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It is humbling to think that 30 years have passed since the paper by Collingridge, Kehl and McLennan
showing that one of Jeff Watkins most interesting compounds, R-2-amino-5-phosphonopentanoate (p-
AP5), blocked the induction of long-term potentiation in vitro at synapses from area CA3 of the hip-
pocampus to CA1 without apparent effect on baseline synaptic transmission (Collingridge et al., 1983).
This dissociation was one of the key triggers for an explosion of interest in glutamate receptors, and
much has been discovered since that collectively contributes to our contemporary understanding of

fz ;’;’E;‘;S: glutamatergic synapses — their biophysics and subunit composition, of the agonists and antagonists
Encoding acting on them, and their diverse functions in different networks of the brain and spinal cord. It can be
Storage consolidation fairly said that Collingridge et al.’s (1983) observation was the stimulus that has led, on the one hand, to
Retrieval structural biological work at the atomic scale describing the key features of NMDA receptors that en-
Watermaze ables their coincidence function to happen; and, on the other, to work with whole animals investigating
Hippocampus the contributions that calcium signalling via this receptor can have on rhythmical activities controlled
Amygdala by spinal circuits, memory encoding in the hippocampus (the topic of this article), visual cortical
Neocortex plasticity, sensitization in pain, and other functions. In this article, I lay out how my then interest in
ggll;‘mate receptor long-term potentiation (LTP) as a model of memory enabled me to recognise the importance of

Collingridge et al.’s discovery — and how I and my colleagues endeavoured to take things forward in the
area of learning and memory. This is in some respects a personal story, and I tell it as such. The idea that
NMDA receptor activation is essential for memory encoding, though not for storage, took time to
develop and to be accepted. Along the way, there have been confusions, challenges, and surprises
surrounding the idea that activation of NMDA receptors can trigger memory. Some of these are
described and how they have been addressed and resolved. Last, I touch on some new directions of
interest with respect to the functional role of the NMDA receptor in cognition.
This article is part of the Special Issue entitled ‘Glutamate Receptor-Dependent Synaptic Plasticity’.
© 2013 Elsevier Ltd. All rights reserved.

1. The memory encoding idea
1.1. Pharmacological studies

I first became interested in the possibility that activity-
dependent synaptic potentiation, such as long-term potentiation
(LTP), might be involved in learning and memory at the “Schloss
Hippocampus” conference of 1982 held in a Bavarian Castle owned
by the Max-Planck Society (Siefert, 1983). Bruce McNaughton and
Carol Barnes, who were present, had conducted pioneering studies
on this issue by investigating changes in LTP (or what they called
‘enhancement’) as a function of ageing, while simultaneously
investigating if there was any correlation between these LTP
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changes and age-related changes also observed in an ingenious
spatial learning task that Carol Barnes had developed. They re-
ported that LTP was present in old animals but that it decayed much
faster over time; and, tantalisingly, they observed faster forgetting
in older animals (Barnes, 1983). Lynch had meanwhile conducted
important experiments using the then new technique of in vitro
brain slices to reveal various anatomical and physiological proper-
ties of LTP (Lynch et al., 1983, 1977), but had not taken his obser-
vations about the associativity of LTP from brain slices to the
behavioural level using learning tasks. I decided to go and work
with Gary Lynch at U.C. Irvine to do just that and, whilst there in
1984, we begin some behavioural studies investigating whether a
calpain inhibitor called leupeptin would block learning. The focus
on calpain was linked to Lynch and Baudry’s emerging and pre-
scient theory about memory being due to the “insertion of gluta-
mate receptors into the membrane of dendritic spines” (sic) (Lynch
and Baudry, 1984), with calpain playing a critical role in alterations
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of spine architecture. Thirty years on, similar ideas pertain; plus ¢a
change, plus c’est la méme chose! We observed some encouraging
trends with leupeptin, but little more (Morris et al., 1987).

Whilst in Irvine, my attention was kindly drawn to Collingridge
et al.’s (1983) work by Eric Harris, then in Carl Cotman'’s laboratory,
who wondered whether AP5 might have effects on behavioural
learning that leupeptin appeared barely to show. I returned to St
Andrews (where I held a Lectureship/Assistant Professorship) and
began experiments with my research assistant Elizabeth Anderson
in late 1984. What emerged was a series of studies investigating the
impact of p,.-AP5 (soon after we used p-AP5) on spatial learning in
the watermaze (Morris et al., 1982). Collingridge et al.’s (1983)
observations suggested that AP5 blocked plasticity while other
compounds affected fast synaptic transmission. This intrigued us
as, until then, the only kind of dysfunction of the hippocampus in
widespread use was a frank lesion — and here was the possibility of
realising a much more subtle and functionally significant disrup-
tion of its processing.

Our behavioural studies were to reveal that, at a dose at which
pL-AP5 blocked the induction of LTP in vivo in the dentate gyrus
(possibly the first demonstration of its blockade of LTP outside CA1,
and the first in vivo), it blocked acquisition of the standard hidden
platform version of the watermaze without effect on a visual
discrimination task also conducted in the same apparatus (Morris
et al,, 1986). Treated rats swam normally, but they navigated all
over the pool in an apparently random manner even after
numerous training trials; control rats learned to take relatively
direct paths to the hidden platform and to focus their search in a
post-training probe test (platform absent) at the target location.
However, when trained to discriminate two visibly distinct plat-
forms only one of which enabled escape from the water — a pro-
cedural task that is unaffected by hippocampal lesions — AP5
treated rats learned normally.

