticity could be induced when this subunit was
blocked was LTD in Controls (Figure 4.1).
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Based on results from previous studies that have assessed the effects of exercise on
NMDAR gene expression in dentate gyrus (Farmer et al., 2004), we had expected NR2B
subunit expression would be increased after physical activity. However, our
electrophysiological data revealed that it is the NR2A subunit that shows an enhanced
contribution to plasticity after exercise. This result is not incompatible to the previous one
cited above, in that increases in mRNA levels for the NR2B (shown by Farmer et al 2004)
do not necessarily correlate with increased protein expression, or expression of the subunit
at subcellular locations relevant for plasticity.

4.1.3.1

The involvement of the NR2 subunits in LTP
LTP could not be induced in Controls when either the NR2A or NR2B population

was blocked (Figure 4.1, insert, left), suggesting that a concurrent activity of the two is
needed for LTP. Alternatively, the activation of a large population of NMDARs,
indifferent of the subtype is necessary, so that blocking any fraction of NMDARs would
diminish the overall NMDAR population to a size insufficient for LTP induction. Studies
in CA1 report that the NR2A subpopulation is sufficient for LTP (Liu et al., 2004);
however, others find that block of the NR2B subpopulation can prevent LTP induction
(Berberich et al., 2006), suggesting the population formed by either of the two NMDAR
subtypes alone is insufficient in this particular region, to allow LTP induction. Exercise
augments the magnitude of synaptic potentiation induced in ACSF, and it seems that the
NR2A population can partially account for it, since a significant LTP is recorded in
ifenprodil (Figure 4.1, insert, right). Whereas there is a parallel shift towards synaptic
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potentiation with exercise in both antagonists, exercise modulates the NR2A population so
that it is now sufficient to trigger significant LTP by itself, while the NR2B-type NMDAR
population alone remains insufficient to induce LTP.

4.1.3.2

The involvement of the NR2 subunits in LTD
In contrast to LTP, LTD requires the availability of any NMDAR subgroup for

induction, since a significant magnitude was recorded in the presence of either NR2B-or
NR2A-selective antagonists. Each subpopulation is sufficient for this form of plasticity,
and they do not have an additive effect, since the amplitude of LTD elicited when both are
active is similar to that elicited when either one is active (Figure 4.1, insert, left).
A similar magnitude of NMDAR-induced synaptic depression is recorded in
Runners and Controls. This LTD could equally be triggered by the activation of all
NMDARs, or only of the subgroup composed of NR2A subunits, since bath-applied
ifenprodil had no effect on LTD. The elimination of the NR2A-population of receptors
renders the synapses incapable to undergo depression in Runners (Figure 4.1, insert, right).
Hence, the speculation emerges, that exercise increases the availability of NR2A
population of NMDARs, either by an increase in subunit expression, or by a shift to
subcellular locations relevant for LTD.
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4.1.3.3

NR2A subunit-dependent plasticity is enhanced by exercise
Our result that exercise shifts the direction of plasticity towards potentiation, and

that the NR2A population is involved in this shift, comes in agreement with previously
proposed scenarios regarding this subunit’s behaviour during high-frequency stimulation
(Malenka et al., 1992, Erreger et al., 2005). The increased LTP following exercise is due to
the high charge transfer mediated by the NR2A subunits during induction.
Though they are not major charge carriers during low-frequency stimulation, NR2A
subunits form a sufficient fraction to induce LTD in Controls, while in Runners they are
solely responsible for it, a result that strengthens the idea that NR2A subunits form the
major population of receptors available for synaptic activation after exercise in addition,
the data supports the idea that the NR2B subunits’s involvement in plasticity is diminished
after exercise.
Our conclusions are limited by the difficulties in inferring subunit expression in
individual neurons, based on a population response. Whole –cell recordings would help
address more accurately these types of questions, as well as more direct methods assessing
protein levels, including immunoprecipitation followed by western blot and/or
immunocytochemistry. Finally, limitations interpreting our results come from the
incomplete block and imperfect selectivity displayed by the NR2 –“specific” inhibitors, as
discussed in Chapter three.
Apart from modulating the size/ availability of NR2 populations of NMDARs,
exercise may also reorganize them within the cell. Previous studies suggest an activity-
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dependent translocation of NR2A from extrasynaptic to synaptic sites. This process is
apparent in development, and it was linked with activity-dependent upregulation of PSD95 (Yoshii et al., 2003), which appears to be necessary for synaptic localization of NR2A
(Sans et al., 2000, Elias et al., 2008). If running activates similar mechanisms, our findings
may be explained by the shift of the population composed of NR2A to the synapse, where
it exerts the reported effects on plasticity. In the NR2A knock-out animals however,
plasticity could still be induced, probably through different mediators, made available by
compensation. Further experiments, involving patch clamp recording from individual cells,
as well as use of biochemical and immunocytochemical techniques, will help resolve these
questions.

