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A Within-Subjects, Within-Task Demonstration of Intact
Spatial Reference Memory and Impaired Spatial Working
Memory in Glutamate Receptor-A-Deficient Mice

Wolfram B. Schmitt,' Robert M. J. Deacon,' Peter H. Seeburg,? J. Nicholas P. Rawlins,' and David M. Bannerman'
Department of Experimental Psychology, University of Oxford, Oxford OX1 3UD, United Kingdom, and Department of Molecular Neurobiology, Max-
Planck Institute of Medical Research, D-69120 Heidelberg, Germany

Gene-targeted mice lacking the AMPA receptor subunit glutamate receptor-A (GluRA) (GluR1) and wild-type controls were compared on
aradial-maze task in which the same three of six arms were always baited, but in which the rewards of milk were not replaced within a trial.
This procedure allowed not only a within-subjects but also a within-trials assessment of both spatial working memory (WM) and
reference memory (RM) in GluRA ~'~ mice, using identical spatial cues. In experiment 1, the GluRA '~ mice made more WM and RM
errors during task acquisition. However, separate groups of GluRA ~'~ and wild-type mice (experiment 2) acquired a purely RM version
of the task at a similar rate, using a paradigm with which it was not possible to make WM errors (doors prevented mice from re-entering
an arm that they had already visited on that trial). In contrast, mice with hippocampal lesions were dramatically impaired. These results
are consistent with the possibility that the WM impairment in the GluRA ~'~ mice during experiment 1 produced interference that
disrupted RM acquisition. A WM component was therefore introduced after RM acquisition in experiment 2 (i.e., the mice were no longer
prevented from re-entering a previously visited arm). The GluRA ~/~ mice now made considerably more WM errors than did wild-type
mice, but simultaneously, RM was only mildly and transiently impaired. These experiments provide additional evidence of a selective
spatial WM deficit coexisting with intact spatial RM acquisition in GluRA ~'~ mice, suggesting that different neuronal mechanisms

within the hippocampus may support these different kinds of information processing.
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Introduction
It has been widely suggested that physiological processes resem-
bling long-term potentiation (LTP) in the hippocampus may un-
derlie spatial learning in the mammalian brain (Bliss and Lemo,
1973; Martin et al., 2000). However, the relationship between
hippocampal (HPC) LTP and spatial learning may be less
straightforward than previously imagined. For example, Zama-
nillo et al. (1999) showed that gene-targeted mice lacking the
AMPA receptor subunit glutamate receptor-A (GluRA) (GluR1)
demonstrated normal acquisition of a spatial reference memory
(RM) water maze task, despite an absence of hippocampal LTP at
CA3—CALl synapses. More recently, Reisel et al. (2002) have
shown that, although water maze acquisition is normal in these
GIuRA ™'~ mice, they are dramatically impaired during discrete-
trial, rewarded alternation on the elevated T-maze, another
hippocampus-dependent memory task. This has led us to suggest
that GluRA-dependent forms of synaptic plasticity may be re-
quired for spatial working memory (WM) (e.g., T-maze), but
that GluRA-independent mechanisms in the hippocampus may
be sufficient to support spatial RM (e.g., water maze).

The concept of distinct WM and RM systems was first pro-
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posed by Honig (1978) and developed by Olton and colleagues
and was derived primarily from studies using the radial-arm
maze (Olton and Samuelson, 1976; Olton et al., 1979). The radial
maze consists of a number of arms (commonly 6, 8, or 12) radi-
ating out from a central area like spokes from a wheel. The aim of
the task for the animal is to collect hidden rewards of food located
at the ends of the arms, by using the distal extramaze cues around
the laboratory. Because the food rewards are not replaced, the
animal has to adopt a win—shift strategy and remember which
arms it has already visited. This provides a test of spatial WM. By
baiting only certain arms but always baiting the same arms, spa-
tial RM can also be assessed at the same time. Radial-maze per-
formance is disrupted by hippocampal lesions in rats (Olton et
al., 1979; Jarrard, 1983).