Mindful that AP5 blocked the induction of LTP but not its
expression, our work continued by investigating the impact of not
giving AP5 until after acquisition. We then observed no effect of the
drug, indicating that the deleterious effect of AP5 was not a “per-
formance effect” but something to do with the acquisition of in-
formation at the time of learning (Morris, 1989). The analogy to the
effect of AP5 on the induction but not the expression of LTP was
intriguing, and raised the possibility that NMDA receptors were a
‘trigger’ for memory, but not involved in either storage or retrieval.
This was important because, to observe that a drug blocks or
otherwise affects ‘learning’ leaves open a range of distinct memory
processes with which it may interact. It is natural to think of such
an effect as on the learning process per se. Equally, however,
learning may be happening but the information stored may be
inaccessible under the influence of the drug because it affects
retrieval processing. Another possibility is that information to
which the animal is exposed during a learning task is encoded, but
for some reason fails to get stored. That AP5 worked when given
before learning but not after pointed the finger very directly at a
memory encoding process. It was a long time before the contem-
porary concept of calcium inflow via NMDA receptors activating
signal-transduction pathways that alter AMPA receptor trafficking
and expression, and thus storage, was to get worked out.

I then moved to Edinburgh to join the Department of Pharma-
cology. Given this, and encouraged by my new colleagues, the next
step was to see whether the dose—response profile for blocking LTP
in vivo was similar to its profile for impairing learning. To do this
thoroughly, and advised by the biochemical pharmacologists Ste-
phen Butcher and Henry Olverman, we set up an HPLC assay to
measure AP5 concentration in vivo using microdialysis. Subject to a
few assumptions, we were able to compare our varied levels of
impairment of the behavioural task with the concentrations of drug

measured in vivo rather than, as is more common in behavioural
pharmacology, the dose administered. Moreover, our estimate of
the effective concentration could then be compared with concen-
trations used during in vitro brain slice experiments. Somewhat to
our amazement, everything fitted (Butcher et al., 1991; Davis et al.,
1992). In this work, the primary technique that was used to deliver
pL-AP5 and p-AP5 was via osmotic minipumps with a catheter from
the subcutaneously located pump to an intracranial cannula
implanted into the lateral ventricle of the brain. These pumps have
no moving parts, but deliver a steady concentration of drug 24 h/
day for varying durations. Their operational principle is to take
advantage of osmosis of body-fluids into the pump that literally
“squeeze-out” the contents of a pre-filled reservoir within.
Extremely high concentrations of drug in the minipump (e.g.
30 mM) associated with a very low flow rate (e.g. typically 0.5 uL/h)
result in a steady-state concentration in the extracellular fluid of
around 15 pM. Further, by using pumps that operated for 14 days,
we were able to design multi-day behavioural training studies that
could be completed within that window of time and allow for
in vivo assessment of LTP in the same animals before the pump was
exhausted. This ‘steady-state’ approach is advantageous over acute
infusions in which concentration varies across time. The drawback
is that an intraventricular site of infusion results in a global dis-
tribution of the drug throughout the forebrain with some spread
down to the spinal cord. Consequently, AP5 treated rats are a bit
‘flaccid’ and display a slower righting-reflex, this being an example
of the supra-segmental reflexes that Dick Evans in Bristol had
studied electrophysiologically in the early days.

As the behavioural dissociation we had initially seen with pL.-AP5
was between a task that is thought to require the integrity of the
hippocampus (spatial learning) and one that does not (visual
discrimination), it was incumbent upon us to examine the impact of
specific intrahippocampal or intracortical sites of administration of
p-AP5 upon learning to address further the issue of whether NMDA
receptors are involved in some but not all forms of learning. We
therefore turned to acute infusions — which have the advantage of
targeting a specific brain structure (at the cost of the imprecision of
concentration over time before excretion or metabolism). The first
part of this study was straightforward and we were able to show
that intrahippocampal p-AP5, shown autoradiographically to be
localised to the dorsal hippocampus, also impaired memory
encoding without effect upon storage or retrieval (Morris et al.,
1989). The second aspect was intellectually less satisfactory, for
while we showed that sufficient AP5 reached the neocortex in our
visual discrimination studies for the task dissociation to be mean-
ingful (Butcher et al., 1991), we never conducted an acute infusion
study as it was far from obvious where in the cortex the drug should
be infused (and this remains so to this day). We had at least
established a partial dissociation between distinct behavioural
tasks (spatial learning, visual discrimination) that mapped onto the
likely contribution of different brain regions to spatial learning.
More recently, we have also used osmotic pumps for chronic de-
livery of AMPA and NMDA antagonists directly into the hippo-
campus; not only does this seem to work quite well, it substantially
limits the inevitable side-effects of intraventricular infusion (Inglis
et al.,, 2013; Riedel et al., 1999).