4.2 Role of NMDAR-mediated excitability and signalling in
hippocampal neurophysiology

NMDAR signalling has been linked to a series of neural phenomena, and
malfunctions of the brain, spanning from synaptic plasticity, to epileptic discharges and
psychosis. All of these functions of the NMDAR could be inferred from the immediate,
evident roles that they accomplish at the cellular level, which spring, in turn directly from
their properties and structure characteristics (discussed in Introduction).
Desensitization is one such property that shapes the behaviour of NMDARs, and
may have a certain impact on their involvement in higher functions specific to the
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hippocampal formation. Also, plasticity induction, in which NMDARs play a central role
at least for certain types of synapses, is very important in phenomena linked to memory
formation, but it has also been found to be disrupted in a number of disorders of the
brain. The role of hippocampal NMDARs in higher-order functions specific to this brain
structure will be considered below.

4.2.1 The role of NMDARs in normal hippocampal physiology
4.2.1.1 Hippocampal excitability
The hippocampal formation receives its main excitatory input from the entorhinal
cortex; this input travels through all the structures of the hippocampus, one after the other
in a strictly unique direction. Thus, entorhinal perforant path fibers excite DG granule
cells, which send their fibers (called mossy fibers) to CA3 pyramidal neurons; these, in
turn, extend their axons, the Shaffer collaterals, towards CA1, where they excite the
principal cells there, the CA1 pyramids. Further, CA1 neurons send their excitatory output
to subiculum, which projects back to entorhinal cortex. This unidirectionality in the flow of
excitaton is a hallmark of hippocampal neurophysiology.
NMDARs are constituents of all the above-mentioned excitatory synapses, taking
part in mediating the flow of information whenever the synapses are strongly activated to
allow these receptors to be part of synaptic communication. More specifically, these
receptors mediate ion fluxes whenever the presynaptic element releases neurotransmitter,
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and at the same time, the postsynaptic membrane exhibits a voltage of ~ -40 - -10 mV (in
which case the sodium and calcium ions flow inwardly), or higher than 0 mV (in which
case, a potassium flux, joining the sodium and calcium conductances, is outward). Such is
the general contribution of these receptors to synaptic communication; it undergoes slight
variations though, due to the difference in subtypes and regulation by various factors, as
discussed in introduction.
The role of NMDAR desensitization in modulating hippocampal excitability can
only be inferred, as thorough studies have not been conducted to test it. This property does
shape synaptic responses; more specifically, the response to a second pulse delivered 1-2
seconds after an initial one has been shown to be decreased (Tong et al., 1995).

4.2.1.2

Oscillatory activity
Computer simulation studies predict that NMDARs are involved in the generation

