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ABSTRACT:  One way that some types of short-term or working mem-
ory may be implemented in the brain is by using autoassociation networks
that recirculate information to maintain the firing of a subset of neurons
in what is termed an attractor state. We describe how long-term synaptic
modification is necessary to set up the appropriate stable attractors, each
one of which corresponds to a memory of a particular item. Once the
synapses have been modified, any of the short-term memory states may be
triggered by an appropriate input which starts the neurons firing in one of
the attractors, and then the firing is maintained in that attractor by the
already modified synapses, with no further synaptic modification neces-
sary. This analysis leads to the prediction that if this type of implementa-
tion is used for working memory, then long-term synaptic modification
may be necessary only during an acquisition phase of a task, and once the
task has been acquired, the performance of the working memory task
should be unimpaired if no further synaptic modification is allowed. We
show that a considerable body of research findings on the effects of agents
that block synaptic modification on working memory tasks can be under-
stood in this way. Many of the findings are consistent with the hypothesis
that blocking synaptic modification in the hippocampus impairs the ac-
quisition, but not the later performance, of hippocampal-dependent work-
ing memory tasks. Hippocampus 2001;11:240-250.
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INTRODUCTION

Many experiments have been performed to investigate whether short-
term or working memory tasks are affected by agents that impair synaptic
modification. In some studies, impairments in working memory tasks are
reported (Caramanos and Shapiro, 1994; Kesner and Dakis, 1997; Tonkiss
and Rawlins, 1991; Walker and Gold, 1994), but not in others (Caramanos
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and Shapiro, 1994; Tonkiss and Rawlins, 1991; Steele
and Morris, 1999). In this paper we clarify how in one
type of implementation of working memory in biologi-
cally plausible neuronal networks, synaptic modification
is necessary only in an acquisition phase, and not later
after the possible memory states have been learned. We
then show that the results from many of the studies that
have been performed can be understood, and at least
must be considered, in the light of, these concepts.

The term working memory can be used in a number of
ways. One definition is that it is a short-lasting form of
memory that can be maintained even when other items
are being processed by perceptual systems. However, it is
likely that the brain has many working memory systems,
each specialized for holding different types of informa-
tion for potentially different periods. For example, it has
been shown that hippocampal damage in rats does not
result in short-term or working memory impairments for
visual objects, motor responses, odors, and reward value
information (Kesner, 1998). In contrast, hippocampal
damage results in marked short-term or working memory
deficits for spatial information based on memory for spa-
tial location, allocentric spatial distance, egocentric spa-
tial distance, or head direction (DeCoteau et al., 1999;
Long and Kesner, 1996, 1998). Clearly, one of the aims
of neuroscience is to understand the properties of the
different working memory systems in the brain, and how
each operates (see Rolls and Treves, 1998, Chapters 3, 6,
8, and 10). In this paper we consider experiments on the
type or types of working memory in which hippocampal
circuitry is implicated. It is further sometimes implied
that working memory is implemented by ongoing neu-
ronal activity, and the model for working memory con-
sidered in this paper does maintain the memory by on-
going neuronal activity. Some authors use the term
working memory even when the memory must be main-
tained for long delays (minutes to hours), but in this
paper the emphasis will be within a time frame (seconds
to minutes) in which firing rates can realistically be main-
tained to implement a working memory. It should be
noted that it is in principle possible to make a memory
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FIGURE 1. Architecture of an autoassociative neural network.
External input e; is applied to each neuron i by unmodifiable syn-
apses. This produces firing r; of each neuron. Each output neuron i is
connected by a recurrent collateral synaptic connection to the other
neurons in the network, via modifiable synaptic connection strengths
or weights w;.

which responds differently to novel and familiar stimuli by having
neurons that show habituation between the novel and familiar
presentations, and in which there is no ongoing neuronal activity
(Rolls and Treves, 1998, pp. 149-151). Such a system is limited
because it is primarily useful for responding differentially to re-
cently seen and novel stimuli, rather than recalling one or several
items from a working memory store, e.g., where from among a
large number of spatial locations a stimulus has just been pre-
sented. Thus, the novelty/familiarity memory system that could be
implemented by nonassociative habituation is not considered fur-
ther here.

NEURONAL NETWORK SYSTEMS FOR

WORKING MEMORY

Autoassociative memories, or attractor neural networks, store
memories, each one of which is represented by a pattern of neural
activity. The functional architecture of an autoassociation memory
is shown in Figure 1. Such networks can recall the appropriate
memory when provided with a fragment of one of the memories.
This is called completion. Many different memories can be stored
in the network and retrieved correctly. The network can in prin-
ciple learn each memory in one trial. The associative synaptic mod-
ification which implements the learning could involve long-term
potentiation (L'TP), and this can occur rapidly, within a trial. An
autoassociation memory can be used as a short-term memory, in
which feedback processing around the recurrent collateral connec-

tion loop keeps a representation active until another input cue is
received. The operation of this type of network has been studied
extensively, as it could be involved in a number of types of memory
operation in the brain (Hebb, 1949; Marr, 1971; Kohonen, 1977;
Hopfield, 1982; Amit, 1989, 1995; Rolls, 1989; McNaughton and
Morris, 1989; Treves and Rolls, 1991, 1994; Hasselmo and
Bower, 1993; Shapiro and Hetherington, 1993; Muller and Stead,
1996; Granger et al., 1994; Renart et al., 1999a, 1999b, 2000;
Augustand Levy, 1999; Eichenbaum etal., 1999). A description of
the operation and properties of this type of neuronal network, and
its relevance to understanding the operation of different brain sys-
tems, is provided by Rolls and Treves (1998, Chapter 3).