An important and parallel body of work led by Mark Bear and
Wolf Singer concerned the use of p-AP5 to examine cortical plas-
ticity in developing animals. Their initial work focused on neuro-
modulatory inputs such as acetylcholine and noradrenaline (Bear
and Singer, 1986). However, guided by a neurobiological theory
derived from an earlier strictly mathematical formulation (Bear
et al,, 1987), attention turned to the possibility that the effects of
monocular deprivation might be mediated, at least in part, by
glutamatergic plasticity. An early study showed that p-AP5 blocked
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changes in ocular dominance induced by monocular deprivation
(Guetal,, 1989). Similar care to that of my own group was exercised
in measuring the concentration of AP5 required to realise this
blockade (Bear et al., 1990). Both I and Mark Bear had to overcome
skepticism that the effects of p-AP5 infusion on learning and
developmental plasticity respectively were a selective consequence
of NMDA receptor blockade, and not a non-specific consequence of
inactivating cortical circuits. Bear went on to identify a possible role
for NMDA receptor-dependent long-term depression in develop-
mental plasticity (Dudek and Bear, 1992, 1993) thereby providing
key evidence for bidirectional changes in synaptic efficacy in rela-
tion to cortical fine-tuning. This body of work and framework has
been reviewed several times (e.g. Bear and Malenka, 1994; Smith
et al., 2009).

An important shift in our own focus occurred much later in work
establishing that 1-trial spatial learning in the watermaze, using
the so-called delayed matching-to-place (DMP) task, was especially
sensitive to AP5 — more so than spatial reference memory in which
deficits were observed but the treated animals could eventually
learn. In DMP, the hidden platform moves location between days,
but stays in the same location for several (usually four) trials of each
day. Rats rapidly adapt to this scheduling protocol by searching for
the platform on trial 1 of each day, and then remembering its
location to perform much better on trials 2 onwards. Steele and
Morris (1999) observed that AP5 caused a delay-dependent
deficit in this task — little impairment at a short delay between
the end of trial 1 and the next trial, but a very large impairment at a
long delay. Like spatial working-memory tasks, later to be used
extensively by Rawlins’ group in Oxford (see below), this protocol
enables multiple within-subject observations and is, in our hands,
the most robust deficit that i.c.v. and intrahippocampal AP5 pro-
duces. A similar 1-trial deficit is seen in an analogous task in the
new event arena (Day et al., 2003). This work suggests that NMDA
receptor-dependent plasticity in hippocampus is critical for
episodic-like memory.

Part of the work that followed our initial studies in the 1980s
involved examining other behavioural tasks that were differentially
sensitive to hippocampal lesions, and of course we were not alone
in doing this. For example, in a collaboration with Nick Rawlins in
Oxford, we saw a decline in memory with AP5 in curious but
interesting operant task called differential responding and low-
rates (or ‘drl’) provided there was a sufficient temporal delay
(Tonkiss et al., 1988), a finding that linked into theoretical ideas that
he had been developing about a possible function of the hippo-
campus in mediating temporary memory (Rawlins, 1985). This
finding anticipated our later work with the DMP task. Throughout
the 1990s, a much larger body of work was done by other labora-
tories who confirmed that AP5 blocked acquisition in a range of
behavioural tasks (Danysz et al., 1995; Riedel et al., 2003), some of
which are now used as routinely as the watermaze. These include
the radial maze (Caramanos and Shapiro, 1994; Danysz et al., 1988)
and context fear conditioning (Fanselow et al., 1994). We did not
ourselves work on amygdala-mediated learning, such as fear con-
ditioning, as my lab is not licensed to use aversive stimuli such as
electric shock, but the work of others suggested that NMDA re-
ceptors contribute to various but not all forms of learning. Pleas-
ingly, the dissociation between acquisition (encoding) and
performance (storage and retrieval) was confirmed in several tasks,
including rapidly acquired olfactory discriminations (Staubli et al.,
1989). Thus, the behavioural profile was realised very early on to
be similar to the differential effects of AP5 on the induction and
expression of LTP.

One issue that did not occur to us in the late 1980s was the
possibility that an activity- and NMDA receptor-dependent
decrease in synaptic efficacy — long-term depression (LTD) —

could be involved in memory. Heterosynaptic depression had been
discovered and was considered little more than a ‘normalising’
influence on total synaptic strength in a neuron, but the discovery
of effective protocols for the induction of homosynaptic LTD (Dudek
and Bear, 1992) changed the picture. Analyses of LTD suggested it
may be much more prominent in juvenile than in adult animals
(Dudek and Bear, 1993), raising the possibility that LTD was more to
do with fine-tuning of neural connectivity during development
than the storage of information, as noted in the work of Mark Bear
discussed above. Later work by Bashir and Brown in Bristol was to
establish a possible connection between LTD and the stimulus-
specific decrease in neural activity seen in recognition memory.