of rhythmic activity (Traven et al., 1993). At the hippocampal level, certain types of
oscillatory activity have been described: theta rhythms, for example, occur when the
animal is engaged in “voluntary” behaviour (as opposed to reflex-type of movements).
These rhythms could be either sensitive or insensitive to atropine, and this relates to their
involvement in either attention or movement generation (Kramis et al., 1975). It is unclear
how NMDARs contribute to the generation and propagation of the theta activity in
hippocampus. Sparse reports regarding the effect of certain NMDAR antagonists exist
though: ketamine, for example has the ability to eliminate a certain component of theta
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waves, namely the one related to the translation of movements (Buzsaki, 2002; Buzsaki et
al., 2003). However, even though the hippocampus is the structure linked to memory
formation, and theta waves occur specifically here, some authors found theta oscillations to
relate to motor behaviour, rather than to learning (Black et al., 1970, Black and Young,
1972).
Other components of the EEGs recorded in hippocampus are beta, gamma and
ripple waves, each linked to certain behavioural correlates, as well as irregular large and
small amplitude activity. Specific NMDAR expression in interneurons regulates
oscillation, but it remains largely unclear how NMDARs participate in the generation of
these types of electrical activity, or how they shape and modulate it.
Repeated activity, characterised by certain frequencies, shows regional variability
within the hippocampus. While granule cells of the dentate gyrus are rather silent,
displaying rare bursts of firing, CA3 and CA1 pyramidal cells burst more robustly (Wong
and Prince, 1981). On the other hand NMDAR composition is also variable in these
regions, with CA1 being richer in NR2B subunits compared to DG, in adult animals
(Coultrap et al., 2005). While the role of NMDARs in generating this bursting activity is
unclear, these receptors would certainly be activated during such bursts, resulting in altered
downstream calcium-dependent signalling pathways.
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4.2.1.3