The purpose of this paper is to make clear why long-term syn-
aptic modification is necessary to set up a new short-term memory
using this class of network, but is not necessary when the short-
term memory is triggered and used later; and to consider whether
the effects on short-term memory of agents that block long-term
synaptic modification can be understood in terms of their effects
on the setting up, but not the later use of, short-term memories in
this class of neuronal network. This is the only class of network we
know that can implement a short-term memory by continued
firing of a subset of neurons, with a different subset for each mem-
ory. We do note that there is a proposal that a set of neurons could
be keptactive in a recurrent network with nonmodifiable recurrent
synapses by keeping the active neurons above their NMDA recep-
tor voltage-dependent thresholds so that this nonlinearity in the
firing rate characteristic of the neurons can keep the initially acti-
vated neurons active (Lisman et al., 1998). However, we note that
the arbitrary set of active neurons could not actually be used as a
short-term memory without a readout mechanism from the net-
work to learn which memory was represented by each set of firing
neurons, and this would require associative synaptic modification
during a setting-up phase, so that this proposal in no way obviates
the need for associative synaptic modification during a setting-up
phase, just as does the attractor network described here. A similar
argument applies to the scheme proposed by Jensen and Lisman
(1996), which also requires long-term synaptic modification for
good performance. We also note that the system described by
Lisman etal. (1998) does not have any of the desirable properties of
short-term memory systems such as completion, generalization,
and noise tolerance (Rolls and Treves, 1998, Chapter 3), and this
is because these properties rely on associative synaptic modifica-
tion. In contrast, nonassociative processes such as habituation of
recently activated synapses or depolarizing after-potentials might
implement altered neuronal responses to a repeated stimulus in a
novel/familiar recognition memory task (Baylis and Rolls, 1987;
Brown and Xiang, 1998), but would not be expected to require
associative long-term synaptic modification in order for the mem-
ory to be set up. To the extent that blockers of long-term associa-
tive synaptic modification such as long-term potentiation (LTP)
implemented using n-methyl-d-aspartate (NMDA) receptors do
impair setting up short-term memories but not their later use, the
indication is that the short-term memory is being implemented by
autoassocation of the type described here rather than nonassocia-
tive novel/familiar processes. If NMDA receptor blockade turns
out also to impair the actual use of the working memory even after



242 KESNER AND ROLLS

ithas been set up, then the implication is that the NMDA receptors
are involved in simply maintaining neuronal firing in a recurrent
network. Although much of the maintenance of firing is likely to
be implemented by AMPA receptor-mediated events, the longer
synaptic time constant of NMDA receptors could be useful in the
maintenance of ongoing neuronal recurrent activity (Wang,
1999). It turns out that many of the studies described here of
working memory in the hippocampal system are consistent with
the hypothesis that NMDA receptor activation is necessary for the
setting up but not later use of hippocampus-dependent working
memory systems. The studies described here are thus useful in
understanding the details of operation of hippocampus-dependent
working memory circuits, and imply that these may be set up by
synaptic modification in autoassociation networks, and that the
later maintenance of the firing is not dependent on NMDA-recep-
tor mediated synaptic currents.

We now describe in a little more detail how an autoassociation
memory operates as a short-term memory, and then discuss when
the synaptic modification takes place in it in relation to how be-
havioral tasks are designed to measure short-term memory func-
tion. One of those who first investigated autoassociation memories
was Marr (1971), in the context of hippocampal function, and
with respect to completion. Kohonen (1997) studied autoassocia-
tion memories, also in the context of a content-addressable mem-
ory that could complete. Hopfield (1982) brought the theoretical
physics approach to bear on such memories, and proved that if they
had complete connectivity, and were trained with a Hebb rule,
then there were a number of stable retrieval states in which neuro-
nal firing could continue in what is termed a stable attractor. The
term attractor refers to the fact that patterns similar to one of those
stored in the network will lead to recall of the pattern stored in the
network, and completion is an example of this attractor process.

The prototypical architecture of an autoassociation memory is
shown in Figure 1. The external input ¢; is applied to each neuron
i by unmodifiable synapses. This produces firing r; of each neuron.
Each output neuron i is connected by a recurrent collateral synap-
tic connection to the other neurons in the network, via modifiable
connection weights w;;. This architecture effectively enables the
output firing rates of all the neurons in the network to be associated
with themselves, using the synaptic connections implemented via
the recurrent collaterals. Later on, during recall, presentation of
part of the external input will force some of the output neurons to
fire, but through the recurrent collateral axons and the modified
synapses, other output neurons can be brought into activity. This
process can be repeated a number of times, and recall of a complete
pattern may be perfect. Effectively, a pattern can be recalled or
recognized because of associations formed between its parts. This
requires distributed representations, i.e., representations in which
each pattern to be stored consists of a set of active inputs.