1.2. Theoretical work

In parallel with this strictly experimental work, several groups
were trying to think out the relationship between synapse-specific
activation of NMDA receptors and distributed-associative models of
memory formation. It is worth remembering that what captured
attention from the outset was the coincidence detecting function of
NMDA receptors, arising from the magnesium block in the resting
state and the dual ligand and voltage-dependent characteristics of
the receptor (Ascher and Nowak, 1987; Mayer et al., 1984; Nowak
et al., 1984). This biophysics enables an association between pre-
and post-synaptic activity to be detected.

Distributed-associative models of memory require this coinci-
dence detecting mechanism to function. They are very different to
the ‘reflex’ models of habituation, sensitization and alpha-
conditioning in which synaptic changes associated with learning
have been studied in Aplysia (Kandel, 1978). The key difference is
that instead of plasticity augmenting or decreasing the ‘throughput’
in a reflex circuit that is subject to experience-dependent modifi-
cation (Hawkins and Kandel, 1984), associative synaptic potentia-
tion in the hippocampus offers the opportunity of combining two
items of information (say A and B) such that A becomes associated
with B and can then serve as a retrieval cue for B (Morris, 1990). B
does not have to be a biologically significant stimulus (such as food)
and the change to A is not of its ‘reward value’ nor the ability to
elicit a learned reflex, but of its capacity to predict what stimulus
may follow. These distinct forms of associative learning are well
understood in the somewhat esoteric world of animal learning
theory, but less well recognised in neuroscience where ‘associative
learning’ is not yet fully appreciated as a family of qualitatively
distinct learning processes.

In a theoretical paper that explicitly built on the foundations laid
by the mathematician David Marr (Marr, 1971), McNaughton and
Morris (1987) outlined how the hippocampal formation, sup-
ported by NMDA receptor-dependent plasticity, could form A-B
type associations (McNaughton and Morris, 1987). This paper,
perhaps presciently, discusses pattern separation in the dentate
gyrus and the learning of event sequences in area CA3, including
the role of feedforward inhibition to normalise outputs during
memory retrieval. However, our analysis was preliminary, largely
descriptive and did not involve a formal computational model. Now
famous work by others, notably Hopfield and Tank, formalised the
properties and learning-rule requirements of distributed-
associative memories (Hopfield, 1982; Hopfield and Tank, 1985).
In addition, work by colleagues in Edinburgh examined the impact
of having both up- and down-regulation of synaptic strength on
memory storage capacity (Willshaw and Dayan, 1990), bringing
long-term depression (LTD) into the picture, while others made
major contributions regarding ‘attractor networks’ (Amit, 1989) and
the implications of differential forms of representation such as
‘sparse coding’ (Rolls and Treves, 1990). There was also a serious
computational effort to recognise that specific aspects of the
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intrinsic circuitry of the hippocampus has implications for distinct
forms of synaptic plasticity that might play a role in learning
(Treves and Rolls, 1991). A major obstacle in trying to take this work
further was that we, and others, had little idea of the nature and
coding of the information entering the hippocampus from the en-
torhinal cortex. It was many years before grid cells were to be
discovered, and the relationship between place cell representations
and the encoding of events happening within specific contexts
remained elusive.

1.3. Molecular-genetic studies

In the early 1990s, a major new experimental development with
respect to investigating the role of the NMDA receptor in learning
and memory emerged from molecular-genetics and, specifically, via
the new wave of gene ‘knock-out’ studies. These had been first
introduced into the field of learning and memory by two pioneer-
ing studies of the impact of a global knock-out of alpha-CaMKII
(Silva et al., 1992) and of fyn tyrosine kinase (Grant et al., 1992).
The possibility of knocking out the NMDA receptor was high on
everyone’s wish-list, but it was soon shown that a standard ho-
mologous recombination knock-out of NR1 displayed abnormal
development (e.g. in barrel cortex) and died soon after birth (Li
et al.,, 1994). The first successful NMDA receptor knock-out study
related to learning was conducted by Mishina’s group (Sakimura
et al.,, 1995), who showed that deletion of NR2A affected learning
in the watermaze much as we had shown earlier with p-AP5 (but
see Bannerman et al.,, 2008 for an apparent failure to replicate).
However, the big step forward was the importation into neurosci-
ence of Cre-Lox technology by Tonegawa’s group in 1996.

A series of ingenious studies using specific lines of mice showed,
first, that it was possible to knock-out the NR1 subunit of the NMDA
receptor specifically in area CA1 of the hippocampus by cross-
breeding a line of mice expressing Cre downstream of the alpha-
CAMKII promoter with a separate line in which the NMDA NR1
coding sequence was flanked by LoxP sites (Tsien et al., 1996a). This
was the first paper to show convincingly that a complete gene
knock-out can occur in a given region of the brain. Numerous lines
were developed and one, T29, showed expression apparently
restricted to area CA1 of the hippocampus. These mice were then
found to be impaired in learning the watermaze (Tsien et al., 1996b)
and displayed abnormal place fields in CA1 (McHugh et al., 1996).
Using a kainate promoter rather than aCaMKII, this group has gone
on to use this same molecular-genetic approach to dissect differ-
ential functions of NMDA receptors in distinct parts of hippocampal
circuitry. For example, one study provided evidence that NMDA
receptors within area CA3 were essential at memory encoding to
enable pattern completion at the time of memory retrieval in a
watermaze surrounding by specific sets of cues (Nakazawa et al.,
2002) and for what is sometimes called ‘one-shot’ learning
(Nakazawa et al., 2003). This approach to using gene-targeting was
reviewed by (Nakazawa et al.,, 2004), and recently extended to
include a selective deficit in pattern separation when NR1 is deleted
in the dentate gyrus (McHugh et al., 2007).