The aim of the present study was to simultaneously assess
spatiall WM and RM in GluRA ~/~ mice, using a radial-arm maze
task in which the same three of six arms are always baited, but in
which the food rewards are not replaced within a trial. Whereas
previously we demonstrated a clear dissociation between spatial
WM and RM using different behavioral tests conducted sepa-
rately at different times and in different spatial environments
with different spatial cues (Reisel et al., 2002), the present exper-
iments allow WM and RM components of spatial learning to be
dissociated not only within subjects but also within the same trial.
Importantly, the WM and RM components of the task are as-
sessed using identical spatial cues. Furthermore, the sensorimo-
tor and motivational demands of the two components of the task
are also the same.
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Materials and Methods

Subjects. Experiments 1 and 2 were conducted with experimentally naive,
age-matched, female wild-type and GluRA ~/~ mice, which were bred in
the Department of Experimental Psychology at the University of Oxford
[for details of genetic construction, breeding, and subsequent genotyp-
ing, see Zamanillo et al. (1999)]. Experiment 3 consisted of two groups of
C57BL/6J mice obtained from Harlan Olac (Oxon, UK) that had received
either bilateral NMDA-induced cytotoxic hippocampal lesions or sham
surgery [for details of methodology, see Deacon et al. (2002)]. Mice were
housed in group cages and tested during the light phase of the day (7:00
A.M. to 7:00 P.M.). Mice had ad libitum access to water but were main-
tained on a restricted feeding schedule at 85% of their free-feeding weight
throughout the behavioral testing. All experiments were conducted un-
der the auspices of the United Kingdom Home Office Project and per-
sonal licenses held by the authors.

Apparatus. Spatial memory was assessed using a six arm radial maze
that was made of wood and painted gray. Each arm (60 X 7 cm) was
surrounded by a 1 cm raised edge and extended from a circular central
platform (18 cm diameter). At the end of each arm was a stainless-steel
food well. Mice were rewarded with 0.1 ml of sweetened, condensed milk
(diluted 50:50 with water). The maze was elevated 80 cm above the floor
in a well lit laboratory (6.3 X 2.7 m) that contained various extramaze
cues (e.g., laboratory equipment, stools, bench, and posters). In experi-
ments 2 and 3, the central platform was surrounded by a transparent
Perspex cylinder (18 cm diameter; 30 cm high). At the entrance to each
arm of the maze was a Perspex door (6 cm wide; 7 cm high) that could be
controlled by the experimenter using a series of strings.

Experiment 1. In the first experiment, 12 wild-type and 11 GIluRA ~/~
mice were used. The mice were first habituated to drinking sweetened,
condensed milk 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 re-
wards, testing on the radial-arm maze began.

Mice were trained on a radial-maze task in which the same three of six
arms were always baited but in which the milk rewards were not replaced
within a trial. The three baited arms were allocated such that two of these
arms were adjacent, and the third was between two nonrewarded arms
(e.g., arms 1, 2, and 4). Different combinations of arms were used as
much as possible, although the arm allocations were counterbalanced
across groups. At the start of a trial, a mouse was placed individually on
the central platform. Mice were allowed to explore freely and consume all
of the milk rewards available. There were no doors present in this exper-
iment. Three types of error were scored (Jarrard, 1983, 1993): RM errors
were defined as entries into arms that were never baited, working
memory-correct (WM-C) errors were scored when a mouse entered an
arm that was correct but that had already been visited on that trial, and
working memory-incorrect (WM-I) errors occurred when an animal
made repeated entries into an arm that was never baited. Mice received
24 trials in total. The maze was rotated periodically to prevent the mice
from using intramaze cues to solve the task.