A large number of different patterns can be stored in an autoas-
sociation network by setting up the synaptic connection strengths
(or weights) as follows. The firing of every output neuron i is forced
to a value r; determined by the external input e;. Then a Hebb-like
associative local learning rule is applied to the recurrent synapses in
the network:

dw; = kr (Hebb rule) (1)

where r; is the firing of the jth axon in Figure 1. It is notable that in
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a fully connected network, this will result in a symmetric matrix of
synaptic weights, i.e., the strength of the connection from neuron
1 to neuron 2 will be the same as the strength of the connection
from neuron 2 to neuron 1 (both implemented via recurrent col-
lateral synapses).

During recall the external input ¢; is applied, and produces
output firing. The firing is fed back by the recurrent collateral
axons shown in Figure 1 to produce activation of each output
neuron through the modified synapses on each output neuron.
The internal activation h; produced by the recurrent collateral
effect on the ith neuron is the sum of the activations produced in
proportion to the firing rate of each axon r; operating through each
modified synapse wy, i.e.,

where EJ- indicates that the sum is over the C input axons to each
neuron, indexed by j.

The output firing r; is a function of the activation produced by
the recurrent collateral effect (internal recall) and by the external

input (e)):

r; = f(h; + e) (3)

The activation function should be nonlinear, and may be for ex-
ample binary threshold (no firing below a threshold and maximum
firing above a threshold), linear threshold (linear after the thresh-
old has been reached), or sigmoid (see Fig. 1.3 of Rolls and Treves,
1998). A nonlinear activation function can minimize interference
between the pattern being recalled and other patterns stored in the
network, and can also be used to help a positive feedback system to
remain stable. The network can be allowed to repeat this recurrent
collateral loop a number of times. Each time the loop operates, the
output firing becomes more like the originally stored pattern, and
this progressive recall is usually complete within 5-15 iterations.
Once the recall is complete, the neurons will keep firing in the
stable attractor until another external input is applied to the net-
work, and pushes the network towards another stored pattern.
With this type of network, the use of associative Hebbian learn-
ing in the recurrent collateral synaptic connections sets up the
network to have a number of stable retrieval states, each one cor-
responding to the set of neurons that were active when the pattern
was being learned by the network. An example is now provided to
make this clear. If the firing applied in Figure 2 as the external
input was 1010 (where 1 indicates high activity, and 0 indicates
zero activity), then the firing on the axons would be as shown
(1010 reading from the bottom), and the synaptic weights pro-
duced by the learning would be as shown, with strong connections
(shown as a strength of 1 rather than 0) between neurons 1 and 3,
3and 1, 1 and 1, and 3 and 3. At any time thereafter, if the input
pattern, or a part of it, was applied as an external input, then the
network would continue to reexcite itself through the recurrent
collateral connections, and would continue to fire (indefinitely in
principle) with the firing pattern 1010. This illustration should
make it very clear that synaptic modification is needed during a
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FIGURE 2. Autoassociative network during training on the ex-
ternal pattern 1010, showing how this is reflected in the firing of the
recurrent collateral axons, and in the synapses that are modified dur-
ing learning.

learning phase to learn all the patterns that might later need to be
activated as short-term memories. But after the synapses have been
modified by learning, it is possible to set the neurons firing in an
attractor short-term memory state with no further synaptic modi-
fication. The particular attractor state that is selected depends sim-
ply on which external input retrieval cue pattern is applied. We
note in addition that individual attractor nets are suitable for hold-
ing one item active in a delay period but cannot easily hold more
than one item active, and that attractor nets are unlikely to bridge
long delays because when the organism is distracted away from the
memory task, other inputs are likely to trigger the attractor, and the
originally active attractor state will be lost (see Rolls and Treves,
1998, Chapter 3).

This analysis then leads to the following predictions. In studies
of the role of synaptic modification in short-term or working mem-
ory tasks, performance will be impaired if the application of the
inhibitor of synaptic modification is made during the learning
phase. In contrast, application of an inhibitor of synaptic modifi-
cation should have no effect on the later performance of those
particular short-term memory tasks (provided that the inhibitors
do not produce generic impairments in the operation of the net-
works, such as reducing cell excitability). In addition, the most
clear dissociation between the effects of synaptic modification in-
hibitors on the initial setting up and the later use of short-term
memory networks is likely to be in tasks where there is a discrete set
of short-term memory states, each of which can be learned. This
would be the case where, e.g., a rat was trained to perform a short-
term memory task with multiple different possible locations for a

243

hidden platform. Once the places of the platforms had been
learned, no further learning would be needed in a short term-
memory task, using the first part of a trial to show which of the one
or more places was correct to go to after a memory delay period. On
the other hand, if the platforms were moved to a variable position
(or new testing environment) on each trial and then the rat was
required to remember its position, some new learning, and there-
fore synaptic modification, might be needed to store a representa-
tion of that particular trial-unique place. Similarly, if the delay
period or intertrial interval is changed on each trial, some new
learning, and therefore synaptic modification, might be needed to
store a representation of that particular trial-unique temporal in-
terval. We therefore predict that how the rat is trained, as well as
when the inhibitor of synaptic modification is given in relation to
training and the later short-term memory testing, will both be
important in interpreting the effects of experimental investigations
on the role of impairment of long-term synaptic modification on
short-term memory tasks.