Another group led by Peter Seeburg and Bert Sakmann, with
behavioural studies led by Nick Rawlins also used ‘knock-out’
technology to investigate the role of glutamate receptors in
learning and memory. They observed that whole brain deletion of
GluR1 (GluA1) can cause deficits in LTP at CA3—CAT1 synapses but,
importantly, a behavioural dissociation between impaired spatial
working-memory alongside intact reference memory (Reisel et al.,
2002; Schmitt et al., 2003). However, the LTP deficit in these mice
may have been over-estimated in the original study of (Zamanillo
et al,, 1999). Subsequent experiments using different LTP induc-
tion protocols revealed considerable LTP in these mice (e.g.

Hoffman et al., 2002; Romberg et al., 2009). The claim by Zamanillo
et al. (1999) of a clear cut dissociation between impaired LTP
coupled to successful spatial reference memory is somewhat
undermined by these later findings.

Nonetheless that the deficit in spatial working-memory could
be rescued by transgenic expression of GluR1 on the knock-out
background (Schmitt et al., 2005) was an important observation.
This group also observed that GluR1-/— mice are hyperactive,
display a subtle lack of motor coordination, and are sometimes
more anxious than wild-type controls. Thus, they may be a very
different phenotype to that of selective NMDA receptor knock-outs.
More recently, they have turned their attention to NMDA receptors
using a cell-type and region-specific strategy, and observed that
selective deletion of NR1 (GluN1) in dentate gyrus also causes the
same behavioural dissociation (Bannerman et al, 2008;
Niewoehner et al., 2007). Given the strikingly similar effects of
GluR1 and NR1 deletion in sub-regions of the hippocampus, they
suggest that there is a specific role for an NMDAR-dependent sig-
nalling pathway that leads to the activation of a GluR-A-dependent
expression mechanism for rapidly acquired, flexible forms of spatial
memory (Sanderson et al., 2008). This claim is compatible with the
‘episodic-like’ memory processing hypothesis of Steele and Morris
(1999) and Nakazawa et al.’s (2003) one-shot learning results,
excepting that the MIT/RIKEN group emphasise CA3 while the
Heidelburg group focus on CA1 and the dentate. A very recent
paper using a new line of mice in which NR1 is deleted in both CA1
and the dentate gyrus again shows the relative sparing of spatial
reference memory in the watermaze, but suggests that deficits can
be observed if a beacon task is used which maximizes the oppor-
tunity for navigational interference, particularly when a path has to
be inhibited (Bannerman et al., 2013).

2. Confusions, challenges, and surprises
2.1. Confusions

There has sometimes been some confusion about how NMDA
receptors should be categorised functionally — with occasional
reference to NMDA receptors as “learning receptors” at conferences
and in discussion. Certainly, the combination of pharmacological,
computational, and molecular-genetic studies just described attest
to the importance of hippocampal NMDA receptors in mediating
the particular forms of synaptic plasticity and memory encoding in
which this structure is engaged. It also plays a role in different
forms of learning in amygdala, olfactory bulb, pyriform cortex, and
striatum. In each of these brain areas, it is now clear that NMDA
receptor activation acts as a trigger for encoding but does not
mediate trace storage, but even this important though limited
contribution to memory did not prevent the “learning receptor”
label getting used. That this happened is understandable, even if an
oversimplification. Within the region of the brain mediating one-
shot, associative episodic-like memory (the hippocampus), the
coincidence property of NMDA receptors is ideal for detecting as-
sociations and triggering the storage of ‘traces’ that represent the
occurrence of events. In amygdala, it helps mediate fear condi-
tioning, while in pyriform cortex, the association of an odour with a
reward. Thus, in different brain regions, NMDA receptors can help
mediate diverse forms of learning and memory.

However, any categorisation as a “learning receptor” is misleading
because a receptor and its subunits can have certain biophysical
properties but the function(s) that these help mediate will depend on
the neuron in which they are expressed, the circuits in which this
neuron operates, and so on. Other papers in this issue discuss this
matter in greater detail, but the primary property of an NMDA re-
ceptor is its dual voltage-and ligand dependent activation, a result of
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ion-channel block by extracellular Mg2+ ions. Because of this, it can
be accurately described as a glutamatergic ligand/voltage receptor
that opens an ion channel that is nonselective to cations with an
equilibrium potential near 0 mV. Normally, calcium enters upon
channel opening, whereupon it can trigger calcium-dependent cal-
cium release from mitochondria and can act on post-synaptically
located signal-transduction cascades to bring about lasting changes
— such as alterations in AMPA receptor trafficking and thus synaptic
potentiation and depression.