NMDAR – mediated plasticity and its role in memory formation and

learning
NMDAR–mediated plasticity occurs at certain synapses in the hippocampus. These
are the synapses between the medial perforant path and granule cells in DG, and the
synapses between the Shaffer collaterals and CA1 pyramidal cells. The other hippocampal
synapses display non-NMDAR forms of plasticity (being opioid-dependent, as is the case
for lateral perforant path- granule cell synapses; or kainate receptor dependent, as is the
case of mossy fibers – CA3 pyramidal cell synapses).
The proof that NMDARs are crucial in certain forms of plasticity in the
hippocampus comes from a landmark study that used the NMDAR antagonist APV during
various phases of the LTP protocol (Collingridge et al., 1983a). This study proved
unequivocally that inhibition of NMDARs during the induction phase prevents LTP and
LTD.
Aside from the profound amnesia associated with damage to the medial temporal
lobe (Milner, 1972), synaptic plasticity and its relationship to memory formation adds
another proof that the hippocampus represents the brain structure where memory traces are
encoded. Indeed, plasticity is believed to represent the cellular correlate of learning and
memory (Bliss and Collingridge, 1993). There are certain correlations between plasticity
and memory aspects, on one hand, and between NMDAR activity and memory, on the
other hand. Some of these will be considered below.
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The initial studies on the relationship between learning and plasticity were
correlational, with a focus on the age correlation between the persistence of LTP and the
rate of learning. For example, older rats show a lesser ability to perform in Morris watermaze tests compared to younger subjects (de Toledo-Morrell and Morrell, 1985). LTP is
easily established earlier in development, reaching a maximum at two weeks of age, and
decreases afterwards (Harris and Teyler, 1984). LTP persistence is also associated with the
rate of learning (Barnes, 1979), and age-related decline in memory tasks correspond to
decline in LTP (Chapman et al., 1999, Lynch, 2004).
Four theoretical criteria have been put forward, which remain to be proven
experimentally, in order to definitively answer the question regarding the relationship
between NMDAR-mediated plasticity and memory (Martin, 2000). These criteria are 1)
detectability: synaptic plasticity must be detected in association with memory formation in
certain brain regions, and at certain synapses; 2) anterograde alteration: preventing
synaptic plasticity in a certain area should prevent the formation of memory specific to that
area; 3) retrograde alteration and 4) mimicry: the artificial induction of synaptic plasticity
shall result in an “apparent memory” for an event that did not actually occur. All criteria
but the last have been met experimentally up to now (Green and Greenough, 1986,
Matthies et al., 1986, Morris et al., 1986, Laroche et al., 1989, Richter-Levin et al., 1995,
Kentros et al., 1998, Izquierdo et al., 1999, Brun et al., 2001, Sacchetti et al., 2001, Gruart
et al., 2006). One of the most compelling examples of a link between NMDAR signalling
and memory is in the function of hippocampal place cells, as outlined below.
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4.2.1.4 Hippocampal place cells, NMDARs, and memory formation
Hippocampal CA1 place cells, discovered in 1971 by O’Keefe and Dostrovsky,
have the ability to signal the animal’s location in its environment (O'Keefe and
Dostrovsky, 1971). More specifically, these complex-spike cells are active during a
rodent’s explorative behaviour, and fire in specific patterns not due to any sensory input,
but in relation to the abstract notion of space. Because place cells can maintain their firing
fields for minutes during tasks that test working memory, because place field
characteristics are changed by experience, and because place cell firing during sleep
recapitulates patterns experienced during the waking period, it is believed that they have a
role in memory. Moreover, the behaviour of place cells in familiar and novel environments
depends on NMDAR activity.
Indeed, it has been considered that NMDARs are the elements that confer
mnemonic properties to place cells (Nakazawa et al., 2004). Mutation studies proved that
place fields are non-functional in cases where NMDARs, or other effectors acting
downstream of NMDARs, have been genetically modified (McHugh et al., 1996,
Rotenberg et al., 1996, Tonegawa et al., 1996). More specifically, the temporal firing
characteristics, essential to the place cells functioning, are altered in such cases (McHugh
et al., 1996). Also, NMDARs seem to affect especially the long-term stability of the place
fields, rather than their initial formation and short-term maintenance (Kentros et al., 1998).
Together, these data provide strong evidence for a link between NMDAR function and
hippocampal spatial memory.
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4.2.2 The role of NMDARs in hippocampal pathology
NMDARs are involved in pathological states either through hyper-activation, or
through hypo-activation. The conditions in which evidence suggests a central role for this
receptor will be considered below, and the specific involvement of NR2 subunits will be
stressed, when it is the case they play a differential role.
It is easier to induce epileptiform activity in hippocampus, as compared to other
brain regions (Jung, 1951). The NMDARs play an important role in this type of activity, as
their block in hippocampal CA1 reduces the amplitude of paroxysmal discharge and
attenuates spike firing occurring in conditions of reduced inhibition (Avoli et al., 2002).
