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Spatial learning is impaired by NMDA receptor antagonists at
doses that block hippocampal long-term potentiation (LTP).
The deficit is not observed in animals that have received spatial
or nonspatial pretraining in a different water maze. To determine
whether this conditional impairment reflects debilitating senso-
rimotor effects of NMDA receptor antagonists in naı̈ve animals,
we compared spatial learning in naı̈ve and pretrained animals in
which induction of LTP was blocked by a saturation procedure
with no obvious effects on sensorimotor functions. Rats with
unilateral hippocampal lesions were implanted with multiple
bipolar stimulation electrodes in the angular bundle and a
recording electrode in the dentate gyrus of the intact hemi-
sphere. Half of the rats were pretrained to find a hidden plat-
form in a water maze. A week later, pretrained and naı̈ve rats
received either high-frequency (HF) or low-frequency (LF) stim-

ulation at 2 hr intervals, until no further LTP could be induced.
The stimulation did not interefere with performance on a bal-
ance task or a visual platform task. After stimulation, all rats
were trained in a second water maze. Whereas naı̈ve HF ani-
mals were impaired, pretrained HF animals acquired the new
task rapidly and searched as extensively around the platform as
LF control animals. These results suggest that pretraining pre-
vents disruption of spatial learning after saturation of LTP in the
absence of sensorimotor impairment, that hippocampal LTP
might not be crucial for spatial representation per se, and that
LTP may be involved only when spatial and contextual or
procedural learning take place simultaneously.
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Long-term potentiation (LTP) is currently the main model for
how memories are formed and stored in the hippocampal forma-
tion (Bliss and Collingridge, 1993). Much of the validity of the
model rests on the apparently overlapping mechanisms of hip-
pocampal LTP and hippocampus-dependent spatial learning,
such as the need for NMDA receptor activation. NMDA receptor
dysfunction impairs both hippocampal LTP and spatial learning
(Morris et al., 1986; Sakimura et al., 1995; Tsien et al., 1996), as
does interference with several other elements of the molecular
cascade leading to LTP (e.g., Silva et al., 1992). Spatial learning is
disrupted if LTP is “saturated” by repeated induction in a large
number of synapses (McNaughton et al., 1986; Castro et al., 1989;
Moser et al., 1998). Altogether, these data suggest that LTP-like
enhancement of hippocampal synaptic transmission is necessary
for spatial memory formation.

However, animals that have received spatial or nonspatial pre-
training can learn a new water maze task even if LTP is blocked
by NMDA receptor antagonists (Bannerman et al., 1995; Saucier
and Cain, 1995). A similar effect of pretraining is not seen after
hippocampal lesions (Bannerman et al., 1995). These observa-
tions raise the possibility that disruption of spatial learning after
interference with LTP reflects impaired capacity of the hip-
pocampus to perform processes other than those requiring LTP-
like modifications.

There are at least two main interpretations of the effect of

pretraining. On one hand, impaired spatial learning in naı̈ve rats
could reflect the debilitating effects of the antagonists on the
acquisition of basic sensorimotor strategies required for success-
ful performance in a water maze (Saucier and Cain, 1995; Cain
et al., 1996). On the other hand, NMDA receptor-dependent LTP
might be necessary for learning of only a subset of the behavioral
components of the water maze task, e.g., general search strategies
crucial for any water maze task (Bannerman et al., 1995). Both
hypotheses assume that the critical LTP-dependent process was
already completed by the time the animals are trained under
NMDA receptor blockade, but only the latter leaves a role for
LTP in some component of spatial learning. To resolve the issue,
we asked whether pretraining rescues learning when LTP is
blocked without accompanying sensorimotor dysfunctions. We
saturated LTP in the perforant path synapses of the dentate gyrus
and tested whether spatial learning took place in pretrained
animals.

MATERIALS AND METHODS
Subjects. Thirty-eight male Long–Evans rats (250–400 gm; M&B) were
housed in groups of four to six in large transparent polycarbonate cages
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(55 3 45 3 35 cm) with food and water available ad libitum. The animals
were kept on a 12 hr light /dark schedule and tested in the dark phase.

