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The Role of Hippocampal Glutamate Receptor-A-Dependent
Synaptic Plasticity in Conditional Learning: The Importance
of Spatiotemporal Discontiguity
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Gene-targeted mice lacking the AMPA receptor subunit glutamate receptor-A (GluR-A or GluR1) and mice with cytotoxic hippocampal
lesions were compared with wild-type and sham-operated controls, respectively, on a conditional learning task using an elevated T-maze.
Floor inserts (white perspex vs wire mesh) provided a conditional cue indicating in which goal arm a food reward was to be found. The
relationship between the floor insert and the rewarded goal arm was constant throughout the experiment. Both lesioned and knock-out
mice were able to acquire the task if the floor inserts extended throughout the entire maze, including the start arm and both goal arms. In
contrast, both lesioned and knock-out mice were unable to acquire the task if the floor inserts were only present in the start arm of the
maze. The absence of the conditional cue (the floor insert) at the time when the place-reward association was experienced thus critically
determined whether or not the mice were impaired. We suggest that hippocampal GluR-A-dependent synaptic plasticity contributes to a
memory system in rodents for encoding both the spatial and temporal contexts (the where and the when) associated with a particular

event.
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Introduction

The amnestic effects of hippocampal lesions are well docu-
mented, leading to the widely held belief that the hippocampus is
crucial for learning and memory (Scoville and Milner, 1957;
Vargha-Khadem et al., 1997). The rodent hippocampus has been
especially implicated in spatial learning (O’Keefe and Nadel,
1978; Morris et al., 1982). However, it is also important for en-
coding the temporal sequence of events (Agster et al., 2002; For-
tin et al., 2002; Kesner et al., 2002). The rodent hippocampal
memory system may thus provide the means for encoding both
the spatial and temporal contexts (the where and the when) as-
sociated with a particular event (Morris et al., 2003; Eichenbaum
and Fortin, 2003).

It is widely believed that memories are stored as changes in the
strength of synaptic connections between neurons (Hebb, 1949).
Long-term potentiation (LTP) is an experimental model of a type
of synaptic plasticity that may underlie memory storage (Bliss
and Lomo, 1973; Bliss and Collingridge, 1993; Martin et al.,
2000). Induction of the most commonly studied form of hip-
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pocampal LTP requires the activation of NMDA receptors (Col-
lingridge et al., 1983). The resulting long-term expression, how-
ever, appears to rely on recruiting additional AMPA receptors
containing glutamate receptor-A (GluR-A; GluR1) subunits to
the activated synapse (Malinow and Malenka, 2002). Mice lack-
ing the GluR-A subunit no longer develop conventional CA3-
CA1 LTP (Zamanillo et al., 1999). Somewhat surprisingly, these
mice displayed normal, hippocampus-dependent spatial refer-
ence memory (Zamanillo et al., 1999; Reisel et al., 2002; Schmitt
et al., 2003, 2004). They did, however, resemble hippocampal-
lesioned animals in displaying a profound spatial working mem-
ory impairment (Reisel et al., 2002; Schmitt et al., 2003).

In working memory tasks such as nonmatching to place
(NMTP) on the T-maze (Rawlins and Olton, 1982), the animal’s
response must change from trial to trial, depending on trial-
specific sample information given immediately beforehand. The
visit to the sample goal arm provides the trial-specific conditional
cue that determines which arm should subsequently be chosen
during the choice trial. The present study further examined the
role of hippocampal GluR-A-dependent synaptic plasticity in
conditional learning on the T-maze. The conditional cue was
now provided by different, interchangeable floor inserts (white
perspex vs wire mesh). By varying the extent of the floor inserts, it
is possible to compare performance under conditions in which
the conditional cue is either present (inserts extend throughout
the entire maze) or absent (inserts limited to the start arm only)
when the animal experiences a particular place-reward associa-



7278 - ). Neurosci., August 18, 2004 - 24(33):7277-7282

tion. It is thus possible to manipulate the degree of spatiotempo-
ral contiguity between the conditional cue and the choice out-
come, to require or eliminate the need to retrieve the appropriate
conditional cue memories needed to learn the task contingencies
(Rawlins, 1985). GluR-A '~ and hippocampal-lesioned mice
were therefore compared with wild-type and sham-lesioned con-
trols on two versions of the conditional T-maze task in which the
floor inserts were either limited to the start arm only or extended
throughout the entire maze.