Each type of memory error (RM, WM-C, and WM-I) was analyzed
separately. The data were analyzed in blocks of four trials. Where the
assumptions of normality and equal variance were met, data were ana-
lyzed by ANOVA with subsequent analysis of simple main effects where
appropriate. If the data failed to satisfy these assumptions, transforma-
tions were applied, and ANOVA was performed on the transformed data
set. In cases in which transformation failed to improve the distribution of
the data, additional nonparametric Kruskal-Wallis ANOVAs on ranks
were performed as an additional test for group differences. To make the
figures more legible, however, all of the data are presented as untrans-
formed means = SEM.

Experiment 2. New groups of experimentally naive wild-type (n = 11)
and GluRA ~/~ (n = 10) mice were used for this experiment. After ha-
bituation (see experiment 1), the mice were tested on a three-from-six
radial-maze task similar to that used in experiment 1, except that on this
occasion, Perspex doors prevented mice from re-entering an arm that
they had already visited on that trial. All of the doors were closed each
time the mice returned to the central platform, and confined the mice
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there until the next choice was made. Once an arm had been visited, its
door remained closed for subsequent choices. Thus, all six doors were
open for the first choice, five for the second choice, four for the third
choice, and so on. Using this testing procedure, it was not possible for the
mice to make WM errors (WM-C or WM-I). As in experiment 1, RM
errors (maximum of three) were scored when mice entered an arm that
was never baited. All other aspects of testing were identical to those of
experiment 1.

Retention of the spatial RM task was then determined. After a 10 d
interval, performance was reassessed during an additional 12 trials using
the same testing procedure. This continued testing also served to ensure
that all of the mice were performing at a very high level on the RM version
of the task before introducing the WM component.

The WM component of the task was then introduced. The mice re-
ceived an additional eight trials in which the same three of six arms were
baited, but now they were no longer prevented from re-entering a previ-
ously chosen arm. The doors were used solely to retain the animals on the
central platform between choices. RM, WM-C, and WM-I errors were
scored for these trials as in experiment 1.

Experiment 3. Radial-maze performance was also assessed in sham
(n=11) and HPC-lesioned (n = 10) C57BL/6] mice. As in the first part
of experiment 2, the same three of six arms were always baited, and the
Perspex doors prevented the mice from re-entering an arm that they had
already visited on that trial. The number of RM errors was scored as
before. Mice received 24 trials in total. All other aspects of the testing
procedure were identical to the first phase of experiment 2.

Results

Experiment 1

Wild-type mice successfully acquired the three-from-six radial-
maze task. They made progressively fewer RM errors as training
proceeded and made very few WM errors (WM-C or WM-I) at
any stage of testing (Fig. 1). In contrast, and somewhat surpris-
ingly in view of our hypothesis (Reisel et al., 2002), the GluRA '~
mice were dramatically impaired, not only in terms of WM per-
formance but also in terms of RM choice accuracy, making more
of all three error types (RM, WM-C, and WM-I). An ANOVA of
RM errors revealed a significant main effect of group (F, ;) =
19.2; p < 0.0005), a significant main effect of block (Fs ;5) =
13.2; p < 0.00001), and a group-by-block interaction (F(s 105y =
3.9; p < 0.005) (Fig. 1A). In terms of WM-C errors, there were
significant main effects of group (F(, ,,, = 58.6; p < 0.00001) and
block (Fs 05y = 3.6; p < 0.005) but no significant group-by-
block interaction (F(s ;45) = 1.8; p > 0.10) (Fig. 1 B). Analysis of
WDM-I errors revealed significant main effects of group (F, 5, =
65.3; p < 0.00001) and block (F(5 145, = 12.2; p < 0.00001) and a
group-by-block interaction (Fs 05y = 5.7; p << 0.0005) (Fig. 1C).
Although there were dramatic impairments in the GluRA ~/~
mice in terms of both WM-C and WM-I errors, strictly speaking,
the data sets for both of these measures failed to satisfy the as-
sumptions required for ANOVA. Transforming the data failed to
improve the distributions. Consequently, we conducted separate
Kruskal-Wallis (H) tests to compare the total number of WM-C
and WM-I errors made by wild-type and GIuRA ~/~ mice across
all six blocks of testing. These tests confirmed the results obtained
from the parametric ANOVAs. The GIuRA '~ mice made signif-
icantly more of both kinds of WM errors (WM-C — H (1) = 16.6;
p <0.0001; WM-I — H (1) = 16.5; p < 0.0001). Close inspection
of the data revealed that two wild-type and three GIuRA ~/~ mice
showed evidence of a circling strategy during which they repeat-
edly turned in the same direction and entered the adjacent arm
on each choice within a trial. For one wild-type mouse and two
GluRA ~/~ mice, this became a persistent strategy. However, this
was clearly not the basis for the deficit in the GluRA ~/~ group as
a whole.
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Figure1.  GIuRA ~/~ mice make more spatial reference and working memory errors during acquisition of a radial-maze task in which the same three of six arms were always baited but in which
the food rewards were not replaced within a trial. The mean == SEM number of RM errors ( A), WM-C errors ( B), and WM-1 errors ( C) for wild-type (WT; white circles) and GIuRA = (black circles)
mice during six blocks of training (4 trials per block) is shown. Where error bars appear absent, the error is too small to be visible.