Surgery. Rats anesthetized with Equithesin received unilateral lesions
as described previously (Moser and Moser, 1998). Two weeks later,
electrodes were implanted (Moser et al., 1998). Briefly, three bipolar
SNEX100 stimulation electrodes (Rhodes Medical Instruments, Wood-
land Hills, CA) were implanted in the medial, middle, and lateral angular
bundle of the intact hemisphere 0.1, 0.2, and 0.3 mm anterior and 3.0, 4.0,
and 5.0 mm lateral to lambda, respectively. Two recording electrodes
(twisted 70 mm Teflon-insulated stainless steel wires; Goodfellow, Cam-
bridge, UK) were implanted in the granule cell layer of the ipsilateral
dentate gyrus, 3.5 mm posterior and 2.4 mm lateral to bregma, with depth
determined on the basis of field potentials in response to 0.2 Hz stimu-
lation through the middle stimulation electrode. Electrodes, two ground
screws, a return screw for monopolar stimulation, and four anchoring
screws were cemented to the skull using dental acrylic.

Spatial pretraining. Two weeks later, 19 rats were trained to find a
hidden platform in opaque water in a Morris water maze (198 cm
diameter; 50 cm depth; water depth, 40 cm; temperature, 25 6 1°C). The
pool had four platforms (10 cm diameter) that could be regulated
between an available level and an unavailable level (1.5 and 22 cm below
the surface, respectively). The training room was 4 3 6 m 2. Each rat was
trained for 5 d (4 trials morning and 4 trials evening) to find one platform
at a fixed position (NE, NW, SE, or SW). Start positions alternated
between N, S, E, and W in a pseudo-random fashion. Maximum trial
length was 120 sec. The rat was left on the platform for 30 sec after each
trial. Trials 17 and 33 served as probe tests with the platform in its lower,
unavailable position for 60 sec, before it was raised to the upper position
so the rat could climb onto it. The swim pattern of each rat was identified
and stored by a tracking system (Moser and Moser, 1998).

Stimulation procedure. Pretrained rats were matched with respect to
time spent in the platform zone on the last spatial probe test and assigned
to a high-frequency (HF) stimulated experimental group or a low-
frequency (LF) control group. After pretraining, all rats received exten-
sive handling and habituation to the test boxes.

Seven days after pretraining, evoked field potentials were recorded at
20 kHz from one electrode in the dentate gyrus during seven recording
sessions at 2 hr intervals. Between sessions, the rats rested in the animal
room 4 m away. Each session consisted of 18 100-msec pulses delivered at
0.2 Hz through the middle stimulation electrode at three pulse intensities
(population spike threshold, ;1 mV population spike, ;3 mV population
spike; 50–1000 mA). Stimulation intensities were not different between
naı̈ve and pretrained animals (e.g., 201 6 34 and 232 6 42 mA, respec-
tively, at spike threshold; means 6 SEM).

Immediately after the third, fourth, fifth, and sixth recording (at 5, 7,
9, and 11 hr), the rats received either LF or HF stimulation. HF
stimulation consisted of eight trains of eight pulses at 400 Hz with a 2 sec
intertrain interval (pulse width, 100 msec); LF stimulation consisted of
eight single pulses at 0.5 Hz. The current was passed systematically
between pairs of six stimulation sites defined by the medial (a, b) and
lateral (c, d) stimulation electrodes, the tip of the middle stimulation
electrode deep in the angular bundle (e), and the return screw on the
skull above and caudal to the stimulation electrodes ( f ) (Fig. 1). Stim-
ulation intensities were equal for HF and LF animals. For the first 21
rats, we stimulated at 1500 mA when anode and cathode were at different
sides of the angular bundle and at 800 mA when the poles were on the
same side of the bundle. For the following 17 rats, the intensity was
increased to 2000 and 1500 mA, respectively, to increase the proportion
of animals reaching our saturation criterion (see below). The two sets of
tetanization intensities were equally distributed across groups and were
not associated with different behavioral results.