We note that single attractor networks can normally keep one
item active in short-term memory. If several items must be kept
active, one possibility is to have several separate, possibly weakly
coupled, attractor networks, each implemented by recurrent col-
lateral connections (Levy etal., 1999; Renartetal., 1999a, 1999b).
Another possibility is to use a mechanism with discrete timesteps,
and use the output of an attractor netat one timestep to retrieve the
appropriate pattern after a suitable delay at the next timestep. This
forms a sequence memory (see Rolls and Treves, 1998, section
3.3.10). However, in practice in the brain an external clock or
timing device would be needed to keep the sequential stages dis-
crete, because otherwise attractor networks with integrate-and-fire
neurons with continuous dynamics fall into their attractor very
fast, as shown by Treves (1993) (see also Rolls and Treves, 1998,
Appendix 5) and would not easily inherently achieve successive
discrete states without an external timing mechanism. However, in
both cases, associative synaptic modification is still needed to set
up, but not to use later, the short-term memory, and the predic-
tions are the same as those described above.

EFFECTS OF BLOCKERS OF SYNAPTIC
MODIFICATION ON THE ACQUISITION

AND PERFORMANCE OF WORKING
MEMORY TASKS

Here we address the issue of how inhibitors of synaptic modifi-
cation affect hippocampal-dependent short-term or working
memory tasks. The hippocampal formation may play a role in
these working memory tasks by virtue of the recurrent collateral
connections between cells at one or several of its stages. These
stages might include the presubiculum and parasubiculum, lesions
of which impair a spatial working memory task (Kesner and Giles,
1998), and/or the entorhinal cortex. In the context of working
memory, the hypothesis would be that networks in some part of
the hippocampal formation operate as attractor networks, with
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activity being maintained in the working-memory period by recir-
culating activity in the recurrent collateral connections. This hy-
pothesis would predict that setting up the attractor states in the first
place would involve synaptic modification, during initial learning.
Once the possible attractor states have been learned, it would be
predicted that any one of these attractor states could be cued by a
particular sensory input with no further synaptic modification.
The initial learning would require synaptic modification; but the
actual use of the working memory at any later time would not be
dependent on further synaptic modification.

In considering actual experiments, a number of points that may
affect the interpretation of the results will need to be borne in
mind. First, there could only be a clear dissociation between the
initial learning phase and the later performance phase of the spatial
working memory task if the inhibitor of synaptic modification does
not produce any generic impairment of synaptic transmission. To
the extent that some synaptic transmission (in addition to synaptic
modification) may be N-methyl-D-aspartate (NMDA)-receptor-
dependent (Lisman et al., 1998), not only the learning, butalso the
performance phase, would be expected to be impaired. Second,
only some experiments may set up a working memory performance
testing phase which does not require any new learning. If a small set
of platform locations on each of which pretraining has been given
so that adequate spatial representations of each platform position
have already been trained prior to the working memory perfor-
mance testing phase, then no new learning may be needed in the
performance testing phase. If, in contrast, the performance testing
phase involves placing an escape platform in a particular place in
which it has not been found previously, then some new learning of
the spatial location of the platform would be required in the spatial
working memory testing phase. If during pretraining in the spatial
working memory task the delay and intertrial intervals (ITI) are
maintained and are invariant, then no new learning may be needed
in the performance testing phase. If, in contrast, the performance
testing phase involves changes in the temporal structure of the task,
i.e., a change in the delay interval between the study and test phase
components of a trial setting up new temporal parameters, then
some new learning would be required in the spatial working mem-
ory testing phase. Third, the particular hypothesis being addressed
here is that the attractor network is implemented in some part of
the hippocampal formation; therefore, to test the hypothesis that
new learning is required to set up the possible attractor states, but
not to use them in the performance of a spatial working memory
task, the inhibitor of synaptic modification must reach the correct
part of the hippocampal formation where the attractor is imple-
mented.

Because the autoassociative recurrent collateral model described
above is applied in this paper to the modification of synapses
within the hippocampal formation, we limit this review to intra-
cranial injections which are likely to affect the hippocampal for-
mation, and to spatial tasks that have been shown to be dependent
on hippocampal formation function. There are two major proce-
dures to inject NMDA receptor blocking agents into the hip-
pocampal formation. The first is an indirect method with a can-
nula implanted into the lateral ventricle and the use of a minipump
to slowly release the NMDA blocking agent over a long time pe-

riod. This method is likely to result in the injected agent affecting
much of the hippocampal formation, including areas such as the
presubiculum, parasubiculum, and entorhinal cortex. Further-
more, the drug is likely to affect all regions of the hippocampus,
including CA1, CA3, and dentate gyrus. The second is a more
direct method with a cannula implanted into the dentate gyrus,
CA3, CALl, presubiculum, parasubiculum, or entorhinal cortex. In
this case the drug injections are likely to target one or more subre-
gions of the hippocampal formation. However, if the spatial work-
ing memory function were implemented in a part of the hip-
pocampal formation other than the injection site, such
intrahippocampal injections would not directly test the hypothesis
considered here.