The deficit in spatial RM displayed by the GIuRA ~/~ mice in
this experiment is at odds with previous studies that have shown
normal RM acquisition in these mice using a variety of different
behavioral tests (Zamanillo et al., 1999; Reisel et al., 2002). One
possible explanation is that, by using this particular testing pro-
cedure, impaired WM performance in GluRA ~/~ mice may pro-
duce interference that subsequently disrupts RM performance.
For example, if a GIuRA =/~ mouse makes a WM-C error on this
version of the task and re-enters a normally correct but previ-
ously visited arm, then it will receive no milk in an arm that is
usually rewarded. This might result in a reduction in the reward
valence of that particular arm and in impaired spatial RM perfor-
mance. If this hypothesis is correct, then spatial RM performance
should proceed normally in GluRA ~/~ mice under conditions in
which it is not possible to make WM errors. Experiment 2 ad-
dressed this possibility.

Experiment 2

In contrast to the results of experiment 1, both wild-type and
GIuRA =/~ mice successfully acquired the three-from-six radial-
maze task under conditions in which it was not possible to make
WM errors (Fig. 2). There was no evidence of any spatial RM
impairment in the GluRA ~'~ mice. An ANOVA of RM errors
revealed that there was no significant main effect of group
(F(1,19) = 2.5; p > 0.10). There was, however, a significant main
effect of block (F s 5) = 77.8; p < 0.0001) and a group-by-block
interaction (Fs o5, = 3.6; p < 0.01). Subsequent analysis of sim-
ple main effects revealed that this was attributable to the fact that
the GluRA ~/~ mice were actually performing significantly better
than the wild-type mice on block 4 of testing (F; o,y = 7.7; p <
0.01).

Retention of spatial RM was unaffected in the GluRA '~ mice
(Fig. 2). Although both groups showed some evidence of forget-
ting (i.e., a small increase in the number of RM errors), there were
no differences between the two groups. First, an ANOVA com-
paring wild-type and GIuRA ~/~ mice across the last block of
acquisition (block 6) and the first block of retention testing re-
vealed a significant main effect of block, suggesting that forget-
ting had occurred (F; 4y = 40.5; p < 0.0001). There was, how-
ever, no main effect of group (F(, ;o) = 2.7; p > 0.10) and no
group-by-block interaction (F, ;o) = 1.1; p > 0.20). A second
ANOVA of RM errors made during all three blocks of retention
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Figure2.  GIuRA ~/~ mice show normal spatial reference memory performance on a three-
from-six radial-maze task in which doors prevent mice from making working memory errors
during the acquisition phase. The mean == SEM number of RM errors is shown for wild-type
(WT; white circles) and GIuRA ~/~ (black circles) mice during six blocks of training in which
doors prevented mice from making working memory errors (Acquisition; 4 trials per block)
(left), three blocks of spatial reference memory retention testing aftera 10 d interval with doors
still preventing WM errors (Retention; 4 trials per block) (center), and a final two blocks of
testing during which the doors were then no longer used to prevent working memory errors
(RM/WM; 4 trials per block) (right). Where error bars appear absent, the error is too small to be
visible.