Materials and Methods

Subjects. Experiments 1 and 3 each consisted of two groups of C57BL/
6Jola Hsd female mice obtained from Harlan OLAC Ltd., (Oxon, UK),
which had received either bilateral NMDA-induced cytotoxic hippocam-
pal lesions or sham surgery [see Deacon et al. (2002) for details of meth-
odology]. Experiments 2 and 4 were conducted with separate cohorts of
experimentally naive, age-matched, female, wild-type, and GIuRA I
mice that were bred in the Department of Experimental Psychology at the
University of Oxford [see Zamanillo et al. (1999) for details of genetic
construction, breeding, and subsequent genotyping]. The genetic back-
ground of these mice consisted of a cross between C57BL/6JolaHsd and
129S2/SvHsd strains. Mice were housed in group cages and tested during
the light phase of the day (from 7:00 A.M. to 7:00 P.M.). Mice had ad
libitum access to water but were maintained on a restricted feeding sched-
ule at 85% of their free-feeding weight throughout behavioral testing. All
experiments were conducted under the auspices of UK Home Office
Project and Personal licenses held by the authors.

Apparatus. Learning was assessed on an elevated wooden T-maze, con-
sisting of a start arm (47 X 10 cm) and two identical goal arms (35 X 10
cm), surrounded by a 10-cm-high wall. A metal food well was located 3
cm from the end of each goal arm. The maze was located 1 m above the
floor in a well lit laboratory that contained various prominent distal
extramaze cues. Floor inserts of either white perspex or wire mesh (5 X 5
mm mesh, affixed to a gray painted, wooden backing) could be placed
into the maze according to the counterbalanced experimental protocol.

Experiments 1 and 2. Experiment 1 comprised hippocampal (HPC)-
lesioned (n = 6) and sham-lesioned mice (n = 6). The mice were first
habituated to drinking sweetened, condensed milk (diluted 50:50 with
water) on two arms of an elevated Y-maze (Reisel et al., 2002) in their
colony holding room (i.e., not the testing room). Once all the mice were
running freely on the Y-maze and readily consuming the milk rewards,
testing on the T-maze began.

Mice were trained on a conditional learning task in which a floor insert
(57 X 10 cm), covering the whole of the start arm and extending right
across to the wall opposite the start arm at the junction of the maze, acted
as a conditional cue or occasion setter. For half of the sham- and HPC-
lesioned animals, the presence of the white perspex insert indicated that
the 0.1 ml milk reward was available in the left goal arm. In contrast, the
reward was in the right goal arm if the start arm contained the wire mesh,
floor insert. For the remaining sham- and HPC-lesioned mice, the oppo-
site pair of floor insert-reward contingencies applied (e.g., perspex—
right, wire—left). The relationship between the floor insert and the re-
warded goal arm was constant for each animal throughout the
experiment. Mice received 16 test sessions comprising 10 trials per ses-
sion with an intertrial interval of 5-10 min. Each session consisted of five
trials with each of the two floor inserts, and no more than three consec-
utive trials with the same floor insert, according to a pseudorandom
sequence. During the final session of 10 trials the milk reward was deliv-
ered into the food well only after the mouse had made a choice. This was
to ensure that the mice were unable to solve the task by smelling the milk
reward.

On completion of the start arm conditional learning task, spatial
working memory was assessed in both the sham- and hippocampal-
lesioned mice. They received 20 trials of discrete trial, rewarded alterna-
tion (NMTP) testing using the same elevated T-maze but with no floor
inserts present. Each trial consisted of a sample run and a choice run. On
the sample run the mice were forced either left or right by a wooden block
to obtain a milk reward, according to a pseudorandom sequence (with
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equal numbers of left and right turns per session, and with no more than
three consecutive turns in the same direction). The block was then re-
moved and the mouse was placed, facing the experimenter, at the end of
the start arm and allowed a free choice of either arm. The time interval
between the sample run and the choice run was ~15 sec. The mouse was
rewarded for choosing the previously unvisited arm (i.e., for alternating).