However, not all post-synaptic sites may have this ‘machinery’
and in some, calcium can act directly on other ion-channels and
receptors directly. For example, Dale and Roberts, working in Bristol
in the early 1980s, discovered the contribution of NMDA receptors
to the swimming rhythm in Xenopus embryos (Dale and Roberts,
1985). Grillner and his colleagues went on to show how a
calcium-dependent potassium current in lamprey spinal cord was
essential for its rhythmical swimming pattern (Grillner et al., 1998).
There are numerous other examples of diverse functions that
NMDA receptors help perform, including in the sensitization of
pain (Dickenson and Sullivan, 1987) and the development of drug
tolerance and addiction (Trujillo and Akil, 1991) that are linked to
its role in synaptic plasticity. While these represent ‘learning’ of a
kind, they are clearly different from the episodic-like memory in
which the hippocampus is engaged.

2.2. Challenges

A separate issue has to do with various challenges to the
emerging idea of a role for NMDA receptors in memory. One debate
emerged early on when it was noticed that the effects of AP5 were
arguably smaller than those of frank lesions to the hippocampus,
and the reasons for this then discussed and explained (Keith and
Rudy, 1990). A more engaging challenge came from the observa-
tion, made simultaneously by Peter Cain and my own Edinburgh
lab, that the impact of NMDA antagonists in blocking spatial
learning depended on the learning history of the animal. Whereas a
clear deficit was apparent in experimentally naive animals, animals
that had previously been trained in a watermaze can sometimes
learn relatively normally under the drug (Bannerman et al., 1995;
Saucier and Cain, 1995). This dissociation did not appear to have
anything to do with the dose or intrahippocampal concentration of
the NMDA antagonists being used as there were checks across labs
that these were sufficient to block LTP. Cain went on to conduct a
number of studies of this phenomenon, arguing that NMDA an-
tagonists cause gross sensorimotor disturbances and that these
masquerade as learning deficits for the trivial reason that animals
which cannot move around properly cannot demonstrate that they
can learn (Cain et al.,, 1996; Saucier et al., 1996). He also drew
attention to the work of Olney, primarily his work with the non-
competitive antagonist MK-801, who showed that blocking
NMDA receptors can cause pathological changes in the cingulate
cortex (Olney et al., 1991).

From the outset, Cain’s sensorimotor challenge reflected the
point already made above — namely that NMDA receptors do
different things in different circuits. MK-801 in particular is an
extremely difficult drug with which to work in behaving animals as
it rapidly induces stereotopy and other abnormal aspects of
behaviour. At concentrations sufficient to block LTP in vivo, an MK-
801 treated animal is barely testable. However, Cain’s argument
had two strands to it, namely the additional feature that if the
behavioural training is conducted in such a manner than the
sensorimotor effects of the drug can be reduced, such as by ‘pre-
training’, the animals can learn normally. A problem with his
demonstration of this, however, was that the pre-training was
generally done in the same apparatus as that used later to reveal

the subsequent lack of effect of the NMDA receptor blockade. This is
unfortunate for, despite the use of curtains ostensibly to occlude
sight of extramaze cues, it is possible that some elements of
contextual learning will proceed during the pretraining that pre-
clude the need for such learning later under the drug. It was to
guard against precisely this possibility that Bannerman et al. (1995)
used two separate laboratories on two separate floors of the
building — the so-called ‘upstairs-downstairs’ study. We argued
that pretraining dissociated distinct components of spatial learning
— in some ways anticipating the later molecular-genetic work in
hinting that this form of learning is a composite made up of a va-
riety of potentially dissociable components.

Notwithstanding, it has taken some time to address and resolve
the important issues raised by Cain (Inglis et al., 2013; Morris et al.,
2013). One paradoxical aspect is that the sensorimotor disturbances
induced by NMDA antagonists during watermaze training may
arise in part from the failure to learn rather than being the sole
cause of a failure of learning. That is, there is a chicken-and-egg
problem. Using two separate camera systems to monitor the ani-
mals, and quantitative scoring, Morris et al. (2013) have revisited
this matter and shown that at the lower concentrations of chronic
i.cv. infusions of p-AP5 that are sufficient to impair memory
encoding, the phenotype of slower swimming, failure to stay on the
platform and other ‘disturbances’ are mild or even non-existent at
the beginning of a series of daily trials but then build up across the
session. Further, if a spatial visible platform task is used that limits
substantially the expression of sensorimotor abnormalities
(because there are visible platforms occupying different locations
for the animals to head for), p-AP5 still causes a learning impair-
ment. Finally, if the animals are trained extensively for many days
on the more ‘episodic-like’ delayed matching-to-place version of
the watermaze (in which the location of the platform is moved
between days), the drug causes little sensorimotor impairment (as
Cain predicts) but a massive impairment in learning the location of
the platform that day (which he does not). In a companion paper
using intrahippocampal p-AP5 infusion, Inglis et al. (2013) now
show that the pretraining phenomenon is dose-related. It is
apparent as soon as a concentration sufficient to block LTP in the
hippocampus is reached, and may indeed reflect dissociable com-
ponents of spatial learning. Our view is, therefore, that the senso-
rimotor challenge to the memory encoding idea was an important
one but ultimately does not undermine it.