testing revealed neither a main effect of group nor a group-by-
block interaction (F < 1; p > 0.20 for both comparisons). There
was, however, a significant main effect of block (F, 55, = 34.2;
p < 0.00001), which reflected the fact that both groups of mice
rapidly relearned the task.

When the doors were then no longer used to prevent re-entry
into a previously visited arm, the GIuRA ~/~ mice showed only a
mild, transient spatial RM impairment (Fig. 2). Although the
GluRA ™/~ mice made more RM errors on the first two trials of
block 1 of this phase of the experiment, they were soon perform-
ing as well as the controls on this measure and, by the end of
testing, were actually performing better than their wild-type
counterparts. These impressions were confirmed by an ANOVA
of RM errors for these two blocks of testing. There was no signif-
icant main effect of group (F(, ;o) = 2.4; p > 0.10) and a nonsig-
nificant effect of block (F; 14y = 2.6; p > 0.10). There was, how-
ever, a significant group-by-block interaction (F(; ;o) = 14.5;p <
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Figure 3.  GIuRA /™ mice display a robust spatial working memory impairment in the

absence of a lasting spatial reference memory impairment on the three-from-six radial-maze
task in which the doors were now no longer used to prevent working memory errors (see also
Fig. 2, right). The mean == SEM number of WM-C errors for wild-type (WT; white circles) and
GIuRA ~/~ mice (black circles) is shown during two blocks of testing (RM/WM; 4 trials per
block). Where error bars appear absent, the error is too small to be visible.

0.005). Subsequent analysis of simple main effects confirmed that
the GIuRA ™/~ mice made significantly more RM errors during
block 1 (F, 3,y = 13.2; p < 0.001), and that there were no group
differences during block 2 (F(, 3,y = 1.6; p > 0.20). During block
2, both groups of mice showed a high level of performance, mak-
ing very few RM errors.

At the same time, the GIuRA ~'~ mice did, however, make
considerably more WM-C errors than did their wild-type coun-
terparts throughout this phase of the experiment (Fig. 3). Because
the data failed to conform to the assumption of equal variance,
they were subjected to a square root transform before ANOVA.
This ANOVA revealed a significant main effect of group (F; 1) =
157.6; p < 0.0001) but no effect of block and no group-by-block
interaction (F < 1.0; p > 0.20).

There were very few WM-I errors made by either group of
mice during these two blocks of testing (data not shown). Only
two wild-type mice made WM-I errors, both during the second
testing block, and only five GluRA ~/~ mice made WM-I errors,
all during the first block. The total number of WM-I errors made
during these eight trials was summed and compared using a non-
parametric Mann—Whitney rank sum test that revealed no group
difference (T = 131.5; p > 0.10).

Experiment 3

Acquisition of the RM component of the three-from-six radial-
maze task was dependent on the hippocampus. Mice with hip-
pocampal lesions were dramatically impaired in terms of RM
errors made during acquisition (Fig. 4). These mice showed little
if any improvement across the six blocks of testing. An ANOVA
of RM errors revealed a significant main effect of group (F(, ;o) =
477.3; p < 0.0001), main effect of block (F595) = 47.1; p <
0.0001), and group-by-block interaction (Fsgq5 = 37.8; p <
0.0001). In view of the failure of the HPC-lesioned mice to show
any improvement in terms of RM performance, no additional
testing was conducted with these mice.