Experiment 2 consisted of wild-type (1 = 7) and GIuRA ~/~ mice (n =
7). Habituation and testing were the same as for experiment 1. Mice
received a total of 14 test sessions. On completion of the start arm con-
ditional task, the wild-type (WT) and GluRA ~/~ mice were trained on a
simple discrimination using goal arm, floor inserts made of either white
perspex or wire mesh, using the same elevated T-maze. The mice were
trained to discriminate between the white perspex floor insert and the
wire mesh insert for a milk reward. The mice received eight sessions, each
consisting of 10 trials. One goal arm, floor insert was designated as always
rewarded throughout testing, and was counterbalanced across groups.
The right-left orientation of the floor inserts was determined according
to a pseudorandom sequence, with the reward in the left goal arm on five
trials of each session, and with no more than three consecutive trials
rewarded in the left or right goal arm.

Experiments 3 and 4. Experiment 3 comprised HPC- (n = 6) and
sham-lesioned mice (n = 6). After habituation (see above), the mice were
tested as in experiments 1 and 2 with the only exception that the floor
inserts now extended throughout the entire maze, including the start arm
and both of the goal arms. As in experiment 1, half of the mice were
trained so that when the white perspex insert was in place, the reward was
in the left goal arm, and when the wire mesh insert was present, the
reward was in the right goal arm. For the remaining animals the opposite
pair of floor insert-reward contingencies applied (e.g., perspex—right,
wire—left). Mice received 13 test sessions. Otherwise the testing proce-
dure was identical to Experiments 1 and 2. Experiment 4 consisted of
wild-type (n = 8) and GluRA ~/~ mice (n = 8). Habituation and testing
were the same as for experiment 3. Mice received 11 test sessions in total.

On completion of the full maze, floor insert task, spatial working
memory was assessed in both of these cohorts of mice (sham—hippocam-
pal and wild-type—knock-out). They received 20 trials of discrete trial,
rewarded alternation testing using the same elevated T-maze but with no
floor inserts present.

Histology. On completion of behavioral testing mice with sham or
HPC lesions were anesthetized and perfused transcardially with physio-
logical saline followed by 10% formol-saline. The brains were removed
and stored in formol-saline. They were then placed in a 30% sucrose-
formalin solution for 24 hr, frozen, sectioned, and stained with cresyl
violet.
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Figure 1. Mice with hippocampal lesions and GIuR-A ~/~ mice are impaired on a condi-
tional version of the T-maze task in which floor inserts located in the start arm of the maze act as
conditional cues, indicating which goal arm is to be rewarded. Mean percentage of correct
responses == SEM (untransformed, 10 trials per block) for mice with cytotoxic hippocampal
lesions (white squares) or sham-operated controls (white circles) (A) and GluR-A —/~ mice
(black squares) and wild-type controls (white circles) (B). During the last block of 10 trials of
each experiment, the reward was delivered only after the animal had made a choice. Where
error bars appear to be absent, the error is too small to be visible.
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Figure 2. Mice with hippocampal lesions and GluR-A /™ mice are impaired on a discrete
trial, rewarded alternation (spatial nonmatching to place) task on the elevated T-maze (no floor
inserts present). Mean percentage of correct responses == SEM of 20 trials for experiment 1 (left)
and experiment 3 (center), sham-operated controls (white bar) and mice with cytotoxic hip-
pocampal lesions (black bar), and experiment 4 (right), wild-type controls (white bar) and
GluR-A /" mice (gray bar).

Results

Experiments 1 and 2

Sham-operated mice learned to use the start arm floor insert as a
conditional cue to solve the task (Fig. 1 A, experiment 1). In con-
trast, mice with hippocampal lesions still displayed chance levels
of performance even after 160 trials. Because the data were not
normally distributed, they were subjected to a “square” transfor-
mation. An ANOVA of the transformed data revealed a main
effect of group (F; ;) = 26.0; p < 0.001), a main effect of session
(F1s,150) = 5.15 p < 0.001), and a groups by sessions interaction
(F15,150) = 4.1; p < 0.001). Subsequent analysis of simple main
effects showed that the hippocampal-lesioned mice were signifi-
cantly impaired relative to the sham controls from sessions 12-16
(all F, 57 > 5.6; p < 0.05). The hippocampal-lesioned mice
were also impaired during NMTP testing using the same elevated
T-maze but in the absence of any floor inserts (sham = 69.2 =
2.7%; HPC = 44.2 = 3.3%; f.,,, = 5.9; p < 0.0005) (Fig. 2,
experiment 1).