New learning af ter stimulation. Three hours after tetanization, the
animals were trained in a new water maze (200 cm diameter, 50 cm
depth, opaque water at 40 cm depth, 25 6 1°C) in a new room with
unique spatial layout, cue configuration, and size (3 3 4 m 2). All rats,
pretrained and naı̈ve, were trained to find a fixed platform in the new
maze. Rats were randomly assigned to one of the four platform positions.
The training consisted of two trials per session (interval, 30 sec). Sessions
were spaced by ;1 hr. Pretrained rats received eight training sessions,
with spatial probe tests (platform raised at 60 sec) before training and on
sessions 4 and 8. The naı̈ve groups received 12 training sessions, with
probe tests on sessions 4, 8, and 12. In addition, time in the platform zone
was calculated from the first 60 sec of swimming on session 1 in these rats.
When the escape latency was ,60 sec (5 of 13 rats), zone times were
expressed as percentages of total swim time on this test.

Sensorimotor tests. Two tests were designed to evaluate sensorimotor
abilities. The first was a balance test in which a 3.5-cm-wide wooden
plank was placed 10 cm over the surface of the water maze. The rats, all
naı̈ve to the task, were placed on the middle and were required to balance
to one of the end points (1.0 m away). On the second test, the rats swam
to and climbed an elevated platform (2 cm above the surface) in the
water maze. White curtains were drawn around the pool. Latency to
reach and climb onto the platform was recorded. The procedure was
repeated four times at 1 min intervals and with different start positions.

Estimate of residual LTP. Two hours after the last swim trial, field
potentials were recorded as above (session 8 at 29 hr), and HF stimula-
tion was subsequently delivered at 1000 mA between the naı̈ve cathode
and the anode of the middle electrode in all rats (Fig. 1g,e). HF stimu-
lation consisted of eight trains (0.5 Hz) of eight pulses (400 Hz) repeated
twice at the same polarity (60 sec interval). Field potentials were re-
corded again 1 hr later to determine residual LTP (session 9). HF rats
with .10% increase of the EPSP slope on this test (four naı̈ve and two
pretrained) were excluded from further analysis.

Histology. The rats received an overdose of Equithesin and were
perfused intracardially with saline and 4% formaldehyde. Preparation of
brain sections and calculation of volume of residual hippocampal tissue
have been described previously (Moser and Moser, 1998).

RESULTS
Histology
All rats had damage to one hippocampus as intended, whereas the
implanted contralateral hippocampus was intact except for the
electrode traces. On the lesioned side, only small remnants of
hippocampal tissue were left at the septal and temporal poles (HF
pretrained, 8.7 6 1.9%; LF pretrained, 8.7 6 1.9%; HF naı̈ve,
8.8 6 2.9%; LF naı̈ve, 12.9 6 2.5%; means 6 SEM). ANOVA
showed no significant effects on residual tissue of stimulation (HF
or LF), training (pretrained or naı̈ve), or stimulation 3 training
(all F , 1).

Pretraining
During the 10 pretraining sessions, all rats learned to swim
directly to the hidden platform. Mean latency 6 SEM to find the
platform was 91.7 6 5.2 sec on session 1 and 10.4 6 1.2 sec on
session 10, with means consistently ,20 sec during the second
half of training. On the final spatial probe test, all rats searched
around the platform (31.0 6 3.6% of total search time within a
64-cm-diameter circle around the platform; value expected by

Figure 1. Stimulation protocols. Left, Induction of LTP by tetanic stim-
ulation across the angular bundle (circle), with anode and cathode varied
between six stimulation sites (a–f ). Sequence of stimulation: at 5 and 9 hr,
ef, ad, bc, ac, bd, ab, cd; at 7 and 11 hr, bf, df, da, cb, ca, db, ba, dc. For each
combination, eight trains (high-frequency group) or eight single pulses
(low-frequency group) were delivered, with combinations separated by 30
sec intervals. Right, Estimate of residual LTP by tetanization through the
central electrode only ( g, e).
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chance, 10.2%). There were no significant effects of group or
group 3 session (all F ,1). There was a significant main effect of
zone on probe test times (F(3,45) 5 31.6; p , 0.001) and a
significant effect of session on the escape latencies (F(7,105) 5 55.8;
p , 0.001).