Since it usually takes many trials to learn a spatial working
memory task, many injections are needed to test the effects of
receptor blockade on the acquisition of a spatial working memory
task. The number of studies that have reported the effects of
NMDA receptor blockade in such a paradigm is therefore rather
limited. In one study, Kesner and Dakis (1997) injected 10 min
prior to each trial 36 nanomoles (nM) or 54 nM of phencyclidine
(PCP), an NMDA antagonist, or saline into the dentate gyrus of
the hippocampus during the acquisition of a spatial continuous
recognition memory task on a 12-arm maze. The results indicate
that relative to controls and rats with 36-nM PCP injections, rats
with 54-nM PCP injections are impaired in the acquisition of the
task across all lags (delays and intervening spatial locations), as
measured by an increase in latency to respond to repeated items.
These drug doses have been shown not to disrupt sensory-motor
function. A similar pattern of results was reported following pe-
ripheral injections of 4 mg/kg PCP (Kesner and Dakis, 1993). Ina
different study, Walker and Gold (1994) showed that injections of
0.63 nM CPP or 50 nM D,L-AP5 (NMDA receptor antagonists)
into the CA3 region of the ventral hippocampus, with diffusion
into the CA1 and dentate gyrus region 15 min prior to testing,
decreased learning of a spontancous alternation task. Both studies
suggest that there is a deficit in learning a spatial working memory
task following intracranial injections of NMDA blocking agents
into either the dorsal or ventral hippocampus. We note that a
possible interpretation is that these parts of the hippocampus are
needed in order to learn the spatial representation required, which
is then sent to another part of the hippocampal formation for the
actual implementation of the spatial working memory by an attrac-
tor network.

An alternative approach is to train rats in a spatial short-term or
working memory task, and then inject an NMDA receptor antag-
onist to observe its effects on performance of the already trained
task. In addition, it is then possible to test whether the NMDA
receptor blockers impair the acquisition in the same animals of the
same task, but in an unfamiliar spatial environment. In one such
study, Caramanos and Shapiro (1994) trained rats for 65 days in an
eight-arm maze with four arms that had one piece of food in each
of these four arms. The rat could use working memory to avoid
returning to an arm that had already been visited. In addition, four
arms never had food, allowing spatial reference memory to be
tested. At the end of training, 20- or 30-mM AP5 infusions into
the lateral ventricle resulted in continued normal performance for
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both working and reference memory throughout the 4 days of
testing in the pretrained environment. Thus, AP5 did not impair
the performance of a spatial working memory task when the places
had been well learned previously. In contrast, when the rats were
then tested for 6 days in a new and unfamiliar environment, there
were profound deficits in the spatial working memory task, with no
improvements across the 6 days of testing. Thus, AP5 disrupted
the learning of a new spatial working memory task. A similar
pattern of results was reported following peripheral injections of
0.0625 mg/kg of MK-801 (an NMDA receptor antagonist) (Sha-
piro and O’Conner, 1992).

Tonkiss and Rawlins (1991) first trained rats in a spatial alter-
nation paradigm in a T-maze for 6 days at eight trials per day. Then
after the training, during ventricular infusions of 15 mM AP5,
there was very good performance of this spatial working memory
task in which the delay was 1-2 s between trials (with just a mild
deficit on the first day of infusions).

Robinson and Mao (1997) pretrained rats on a delayed non-
matching-to-position task with delays of 0, 4, 8, or 16 s. They then
showed that there was little impairment of this spatial working
memory task produced by the injection of 1.8 ng, 2.4 pg, 3.6 pg,
or 4.8 pg MK-801 into the dentate gyrus region of the dorsal
hippocampus and 4 pg or 12 g MK-801 into the CA1 region of
the ventral hippocampus 2 min before testing. In another study,
Kawabe et al. (1998) trained rats for 12 days, using the standard
eight-arm maze procedure with each arm baited once to provide a
spatial working memory task. When they retested the rats follow-
ing direct injections of 20 or 40 mM APS5 into the dentate gyrus
region of the dorsal hippocampus made 20 min prior to testing,
they found that there was a dose-dependent deficit in spatial work-
ing memory performance, as shown by an increase in the number
of return errors. The hypothesis we are considering would not have
predicted this, but we note that 2 pl of AP5 injections into the
dorsal hippocampus on each side are quite high and can easily
result in spread into other neural regions.

Hippocampal-dependent short-term or working memory tasks
do not always involve the modification of synapses to provide for a
representation of spatial information, but can also involve synaptic
modification involving the representation of temporal informa-
tion. For example, it has been shown that rats with hippocampal
lesions are not able to perform a working memory task that requires
memory for the temporal order of spatial location information
(Chiba et al., 1994). In this task, rats are required to remember an
event (e.g., spatial location) dependent on the temporal order of
occurrence of events. More specifically, on an eight-arm maze dur-
ing the study phase of each trial, rats were allowed to visit each of
the eight arms once in an order that was randomly selected for that
trial. The test phase required the rats to choose which of two arms
occurred earlier in the sequence of arms visited during the study
phase, i.e., a temporal order memory task. The arms selected as test
arms varied according to temporal lag or distance (0—6) or the
number of arms that occurred between the two test arms in the
study phase. This task requires rats to encode and chunk spatial
locations into discrete temporal events. Rats with electrolytic le-
sions of the hippocampus have difficulty separating one event (spa-
tial location) from another, perhaps because of an inability to in-