WT mice, like sham-operated controls, were able to solve the
start arm, floor insert version of the task (Fig. 1 B, experiment 2).
GIuRA ~/~ mice, like mice with HPC lesions, were unable to do
so. The knock-out animals were still at chance even after 140
trials. An ANOVA revealed a significant main effect of session
(F13,156) = 5.3; p < 0.0001), a significant main effect of group
(F1,12) = 5.3; p < 0.05), and a significant groups by sessions
interaction (F(,; 156, = 5.9; p << 0.0001). Subsequent analysis of
simple main effects confirmed that this was attributable to the
fact that the GIuRA ~/~ mice were significantly impaired relative
to the WT mice from sessions 9-14 (all F, 5,y > 5.7; p < 0.05).
The same GIuRA ~/~ mice were, however, able to solve a simple
discrimination task based on floor inserts limited just to the goal
arms (Fig. 3). Both WT and knock-out mice acquired the simple
discrimination task at a similar rate. There was a significant main
effect of session (F(;g,) = 21.2; p < 0.001), but neither a main
effect of group (F < 1; p > 0.20), nor a groups by sessions inter-
action (F(; g4y = 1.02; p > 0.20).

It is worth noting that the general level of performance was
higher in experiment 2 compared with experiment 1. This may
have been attributable to differences in the background strains
used in the two studies (see Subjects), but could equally be caused
by other uncontrolled differences between the cohorts. This was
reflected in a significant overall main effect of experiment
(F(1,22) = 18.74; p < 0.0005). Importantly, however, there was no
interaction between experiment and experimental manipulation
(sham-operated control or wild-type control vs either HPC le-
sion or GIuRA ~/~ mice), or an experiment by experimental ma-
nipulation by blocks interaction (both F < 1). Hence, there was
no difference in the effects of the manipulations in the two
experiments.
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Figure 3.  Wild-type and GluR-A ~/~ mice acquire a simple discrimination using floor in-
serts located in the goal arms of the maze at the same rate. Mean percentage of correct re-
sponses = SEM (10 trials per block) for GluR-A ~/~ mice (black squares) and wild-type controls
(white circles).
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Figure4.  Mice with hippocampal lesions and GIuR-A ~/~ mice are able to acquire a condi-
tional version of the T-maze task in which floor inserts extending throughout the entire maze
(the start arm and both goal arms) act as conditional cues, indicating which goal arm is to be
rewarded. Mean percentage of correct responses = SEM (10 trials per block) for mice with
cytotoxic hippocampal lesions (white squares) or sham-operated controls (white circles) (A)
and GluR-A ~/~ mice (black squares) and wild-type controls (white circles) ( B). During the last
block of 10 trials of each experiment the reward was delivered only after the animal had made
a choice. Where error bars appear to be absent, the error is too small to be visible.

Experiments 3 and 4

Both sham- and HPC-lesioned animals were able to solve the
conditional task when the floor inserts extended throughout the
entire maze (Fig. 4 A, experiment 3). Both groups of mice learned
the task at a similar rate. These impressions were confirmed by an
ANOVA that showed a significant main effect of session
(F12120) = 19.3; p < 0.0001), but neither a main effect of group
(F(1.10) = 2.6;p > 0.10), nor a groups by sessions interaction (F <
1;p > 0.20).

Likewise, both WT and GIluRA ~/~ mice were also able to
successfully solve the full maze insert version of the task (Fig. 4 B,
experiment 4). Again, an ANOVA revealed a significant main
effect of session (F4,149) = 13.0; p < 0.0001), but neither a main
effect of group (F; ;4) = 2.2; p > 0.10), nor a groups by sessions
interaction (F < 1; p > 0.20).

Both of these HPC lesion and GluRA ~/~ groups of mice did,
however, display a spatial working memory impairment when
subsequently tested on a discrete trial, rewarded alternation
(NMTP) task using the same elevated T-maze but without any
floor inserts. Mice with HPC lesions were impaired relative to
sham-operated controls (sham = 77.5 = 3.6; HPC = 46.7 *+ 2.8;
tao) = 6.8;p < 0.0001) (Fig. 2, experiment 3). Similarly, whereas
wild-type mice showed good levels of rewarded alternation
(74.4 * 5.8%), the GluRA ~/~ mice remained at chance (49.4 +
4.7%; U = 55.0; p < 0.05) (Fig. 2, experiment 4).