2.3. Surprises

Given the hypothesis that the encoding of episodic-like memory
traces in the hippocampus depends on NMDA receptor activation, it
has come as a considerable surprise that two molecules which
block the associated ion-channel should act as either a cognitive
enhancer (magnesium) or as a drug that could be efficacious in
Alzheimer’s Disease (memantine) of which loss of recent episodic-
memory is an early symptom. It is well known that elevating
magnesium concentration during in vitro brain slice experiments
can reduce the induction of LTP. Accordingly, Slutsky et al.’s (2010)
observation that chronic administration of magnesium-L-threonate
(MgT) should enhance LTP and learning feels paradoxical. A likely
explanation is in terms of ‘neuronal homeostasis’ (Turrigiano and
Nelson, 2000), with the chronic availability of MgT causing a
compensatory increase in the number of NMDA receptors over
time. Indeed, they found that elevation of brain Mg2+ led to sig-
nificant enhancement of NR2B-containing NMDARs, an enhance-
ment of NMDAR signalling and synaptic plasticity, and at the
cellular level, an increase in presynaptic boutons as measured by
synaptophysin staining. Parallel work in the domain of ocular
dominance plasticity indicates that a reduction in the NR2A/B ratio
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during monocular deprivation is permissive for the compensatory
potentiation of non-deprived inputs (Cho et al., 2009). Behaviour-
ally, they observed a small but significant enhancement of spatial
memory using both a delayed T-maze task and a watermaze. The
paradox is resolved by the fact that increasing the magnesium block
of the NMDA receptor with MgT under baseline conditions triggers
a homeostatic upregulation synaptic NMDARs that precisely
counterbalances the increased blockade of NMDAR opening asso-
ciated with chronic increase in Mg2+, thereby restoring a steady-
state of baseline NMDA conductance. However, in this state,
while the level of background NMDAR currents remains constant,
NMDAR currents during the coincidence of pre- and post-synaptic
activity as occurs during learning and LTP is enhanced.

The efficacy of memantine is an analogous but different story. At
first sight, the now considerable body of work showing that
memantine, a non-competitive NMDA receptor antagonist, is an
effective therapy in Alzheimer’s Disease (Danysz and Parsons, 2012;
Parsons et al., 2007) is also hardly a prediction that the NMDA re-
ceptor and memory encoding hypothesis might have made. As
Alzheimers Disease (AD), at least in its early stages, is characterised
by loss of recent memory, the possible use of a non-competitive
NMDA antagonist as a therapy is then no less paradoxical than
the use of magnesium as a memory enhancer. The mechanism is
different — for NMDA receptors can also trigger calcium entry that
is excitotoxic and this may contribute insidiously over time to the
neurodegeneration that is characteristic of AD. Studies of its mode
of action have revealed that the channel blocking action of mem-
antine is sufficient to limit excitotoxic effects of tonic activation of
NMDA receptors while, like magnesium, preserving the phasic ef-
fects that arise when pre- and post-synaptic activity co-occur. To
the extent that excitotoxicity is a contribution to the gradual neu-
rodegeneration observed in AD, possibly mediated by interactions
between AB and NMDA receptors, an NMDA antagonist may be
helpful. In a scholarly review of its relevance to AD, Danysz and
Parsons (2012) contrast memantine with a competitive antago-
nist such as AP5 or CPP, arguing that only the latter blocks both
tonic and phasic activations of the receptor, and thus synaptic
plasticity and associated memory formation. They also suggest that
memantine may be more tightly bound to the channel than Mg2+,
though much less than MK-801. These kinetics are fortuitous for its
efficacy.

3. Future directions

In preparing this summary of work on NMDA receptors and
memory encoding, Google Scholar revealed over 23,000 hits for the
conjunction of “NMDA receptor”, “memory” and “learning”. There
clearly has been and still is a great deal of research going on, and all
manner of intriguing new issues (and technologies) have emerged
in the last ten years that will refine the concept that activation of
these receptors is essential for diverse aspects of memory encoding
in different circuits of the brain.

The work discussed so far has focused on rodents — rats and
mice. What about other species? The generality of the memory
encoding concept has now been firmly established through studies
of several species ranging from invertebrates (flies), non-
mammalian vertebrates (birds), and in diverse mammals through
to humans (Riters and Bingman, 1994; Steele and Stewart, 1993; Xia
et al., 2005). For example, song-birds not only fail to learn songs
when specific nuclei of the song-system are subject to NMDA an-
tagonists, they also express increased mRNA for the NR2B subunit
during the season when they are learning their mating song (Singh
et al., 2003). Humans fail to remember the widely used Rey-figure
as they study and attempt to remember it under the influence of
ketamine (Grunwald et al., 1999), and recent work indicates that

chromosome translocation breakpoints in individuals with mental
retardation and/or epilepsy in humans are associated with GRIN2B
or GRIN2A — genes that encode the NMDA receptor subunits NR2B
and NR2A (Endele et al., 2010). There is also growing interest in
NMDA receptor function in humans through the development of
the glutamatergic theory of schizophrenia (Harrison and
Weinberger, 2005).