Up-regulation of glutamatergic receptors, in general, has been characterized in epilepsy,
among other factors involved. NMDAR expression is selectively increased in DG in
relation to the manifestation of this disease (Brines et al., 1997, Mathern et al., 1997), and
the receptors mediate prolonged currents (Izokawa, 1997). In kindling studies, an increased
NMDAR-mediated transmission at the entorhinal – granule cell synapses is considered a
major cause of epileptogenesis (Mody and Heinemann, 1987).
Other pathological conditions that occur due to calcium overload in hippocampal
neurons, as a result of the NMDAR hyperactivity are: stroke (Obrenovitch and Urenjak,
1997, Dirnagl et al., 1999), head trauma (Obrenovitch and Urenjak, 1997), and
neurodegenerative diseases (Olney et al., 1997). Indeed, when the brain is injured, in
conditions such as thrombotic stroke, or anoxic insult during cardiac arrest, excessive
activation of NMDA receptors triggers mechanisms leading to cell death (Meldrum and
Garthwaite, 1990). It could be speculated that in these conditions, desensitization of
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NMDARs plays an important role, since this property modulates calcium load that enters
the cell, especially during excessive receptor activation. Moreover, the interaction of PSD95 – NMDARs, which we have shown to regulate desensitization, has been investigated in
this disease with respect to its possible role in mediating toxicity; this interaction has also
been proposed as a target for treatment (Aarts et al., 2002).
Huntington’s di sease ( HD), a progressive degenerative condition of the striatal
and cortical neurons (mainly), shows loss of hippocampal CA1 pyramidal cells too, at late
stages (Spargo et al., 1993). The mutated huntingtin protein, when overexpressed in cell
lines, increases the NMDAR-mediated current (Chen et al., 1999, Li et al., 2004) and
expression in striatal neurons (from transgenic HD mice) leads to augmentation of the
NR2B subunit surface expression (Fan et al., 2007). While hippocampal LTD is enhanced
in animal models of HD, LTP shows deficits in CA1 (Usdin et al., 1999, Spencer and
Murphy, 2000); it is not known whether these changes in synaptic plasticity correlate with
altered surface and/or synaptic expression of NMDAR subtypes in hippocampal CA1
neurons.
As with other neurodegenerative conditions the increase in glutamatergic synaptic
transmission occurs in Alzheimer’s d isease as well. The weak NMDAR antagonist
memantine has been used in the treatment of patients suffering for a severe form of the
disease, as it improves somewhat cognitive deficits (Winblad and Poritis, 1999). On the
other hand, accumulation of the amyloid – beta in aggregates, specific to this disease, has
the effect of diminishing glutamatergic transmission, by inducing NMDAR internalization
(Mattson, 2004). It is believed NR2B subunits are more affected, through a mechanism
linked to their specific interaction with calcineurin (Snyder et al., 2005).
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Hypoactivity of NMDA receptors has been suggested to be an underlying cause for
schizophrenia (Coyle et al., 2003), among other mechanisms. That is because certain
NMDAR antagonists, like ketamine or phencyclidine produce effects that are very similar
to schizophrenic symptoms when administered to healthy individuals. These symptoms
include psychosis, apathy, withdrawal, bizarre delusions and altered sensory experiences.
Genetic reduction of NMDAR expression to ~ 5% of the normal levels induces
schizophrenia-like behaviours in animals. The NR2 subunits of NMDARs may be
differentially involved in this disease through their specific interaction with growth factors
such as neuregulin, which has genetic links to schizophrenia. Neuroregulin 1, when
overactive, prevents NR2A phosphorylation in patients suffering from this disease (Hahn
et al., 2006). This may interfere with the normal functioning of the NMDARs, leading to
the above-mentioned symptoms. LTP at hippocampal synapses may also be altered in
schizophrenia (Roberts and Greene, 2003), which may contribute to the cognitive problems
encountered in patients suffering from this disease. Also, LTP induction in CA1 is
prevented by drugs like phencyclidine and ketamine (Anis et al., 1983, Stringer et al.,
1983). Finally, neuregulin-1 also has an effect on NMDAR-dependent plasticity; more
specifically it enhances depotentiation (Kwon et al., 2005). Taken together, these data are
consistent with a role for NMDAR hypoactivity in cognitive and psychiatric symptoms
associated with schizophrenia.
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4.3 Final conclusions and future directions
NMDA receptors expressed in mammalian hippocampal neurons mediate synaptic
transmission, various forms of synaptic plasticity, and are involved in the physiology and
pathology of this brain region. The mechanisms by which these receptors accomplish their
diverse functions are largely unknown; however, evidence so far leads to the hypothesis
that calcium permeability of NMDARs is a critical factor. Modulating certain aspects of
this calcium signal, such as its magnitude, temporal characteristics, and location in the cell,
by changes in NMDA receptor desensitization, subunit composition, or subcellular
expression, is relevant for determining which downstream signalling pathways become
activated. Even though each of these characteristics has been studied with respect to their
involvement in receptor function, evidence so far is not conclusive. Most probably,
interplay between modulation of gating properties, as well as receptor population size,