hibit interference that is likely to accompany sequentially
occurring events. In additional research, it was shown that ibotenic
lesions of the CA3 or CA1 region disrupt temporal order working
memory (Kesner et al., 2000). It is important to point out that the
number of possible temporal order representations of eight spatial
locations is very large, so that pretraining is not likely to modify all
the critical set of NMDA receptors required for temporally depen-
dent memory, so that it would be predicted that injections of
NMDA blocking agents should still be capable of disrupting tem-
poral order memory performance. Indeed, it was shown in one
experiment that 3—4 mg/kg of PCP disrupted performance on the
above-mentioned temporal order memory paradigm (Long and
Kesner, 1995). In a different experiment, Ohno and Watanabe
(1995, 1998) and Ohno et al. (1992) used a three-panel runway
task that required temporal ordering of information. In this task
there are four choice locations, and there are three doors per choice
location. The rats receive six trials per day in which the patterns of
three doors per choice were different from those used on other
days. After the rat has made a set of choices on trial 1, the rat must
remember and repeat the same choices on the next five trials. After
15-20 pretraining sessions on this task, rats received bilateral in-
jections of NMDA antagonists into the CA1 region of the dorsal
hippocampus 10 min before the presentation of the first trial of
that day. The results showed that 3.2 ng, 10 ng, and 32 ng CGS
19755 (an NMDA competitive antagonist), and 3.2 g, but not
0.32 or 1.0 pug AIDA (a selective antagonist of the group 1 metabo-
tropic receptor) or 0.1 and 0.18 g MK-801 (an NMDA receptor
antagonist), produced deficits, suggesting that rats had difficulty in
learning the task for that day.

An alternative way to conceptualize the importance of temporal
processing is to examine the temporal components associated with
the standard working memory paradigms. There are two critical
time intervals that need to be processed. The first involves the time
on an individual trial between the study phase and the test phase
which has been labeled the delay period; the second involves the
time between each trial, which includes a set of study and test
phases which is labeled the intertrial interval (ITI). One might
predict that inhibitors of synaptic modification should not affect
working memory performance after pretraining as long as the delay
and ITT intervals are constant, and the delay interval does not
become too long or filled with interfering stimuli which disrupt the
attractor state. However, any changes in the delay period or ITI
period or the relative relationship between the delay period and I'TT
might require new synaptic modification in that, for example, the
animal has to learn to wait for a very long time before being allowed
to make the choice. Thus, altering the temporal components of
these tasks might require new contextual learning, and make these
tasks susceptible to NMDA inhibitors until new learning of the
new temporal components of the task has been accomplished. The
experiments we describe next suggest that altering the temporal
components of the task does make the task sensitive to NMDA
receptor blockers, and on this evidence does require new learning
of the temporal contexts involved.

The evidence for this idea comes from the studies by Tonkiss
and Rawlins (1991), Bolhuis and Reid (1992), and Steele and
Morris (1999). Tonkiss and Rawlins (1991) first trained rats in a
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spatial alternation paradigm in a T-maze for 6 days at eight trials
per day. Then after training, during ventricular infusions of 15
mM AP5, there was very good performance of this spatial working
memory task in which the delay was 1-2 s between trials. However,
when the rats were exposed to a new 20-s delay period between
trials, rats with AP-5 infusions did not learn the task relative to rats
with vehicle injections. Bolhuis and Reid (1992) trained rats for 5
days on an eight- arm maze, using a four-arm study and four-arm
test phase procedure with a 5-min delay period. Following infu-
sions of AP5, new trials were presented with 20- or 60-min delays
interspersed with 1- and 5-min delays with no improvement in
performance compared to vehicle control rats. The deficits in the
above-mentioned studies are probably due to the requirement of
new learning associated with the new time delays requiring the
need to modify new synapses, and the fact that an attractor net-
work is not likely to be able to maintain its firing for such long
periods, as other inputs may push the attractor into another mem-
ory state unless special training has been given to expect a long
delay.

In a different experiment, Steele and Morris (1999) trained rats
in a matching-to-place task in a water maze. The rats were trained
to find a hidden platform that was placed in one of nine possible
locations for each day with either a 15-s intertrial interval for all
four trials or intertrial intervals that included 20 or 120 min be-
tween trials 1 and 2, followed by 15-s intertrial intervals between
trials 2 and 3, and trials 3 and 4. The starting position was varied
from trial to trial. Learning was observed as measured by a reduced
latency on the second trial of each day. The results indicated that
AP5 injections into the hippocampus after training did not disrupt
performance in a working memory task in a water maze when
trained with a 15-s intertrial interval for all four trials, but when the
training intertrial interval included an unexpected 20 or 120 min
between trials 1 and 2 followed by 15-s intertrial intervals between
trials 2 and 3 and trials 3 and 4, disruptive effects appeared. These
studies indicate that when the task is performed in a way that is
likely to rely on a spatial and temporal working memory of the type
that could be implemented if an attractor is used, blocking synaptic
modification does not impair use of the pretrained attractor mem-
ory. Alternatively, NMDA inhibitors disrupt working memory
performance at long, but not short delay periods because of the
disruption of ongoing active attractor states. Finally, there is an-
other possibility that short-term memory for spatial information is
not dependent on NMDA receptor activation, but that NMDA
receptor activation is important for rapid consolidation of spatial
information into long-term memory.