Discussion
The present study confirmed our previous observations that

GluRA =/~ mice display normal spatial RM acquisition but have
aselective spatial WM deficit (Reisel et al., 2002). GluRA '~ mice
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Figure 4.  (57BL/6) mice with cytotoxic HPC lesions show a spatial reference memory im-

pairment on a three-from-six radial-maze task in which doors prevent mice from making work-
ing memory errors during the acquisition phase. The mean = SEM number of RM errors is
shown for sham (white circles) and hippocampal-lesioned (white squares) mice during six
blocks of training in which doors prevented mice from making working memory errors (4 trials
per block). Where error bars appear absent, the error is too small to be visible.

were able to acquire a purely RM version of the radial-maze task
at the same rate as wild-type controls (experiment 2). The ab-
sence of an RM deficit in the GluRA ~/~ mice was not attributable
to the fact that task performance was independent of the hip-
pocampus. Mice with hippocampal lesions were dramatically im-
paired on this task (experiment 3). Furthermore, when spatial
WM and RM were subsequently tested simultaneously,
GluRA ™/~ mice were essentially unimpaired in terms of RM per-
formance. Although there was a slight increase in the number of
RM errors made by the GIuRA ~/~ mice on trials 1 and 2, they
were unimpaired in terms of RM errors during the remaining
trials and were actually performing more accurately than the con-
trols by the end of testing. In contrast, the GIluRA ~'~ mice made
considerably more WM errors than controls on these very same
trials. This provides not only a within-subjects but also a within-
trials demonstration of impaired spatial WM but spared spatial
RM in GluRA ~/~ mice. Whereas the previous dissociation be-
tween spatial WM and RM was obtained across experiments,
used different sets of spatial cues, and often involved very differ-
ent sensorimotor and motivational demands, in the present study
both types of memory have been assessed at the same time, using
identical spatial cues and with the same sensorimotor and moti-
vational demands.

The fact that the GIuRA ~/~ mice made significantly more RM
errors than did controls during experiment 1 should not be taken
as evidence against our hypothesis. As we argued previously, the
increase in RM errors in the GluRA ™/~ mice may have been
indirectly caused by the WM deficit in these animals, producing
interference that then impedes RM acquisition. The normal RM
acquisition in the GluRA '~ mice observed during experiment 2,
when it was not possible to make WM errors, certainly supports
such a possibility. Interestingly, when the WM component of the
task was then introduced for these mice, there was no lasting RM
impairment. This suggests that, once the RM component of the
task has been learned, the WM deficit no longer impinges (in any
lasting way) on RM performance.

The present results and previous demonstrations of intact
spatial RM (Zamanillo et al., 1999; Reisel et al., 2002), in combi-
nation with the deficitin CA3 to CA1 LTP observed in hippocam-
pal slices taken from GluRA ™/~ mice (Zamanillo et al., 1999),
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provide a compelling argument that GluRA-dependent forms of
synaptic plasticity at CA3—CA1 synapses are not required for
hippocampus-dependent spatial RM acquisition. Importantly,
lesions of the CA3 hippocampal subregion do disrupt acquisition
of the standard RM water maze task (although interestingly CA3-
lesioned rats did develop stable place fields in their CA1 pyrami-
dal cells and successfully acquired a hippocampus-dependent,
spatial recognition water maze task) (Brun etal., 2002). Together,
these results suggest that other forms of synaptic plasticity at
CA3—CAl synapses must be capable of supporting spatial learn-
ing (Hoffman et al., 2002).

The demonstrations of impaired spatial WM in GIuRA ~/~
mice are consistent with previous studies that have suggested a
role for LTP-like mechanisms in this particular type of hip-
pocampal information processing. Studies using the NMDA re-
ceptor antagonist D-(—)-amino-5-phosphopentanoic acid,
which blocks the induction of hippocampal LTP (Collingridge et
al., 1983; Morris et al., 1986), have shown spatial WM deficits
during a matching-to-position task in the water maze (Steele and
Morris, 1999) and rewarded alternation on the T-maze (Tonkiss
and Rawlins, 1991) and in a number of radial-maze studies
(Danysz et al., 1988; Bolhuis and Reid, 1992; Caramanos and
Shapiro, 1994).