Another issue for the future concerns the possibility of improving
learning by enhancing NMDA receptor signalling. The creation of the
so-called “Doogie” mouse by Joe Tsien and his colleagues at Princeton
raised the intriguing possibility of doing this by over-expressing
NR2B receptors (Tang et al., 1999). There is some way to go from
smart mice to smart humans, but the possibility of achieving this is
brought into focus by the studies discussed above of the impact of
Magnesium Threonate as a cognitive enhancer. The trick for
enhancing NMDA receptor function appears either to be the use of a
drug that increases their expression; or, alternatively, involves
finding a method of enhancing NMDA receptor efficacy under the
very specific circumstances of learning while simultaneously limiting
the opportunity for compensatory homeostatic downscaling.

One of the challenges to the hypothesis of NMDA receptors and
memory encoding came from the observation, discussed above,
that experienced animals that have gone through a first-learning
task can be unaffected by blockade of NMDA receptors during a
similar but distinct second learning task. This effect is not always
observed, for example with simple fear conditioning mediated by
the amygdala (Lee and Kim, 1998), but is by no means restricted to
spatial learning in the watermaze as it is also seen in context fear
conditioning (Sanders and Fanselow, 2003). There have been some
recent and exacting analyses of this important phenomenon that
collectively suggest that, in context fear conditioning, the same
neurons must be used for both tasks for the lack of dependence on
NMDA receptors to be seen (Tayler et al., 2011; Wiltgen et al., 2010,
2011). This is an intriguing finding, but still challenges the NMDA
receptor and encoding hypothesis in its simplest form as, from the
perspective of distributed-associative computational models, the
pre-supposition is that storage at different synaptic terminals on
the same neurons would still require NMDA receptor activation at
the time of second learning. In a complication to the way these
experiments and the associated drug infusions are carried out,
(Wang et al,, 2012) have raised the complication that first- and
second-learning of similar tasks may sometimes use different parts
of the hippocampus (dorsal vs. ventral) and thus the success of
second-learning with AP5 may reflect limited diffusion of the drug
to the ventral site in the hippocampus where second-learning is
mediated. Even so, this switch to different parts of the hippocam-
pus is itself a puzzle as it is unclear how the hippocampus could
“metacognitively know” (sic) whether a task on which an animal is
being trained is a first or second learning task of a particular
category.

One difficulty that we face in taking this fascinating set of
puzzles forward is that a specific learning task in humans (e.g.
picture recognition) may later enable memory retrieval that has
qualitatively distinct characteristics depending on the nature of the
encoding that happens at initial learning. Specifically, people may
respond positively at retrieval to a stimulus because, having seen it
before, it has become ‘familiar’. Alternatively, they could do so
because they really have the mental experience of ‘remembering’
when and/or where they saw it. Remembering in this sense entails
a deeper association between a stimulus or event and the spatial-
temporal context of its occurrence. The dissociation between
knowing and remembering is itself controversial, and very difficult
to analyse in animals, but it relates directly to systems memory
consolidation, and with it the dynamic relationship of the hippo-
campus and neocortex in storing and later retrieving long-term
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memories. Continued work on the puzzle of the necessity for
NMDA receptor activation during hippocampal-dependent
learning and retrieval may help to shed light on these and other
dissociations.

There are host of other issues that could be discussed, but I shall
end on a potentially practical note. It is well known that anaes-
thetics used in children, such as ketamine, are NMDA receptor
antagonists (Anis et al., 1983). In adult animals, the use of these
drugs appears to be reversible, but is this also the case in devel-
oping animals and, in particular, human babies subject to perinatal
operations? Recent work in animals has called attention to poten-
tial long-term dangers of such anaesthetics (Jevtovic-Todorovic
et al,, 2003). The key observation is that exposure of the devel-
oping brain during the period of synaptogenesis to drugs that block
NMDA glutamate receptors or drugs that potentiate GABAa re-
ceptors may trigger widespread apoptotic neurodegeneration.
These authors administered a combination of drugs commonly
used in pediatric anesthesia to 7-day old infant rats in doses suf-
ficient to maintain a surgical plane of anesthesia for 6 h. They
observed widespread neurodegeneration in the developing brain,
deficits in hippocampal synaptic function, and persistent memory/
learning impairments. The question of whether such anaesthetics
are really dangerous for humans is, however, a different matter.
Thomas et al. (2011) take a skeptical view of the possibility, but in
the context of a carefully written editorial that documents a
number of exacting studies that have looked at the issue.

To conclude, we have come a long way since Collingridge et al.’s
(1983) first observation of the role of the NMDA receptor in activity-
dependent synaptic plasticity. We understand better the NR1, NR2
and NR3 subunit composition of NMDA (GRIN) receptors, their
contribution to triggering changes in AMPA receptor expression,
and their expression pattern in different regions of the brain and
spinal cord. Along this path of adventure, the beneficial and the
more dangerous aspects of NMDA receptor signalling have been
identified and studied. The coincidence detecting function of
NMDA receptors appears, in hippocampus, to play a critical role in
episodic-like memory formation. Maintaining this system in a fully
functional state is important for the more automatic aspects of day-
to-day cognition. Efforts to develop new cognitive-enhancing drugs
are likely to continue to include a major focus on glutamatergic
receptors and their downstream signalling pathways.
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