Histology
All mice in the HPC lesion groups of experiments 1 and 3 pos-
sessed near complete hippocampal lesions that encompassed
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Figure5.  Photomicrographs of coronal sections taken from a sham-operated control animal
(left) and a representative (median for size) hippocampal-lesioned mouse (right).

both the dorsal and ventral hippocampus (Fig. 5). There was only
minimal damage to the subicular complex and no observable
damage to the entorhinal cortex or to the thalamus. There was no
difference in the size of the lesions in mice who participated sep-
arately in experiments 1 and 3.

Discussion

Mice with hippocampal lesions were unable to acquire a condi-
tional T-maze task in which floor inserts present in the start arm
of the maze provided trial-specific information indicating which
goal arm should be chosen to obtain reward (Murray and Ridley,
1999). The performance of the lesioned animals remained at
chance even after 160 trials. In contrast, if the floor inserts ex-
tended throughout the entire maze, including the start arm and
both goal arms, then mice with hippocampal lesions were able to
acquire the task successfully. A strikingly similar pattern of results
was obtained with GluR-A ™'~ mice. The knock-out animals
were able to acquire the task when the floor inserts were present
throughout the maze, but were unable to do so when the condi-
tional cue was limited to the start arm only. The performance of
the knock-out mice remained at chance on this version of the
task, even after 140 trials. These results show that GluR-A '~
mice, like mice with hippocampal lesions, are impaired on a con-
ditional version of the T-maze task, but only if the conditional
cue and the place reward association are spatiotemporally dis-
contiguous. The absence of the conditional cue (the floor insert)
at the time when the place-reward association was experienced
critically determined whether or not lesioned and knock-out
mice were impaired. Although no response latencies were re-
corded, the time taken for the mouse to get from the start arm to
the reward was typically 1- 4 sec. When the maze inserts extended
throughout the entire maze, so that the conditional cue was
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present when the mouse experienced the place-reward associa-
tion, then both groups of mice acquired the task as well as their
respective control groups.

These results substantially extend our previous findings with
GluR-A /™ mice. There are several important differences be-
tween the NMTP version of the T-maze task (Reisel et al., 2002),
and the “start arm” conditional task described in the present
study that are worth noting. First, the conditional cue in the
present study is nonspatial in nature (the floor inserts), whereas
during NMTP testing the conditional information is provided by
the spatial location of the goal arm visited on the sample run.
Second, in contrast to NMTP testing, in the present study the
conditional cue is present at the choice point when the animal
makes a response. Third, the conditional learning task is acquired
gradually in an incremental manner by the controls, in contrast
to the very rapid, often one-trial acquisition associated with
working memory performance on tasks such as NMTP. In this
respect, the acquisition of the start arm conditional task more
resembles the incremental acquisition of spatial reference mem-
ory tasks such as the water maze, although crucially these two
tasks are very different in terms of their requirement for GluR-A-
dependent synaptic plasticity. Importantly, the “start arm only”
and “full maze insert” versions of the conditional task in the
present study are very closely matched for control difficulty, un-
like standard spatial working and reference memory versions of
the three arm maze task (Reisel et al., 2002). Fourth, the present
results demonstrate the importance of the spatiotemporal dis-
contiguity between the conditional cue and the place-reward as-
sociation in terms of whether or not GluR-A-dependent synaptic
plasticity is required. Any theory of GluR-A function must ex-
plain these new findings, in addition to the striking spatial work-
ing memory impairment displayed by GluR-A ~/~ mice.

One possible account is that GluR-A-dependent synaptic
plasticity in the hippocampus underlies a temporal tagging
mechanism that provides the ability to encode what happened
when. On the start arm conditional task, when the mouse makes
the correct choice of goal arm and finds a reward, it must link that
outcome to the immediately preceding experience of a particular
start arm insert that must therefore be temporally tagged to dif-
ferentiate the present trial from the previous one. This is not
necessary if the conditional cue is present at the time when the
animal experiences the place-reward association, as is the case
when the inserts cover the whole maze. Indeed, under these con-
ditions it is possible that the mice do not in fact solve the task
using a conditional operation, but rather they do so in a noncon-
ditional manner, deconstructing the task into discrete go-no-go
discriminations (Deacon et al., 2001).