Although we cannot rule out the possibility that the WM def-
icit may extend outside the spatial domain and may be caused by
deficits in information processing in a brain area (or areas) other
than the hippocampus, we feel that this is unlikely. A prime can-
didate for a brain structure that might contribute to such a work-
ing memory system is the prefrontal cortex (Goldman-Rakic,
1987). However, lesions of the prefrontal cortex in rodents do
not, for example, produce the lasting and robust deficits during
T-maze rewarded-alternation testing that we have observed with
the GIuRA '~ mice. Although large medial prefrontal cortex le-
sions can produce mild deficits in spatial nonmatching to posi-
tion (rewarded alternation) on the T-maze, performance in the
lesioned animals is still well above chance levels, and any deficit is
often transitory in nature (Shaw and Aggleton, 1993; Aggleton et
al., 1995; Delatour and Gisquet-Verrier, 1996, 2000; Dias and
Aggleton, 2000). This is in contrast to the GIuRA ~/~ mice in
which the rewarded-alternation deficit is both profound and last-
ing, with knock-out mice displaying chance levels of performance
even after repeated test sessions (Reisel et al., 2002). In this re-
spect, GIuRA ~/~ mice resemble rodents with lesions to the sep-
tohippocampal system (Rawlins and Olton, 1982; Gray and Mc-
Naughton, 1983), although it should also be noted that impaired
synaptic plasticity at any one of several sets of synapses within the
septohippocampal system could underlie a spatial WM impair-
ment. Tissue-specific GluRA knock-outs, in which the gene de-
letion can be limited to just the hippocampus or possibly even to
specific subfields within the hippocampus, should resolve this
issue.

The present results therefore provide compelling additional
evidence of profoundly impaired spatial WM in GIuRA ~/~ mice
that coexists with essentially unimpaired spatial RM. We have
suggested previously that different mechanisms within the hip-
pocampus may contribute differentially to hippocampal infor-
mation processing (Reisel et al., 2002). We argued that a form of
late-onset LTP, which is observed in GIuRA ~/~ mice (Hoffman
etal., 2002), could be sufficient to support the gradual acquisition
of, for example, a fixed, hidden-platform water maze task over
several days by these mice. Similarly, such a mechanism could
also underpin acquisition of the RM radial-maze task by the
GluRA =/~ mice in experiment 2. We have also argued that, in
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contrast, it is difficult to see how the moment-to-moment con-
trol of behavior that is required for successful rewarded-
alternation performance on the elevated T-maze could be sub-
served by a neural mechanism that takes many minutes to change
its functional properties after a new input. The ability to keep
track of which arms have already been visited within a trial during
the radial-maze task (i.e., the WM component) must likewise
require a more flexible, rapid-onset, short-term memory system.
In both of these cases, the valence of the baited arms (both arms
on the T-maze and the three baited arms on the radial maze)
changes within trials. To process this information efficiently,
mice require a flexible, rapid-onset neuronal mechanism. We
suggest that GluRA-dependent synaptic plasticity may provide
such a mechanism. This proposal is consistent with the specific,
rapid delivery of AMPA receptors containing GluRA subunits to
synapses after LTP induction (for review, see Barry and Zift, 2002;
Malinow and Malenka, 2002).

To conclude, it seems possible that both the spatial WM and
RM systems reside within the hippocampus, and that different
neuronal mechanisms within the hippocampus could support
these different kinds of information processing. Our results sug-
gest that GluRA-dependent, hippocampal synaptic plasticity may
provide a mechanism that subserves a rapid-onset, flexible spatial
working memory system.
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