subunit composition, subcellular localization, and interaction with signalling proteins, is
responsible for the different, even opposing outcomes of NMDAR activation.
One aspect regarding NMDARs that remains to be clarified is the mechanism that
regulates its pattern of expression, both early in development, and later, in mature neurons.
While early the expression is expected to be less prone to external modulation, and more
constitutive in nature, NMDAR patterns of expression in mature neurons and/or at mature
synapses may be shaped by activity/experience in distinct ways. Indeed, the synthesis and
synaptic targeting of NMDAR were found to be activity dependent, being different for
inactive, basal, and highly active synapses (reviewed in (Perez-Otano and Ehlers, 2004,
Turrigiano and Nelson, 2004). Further, alterations in NMDARs levels have important
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effects on homeostatic forms of plasticity (Turrigiano and Nelson, 2004), as well as on
metaplasticity (Philpot et al., 2001) but their precise involvement in each of these
functional aspects remains to be clarified.
The contribution of glycine-independent desensitization of NMDAR to plasticity
remains to be determined, as our studies regarding this issue are only suggestive. Results
from studies conducted in our laboratory elucidated the distinct ways this property is
regulated for synaptic and extrasynaptic receptors. Throughout development, neurons show
a decreasing ability to modulate the calcium influx through desensitization, and this
decrease in desensitization with age is not solely dependent on subunit changes (Li et al.,
2003a), but on the direct interaction of the receptor with MAGUK family of proteins, as
revealed in this thesis (Chapter two).
Lastly, the NR2 subtypes of NMDAR have initially been proposed as factors that
lead to bidirectional synaptic plasticity. However, the initial finding, that activation of
NR2A-containing receptors results in the induction of LTP, whereas that of NR2B
receptors - in LTD, does not hold for other brain regions. The inconsistent results regarding
this issue need reconciliation, and plasticity induction needs further examination taking
into account interplay between the size, composition and location of the NMDAR
populations. Investigating this idea in a simple system, such as the autaptic cultures, or
organotypic slice cultures, where these subpopulations could be differentially activated in a
combinatorial way, may prove to be useful.
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Figure 4. 1
Summary of the plasticity data discussed in subchapter 4.1.3. LTP and LTD, in each drug
condition, are compared in the two groups of animals tested (Controls, light grey bars and
Runners, dark grey bars). Insert: Same data presented in the main graph, separately
illustrating the magnitude of plasticity induced in the three conditions tested (ACSF,
ifenprodil and NVP), in the two groups of animals (Controls on the left and Runners on
the right).
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APPENDIX
Intracellular in fusion o f N R2B-9C p eptide i ncreases N MDAR d esensitization
by unc oupling P SD-95 f rom NMDA re ceptors ex pressed i n mature h ippocampal
neurons
An interference peptide, NR2B-9C, which disrupts the binding of NMDARs and
PSD-95, has been used as another means to test our hypothesis, that a direct interaction of
the two is sufficient to regulate desensitization. NR2B-9C, a small peptide resembling the
sequence of nine amino acids that form the distal C-terminal region of the NR2B subunits
(Lys-Leu-Ser-Ser-Ile-Glu-Ser-Asp-Val), has been used before for the purpose of
preventing the receptor to bind PSD-95 (see introduction). In cultured rat hippocampal
neurons incubated with Tat-NR2B9c versus a control (Tat-NR2BAA) peptide for 1h before
harvesting lysates for immunoprecipiation and western blot analysis, results indicated
differential peptide interference with PSD-95 binding to NR2B compared to NR2A (Zhang
L and Raymond LA, unpublished data). At low concentrations (200nM), Tat-NR2B9c
reduced co-immunoprecipitation of PSD-95 with NR2B by ~50% (compared to treatment
with control peptide) without affecting association of PSD-95 with NR2A; higher
concentrations (1μM) reduced PSD-95 / NR2A co-IP by ~50% as well (data not shown).
For my electrophysiological experiments, a small amount of the stock peptide has been
dissolved in the intracellular (recording pipette) solution to a final concentration of 1μM
and then allowed to diffuse into the cell through the patch pipette, after the whole-cell
configuration has been attained.

185

Currents mediated by NMDARs were elicited and recorded at least 10 minutes after
the breaking into the cell, to allow diffusion of the peptide in cellular compartments.
Steady-state-to peak ratio was diminished in neurons treated with the NR2B-9C peptide, to
a value significantly different from that recorded in control neurons (0.46 ± 0.01, n=4, in
treated neurons versus 0.59 ± 0.04, n=4 in control neurons; P<0.05 by unpaired t-test).
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Appendix Figure The effect of NR2B-9C peptide on NMDAR-mediated current
desensitization. A. Representative traces of NMDAR currents in mature hippocampal
neurons, in control conditions or treated with NR2B-9c (1μM). Current amplitudes were
normalized for comparison of desensitization. B. Treatment with NR2B-9c (1μM)
increased the extent of NMDA-evoked current desensitization. Control, n=4; NR2B-9c,
n=4, *P<0.05, student t-teast, whereas a lower concentration (200nM) of the NR2B-9c
had no significant effect on Iss/Ip (Control, n=14; NR2B9c, n=14).
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