To test the idea that blocking synaptic modification does not
impair use of the pretrained attractor memory and at the same time
to localize injections into the CA3 region of the hippocampus, rats
were trained to remember one of two arms within an eight-arm
maze (Kesner, in preparation). On any day there were four inde-
pendent working memory trials with two trials at a 10-min delay
and two trials at a 30-min delay. After training, different subjects
received either saline or 36 nM PCP directly into the CA3 region
of the dorsal hippocampus. It can be shown that PCP or AP5
injections into the CA3 region do not spread into the CAl and
dentate gyrus regions, suggesting localized action of the drug in the

CA3 region. The order and dose of drug injections were counter-
balanced with 2 days of drug injections followed by 2 days of saline
injections. The results are shown in Figure 3 and indicate that there
is good working memory for the 1-min and 30-min delays for the
rats that received either saline or 36 nM PCP injection into the
CA3 region. This suggests that after extensive training with a 1- or
30-min delay period, NMDA receptors in the CA3 region are not
involved in maintaining spatial working memory for a 1- or 30-
min delay period. Thus, involvement of NMDA receptors is not a
function of the delay period, but a function of change relative to
pretraining requiring new learning and new modification of
NMDA receptors. The intracranial injections used in this study
leave untested the possibility that some spatial working memory is
being maintained in this task in an attractor network that is in
another part of the hippocampal formation, but this possibility is
made unlikely by the fact that peripheral injections of PCP (4
mg/kg) also did not impair the spatial working memory perfor-
mance on the pretrained task at the 1-min and 30-min delays (see
Fig. 3). In another study using the same short-term memory pro-
cedure with 10-s delays, AP5 injected directly into the CA3 region
did not impair performance of the spatial working memory task
when the places had been well-learned previously. In contrast,
when the rats were then tested in a new and unfamiliar environ-
ment, AP5 injections into the CA3 region produced a profound
deficit in the spatial working memory task (I. Lee and R.P. Kesner,
unpublished observations). Similar deficits were found with AP5
injections into the CA3 region in the same working memory task
when a delay of 10 s was changed to 5 min (I. Lee and R.P. Kesner,
unpublished observations). Thus, AP5 injections into the CA3
region disrupted spatial working memory tasks whenever there was
a change in the spatial or temporal context.

DISCUSSION

Many studies indicate that after initial training, the actual per-
formance of spatial working memory tasks does not require synap-
tic modification, as assessed by the use of blockers of NMDA
receptors. In some cases, as with local injections into the CA3
region, the experimental findings might arise because the injec-
tions did not actually reach whichever attractor may maintain the
memory state, and this could be in some other part of the hip-
pocampal formation. However, the fact that peripheral injections
of NMDA receptor blockers do not impair the performance of
spatial working memory tasks would also support the hypothesis
that once attractor states have been trained into recurrent networks
by synaptic modification during initial learning, the later use of
these attractor states for holding a working memory state for a
short period does not require further synaptic modification.

With respect to the acquisition or new learning of spatial or
temporal working memory tasks, most studies do find an impair-
ment produced by treatments, such as PCP, MK-801, and APS5,
that block the formation of LTP in the hippocampal system. It
appears that intrahippocampal injections of AP5 or peripheral in-
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jections of PCP and MK-801 produce a disruption of LTP at dose
ranges that also produce behavioral effects in learning of spatial or
temporal working memory tasks (Abraham and Mason, 1988;
Caramanos and Shapiro, 1994; Gilbert and Mack, 1990; Kesner
and Dakis, 1993; Morris et al., 1989; Stringer and Guyenet, 1983;
Stringer et al., 1983). The treatment effects on acquisition or new
learning of spatial or temporal working memory tasks could arise
for two reasons. One possibility is that the synaptic modification
required to set up each of the attractor states could not be set up in
a network that would later be used as an attractor. A second pos-
sibility is that some parts of the hippocampus must learn using
synaptic modification in order to set up the spatial and temporal
representations that will then be sent to the attractor network in
another part of the hippocampal formation, or elsewhere in the
brain. If the spatial and temporal representations to be later re-
membered cannot be set up in the first place, then of course later
use of these long-term spatial or temporal representations to trigger
an attractor into one of its short-term memory states would not be
possible.

For future studies, a good paradigm to address the hypothesis
described here would include testing the efficacy of inhibitors of

synaptic modification on both new learning and the later perfor-
mance of spatial and/or temporal short-term memory tasks. Good
examples of such experiments are those described by Caramanos
and Shapiro (1994) and Tonkiss and Rawlins (1991). However,
such studies would be ideally appropriate if the injections were
aimed to affect the actual network that supports the attractor states,
evidence for which would include recording of continuing neuro-
nal firing during the delay period. We next discuss evidence of this
type, and other evidence, on where the actual attractor networks
might be for the spatial and temporal working memory tasks ana-
lyzed here. However, we emphasize that the hypothesis described
here is generic. If short-term memory is implemented by attractor
networks, then we predict that the acquisition of new attractor
states should depend on synaptic modification, but once learned,
no further synaptic modification should be necessary in order to
use these attractor states in short-term memory tasks.