A role for GluR-A-dependent synaptic plasticity in the tem-
poral tagging of events could also explain the striking spatial
working memory impairment in the GluR-A ~/~ mice (Reisel et
al., 2002; Schmitt et al., 2003). For example, along similar lines to
the start arm conditional task, during NMTP testing on the
T-maze the mouse must temporally tag its visit to the goal arm
during the sample run to differentiate the present trial from pre-
vious ones. Likewise, during radial maze performance, to avoid
making working memory errors an animal must be able to keep
track of which arms have been visited on that particular trial. It is
therefore essential to be able to encode when a particular arm was
visited to be able to separate the present trial from previous visits
to the maze.

The idea that the hippocampus is important for the temporal
encoding of events (what happened when) is not new. A number
of recent studies have shown that rats with hippocampal lesions
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are unable to encode the temporal order in which they are ex-
posed to a series of odors (Fortin et al., 2002; Kesner et al., 2002).
We now suggest that this temporal encoding of events is mediated
by hippocampal, GluR-A-dependent synaptic plasticity. There is
evidence that deficits in NMDA receptor-dependent LTP are as-
sociated with impairments on tasks in which the temporal encod-
ing or tagging of events is likely to be of crucial importance. In
addition to deficits on spatial working memory tasks (Tonkiss
and Rawlins, 1991; Steele and Morris, 1999; Lee and Kesner,
2002), rats or mice lacking NMDA-receptor-dependent LTP are
also impaired on nonspatial tasks in which the temporal tagging
or encoding of events is likely to be crucial for normal perfor-
mance (Tonkiss et al., 1988; Huerta et al., 2000; Rondi-Reig et al.,
2001).

An important question that remains to be answered is whether
the role of hippocampal GluR-A-dependent synaptic plasticity
extends beyond the ability to discriminate between events on the
basis of when they occurred. One version of the temporal tagging
hypothesis is that the role of GluR-A-dependent synaptic plastic-
ity is strictly limited to the temporal encoding of events and is not
required for learning to associate a particular spatial location with
a particular outcome or response-outcome contingency. Thus,
GluR-A /™ mice can generate spatial representations of the arms
they have visited during radial maze or T-maze testing, but can-
not encode when those arms were visited. This spatial or contex-
tual retrieval of events (encoding what happened where, regard-
less of when; Hirsh, 1974; Good and Honey, 1991) may be
supported by residual, GluR-A-independent forms of LTP in the
hippocampus (Hoffman et al., 2002), and is sufficient for GluR-
A" mice to be able to acquire spatial reference memory tasks
such as the water maze (Zamanillo et al., 1999; Reisel et al., 2002;
Schmitt et al., 2003, 2004). An alternative version of the theory,
which would also be consistent with the data set, is that the role of
rapid-onset, GluR-A-dependent synaptic plasticity extends be-
yond just the temporal tagging of events and in fact underlies a
one-trial, ability to encode both where and when events or epi-
sodes happened. This version of the theory must then also in-
clude a separate GluR-A-independent hippocampal mechanism
for the incrementally acquired spatial or contextual retrieval of
information, as typified by spatial reference memory acquisition.

To conclude, GluR-A-dependent synaptic plasticity in the
hippocampus plays an essential role during acquisition of a con-
ditional version of the T-maze task, but only if the conditional
cue and the place-reward association are spatiotemporally dis-
contiguous. The absence of the conditional cue (the floor insert)
at the time when the place-reward association was experienced
critically determined whether or not lesioned and GluR-A knock-
out mice were impaired. These results could potentially be ex-
plained by a role for GluR-A-dependent, hippocampal synaptic
plasticity in the temporal tagging or encoding of events (what
happened when), an account which would also explain the strik-
ing spatial working memory impairment displayed by these ani-
mals. Equally the results could also potentially be explained if
GluR-A-dependent synaptic plasticity underlies a one-trial, abil-
ity to encode what happened where. If the role of GluR-A-
dependent synaptic plasticity is strictly limited to temporal tag-
ging then one-trial, spatial working memory should improve as
the need for temporal tagging is reduced. If GluR-A underlies the
ability to encode what happened where, then spatial working
memory will be impaired regardless of whether or not there is
potential interference from previous trials. Further experiments
are required to distinguish between these possibilities and to es-
tablish the precise role of NMDA receptors in these distinct as-
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pects of hippocampal information processing that we have now
repeatedly differentiated (Morris et al., 1986; Bannerman et al.,
1995; Saucier and Cain, 1995; Tsien et al., 1996; Good and Ban-
nerman, 1997).
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