What subregions and networks within the hippocampal forma-
tion could be considered as good candidates for the attractor net-
work or networks that implement hippocampus-dependent spatial
working memory? From a neuroanatomical point of view, one type
of implementation of an attractor network would utilize a set of
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neurons with recurrent collaterals which undergo Hebb-like syn-
aptic modification (see Rolls and Treves, 1998, Chapter 3). An-
other possible implementation would involve feedforward connec-
tions from one set of neurons to a second set, which in turn have
feedback connections to the first set, and with Hebb-like synaptic
modification in the forward and backprojection synapses. Such an
architecture is found in many parts of the cerebral cortex, and
attractor states are one possible function that could be performed
by this backprojection architecture, as described by Rolls and
Treves (1998, section 10.2). The mossy/granule-cell system in the
hippocampus might also implement an architecture of this type, as
suggested by Buckmaster and Schwartzkroin (1994). On that ba-
sis, the CA3 recurrent collateral network (see Rolls and Treves,
1998, Chapter 6), and the entorhinal cortex with its recurrent
collaterals which are a characteristic property of most neocortical
areas, are potential candidates for mediating a spatial working
memory attractor system. Evidence in favor of the CA3 region
comes from the observation that injections of NMDA receptor
blockers into the CA3 region, which has recurrent collaterals, dis-
rupt the learning of a spatial working memory task, but do not
disrupt later performance of a spatial working memory task (I. Lee
and R.P. Kesner, unpublished observations; Walker and Gold,
1994). The hypothesis would be that the CA3 attractor network
maintains activity during the spatial working memory period by
recirculating activity in the recurrent collateral connections. Thus,
one should be able to measure increased firing rates during the
delay period. Hampson et al (1993) trained rats in a delayed
matching to position task and recorded from CA3 hippocampal
cells (and CA1 cells, which would be expected to reflect any con-
tinuing activity in the CA3 cells). They reported that one subset of
CA3 and CAL cells increased their firing rates during the 30-s delay
interval. Similar increases in firing rate in hippocampal neurons
have been reported for monkeys during the delay period in spatial
working memory tasks (Cahusac et al., 1989; Colombo et al.,
1998). It should be noted that others have not found sustained
firing in rat hippocampal cells during a delay in a T-maze spatial
working memory task (Wible et al., 1986). Finally, the fact that
hippocampal place cells in rats (Samsonovitch and McNaughton,
1997) and spatial view cells in monkeys (Robertson et al., 1998;
Rolls, 1999) continue to fire in the dark, with some drift without
the view details visible, can also be taken as consistent with the
hypothesis that there is an attractor in the CA3 region, which keeps
the neurons firing in the absence of one of the major driving
sensory inputs, the view of the environment. Consistently, kainic
acid lesions of the CA3 region have been shown to disrupt spatial
working memory (Handelmann and Olton,1981; Jarrard, 1983),
although the CA3 effect in Jarrard (1983) was rather small. In
addition, there is an impairment in memory for all items of a list of
five spatial locations when an electrolytically induced dorsal hip-
pocampal lesion includes the CA3 region, but memory for the last
spatial location in the list is intact when the CA3 region is spared,
suggesting that short-term or working memory for spatial location
information is mediated by the CA3 region (Kesner et al., 1988).
Furthermore, it has been shown that ibotenic acid lesions of the
CA3 or CA1 region disrupt temporal order working memory
(Kesner etal., 2000). Thus, based on injections of NMDA receptor

inhibitors into CA3, sustained firing during the delay period of
CA3 neurons, and lesions of CA3, there is reasonable evidence for
a role of CA3 as an attractor network that is used in hippocampal-
dependent spatial and temporal working memory tasks.

Support for the possibility that the entorhinal cortex might im-
plement an attractor useful in some short-term memory tasks is
that cells in the entorhinal cortex show sustained firing during the
delay period in a spatial working memory task in monkeys (Suzuki
etal., 1997) and in an odor working memory task in rats (Eichen-
baum, 1997). In some studies, lesions of the entorhinal cortex in
rats produce spatial working memory deficits (Holscher and
Schmidt, 1994; Nagahara et al., 1995), but in other studies there
are no deficits (Bouffard and Jarrard, 1988; Kesner and Giles,
1998; Rothblat et al., 1993).

In conclusion, the hypothesis described here is that some short-
term memory tasks can be implemented by firing in attractor net-
works, with synaptic modification being necessary to set up the
attractor states, but not to use them for later performance. We have
reviewed evidence that for hippocampal-dependent spatial work-
ing memory, synaptic modification is indeed not necessary for
performance, but is necessary for learning. Although we do not
take a strong position on where in the hippocampal formation the
relevant attractor network may be, we describe some evidence that
it might be at least in part implemented by the well-developed
hippocampal CA3 cell recurrent network, which has Hebb-mod-
ifiable synapses (Debanne et al., 1998). We note that the hypoth-
esis applies just as much to attractor networks in other brain re-
gions, and predict for example that for the spatial delayed response
type of working memory task implemented in the dorsolateral
prefrontal cortex (Goldman-Rakic, 1996; Rolls and Treves, 1998,
Chapter 10) in monkey synaptic modification is required during
the acquisition but not the later performance of the task.
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