Stimulation and recording of evoked potentials
Tetanic stimulation started after session 3 (at 5 hr). Animals in
both the pretrained and the naı̈ve HF groups showed a rise in
EPSP slope compared with baseline from session 4 to session 7
(Fig. 2; 6–12 hr). The EPSP slope of the two LF groups remained
at baseline level. There was a significant effect of stimulation (HF
vs LF) on field EPSP slope (F(1,16) 5 9.7; p , 0.01; sessions 4–7),
but no effect of training (pretrained vs naı̈ve) or stimulation 3
training (F , 1). HF stimulation also lead to some increase in the
population spike amplitude (0.4 mV at the high intensity), but this
effect was present also in the LF group (0.3 mV). The general
increase in spike amplitude could reflect decreased brain temper-
ature as the animals got habituated to the stimulation procedure
during the course of the experiment (Moser et al., 1993).

New learning
None of the pretrained groups showed any spatial bias on the first
trial in the new water maze (60 sec probe test; time in the
platform zone: HF, 8.0 6 2.0%; LF, 11.9 6 2.3%; value expected
by chance, 10.2%).

Pretrained animals
Both pretrained groups (HF and LF) started out with lower
escape latencies than the naı̈ve groups, suggesting that they ben-
efited from the pretraining (Fig. 3A). Both groups also quickly
learned to swim directly to the platform (session effect, F(5,75) 5
6.1; p , 0.001; group and session 3 group effects, F , 1). Spatial
probe tests conducted 0, 4, and 8 hr after the start of training
showed that both groups developed a clear preference for the
platform region (Fig. 3B) and that their rate of learning was
similar (Fig. 3C). ANOVA of swim times across pool quadrants
revealed a significant effect of zone at 4 and 8 hr (F(3,45) $ 14.6;
p , 0.001) but with no zone 3 group interactions (F , 1). There
was no group effect on the rate at which time in the platform zone
increased during training (F , 1).

Naı̈ve animals
In the naı̈ve animals, the initially high escape latencies were
clearly reduced during training after both HF and LF stimulation
(session, F(8,88) 5 9.8; p , 0.001; Figure 3D). Although stimula-
tion condition had no effect on the escape latencies (F , 1), the

HF group was impaired on the spatial probe tests (Fig. 3E,F).
ANOVA of swim times on the final test revealed significant
effects of zone (F(3,33) 514.4; p , 0.001) and zone 3 group
(F(3,33) 5 3.1; p , 0.05). Time in the platform zone increased
faster in LF animals than HF animals (F(3,33) 5 2.9; p 5 0.05;
Figure 3F).

Because the pretrained HF group developed slightly less LTP
than in the naı̈ve HF group (Fig. 2), we tested new learning in
another set of animals (13 HF and 12 LF) with an identical
pretraining history but more EPSP potentiation (30.1 6 14.0%).
Again, new learning was equally efficient in the HF and LF
groups. Times in the platform zone on the probe test (trial 7)
were 29.2 6 2.5 and 31.0 6 4.4%, respectively.

Sensorimotor tests
All rats balanced successfully across the elevated plank and
climbed the raised platform in the water maze within few seconds
(HF, 6.8 6 0.9 sec; LF, 5.5 6 0.5 sec; t(25) 51.4; NS). Time to
climb the platform did not correlate with time in the platform
zone on the final probe trial (r(25) 5 0.1; NS).

Residual LTP
To estimate residual capacity for LTP, we tetanized between
electrode poles never used in combination before, the tip and the
shaft of the middle electrode. One hour later, there was no
enhancement but rather a small decrease in the EPSP slope in the
HF groups (pretrained, 26.0 6 3.2%; naı̈ve, 21.8 6 2.5%; Fig.
2B,C, 29 vs 30 hr). Both LF groups showed a marked enhance-
ment (pretrained, 33.0 6 8.7%; naı̈ve, 20.9 6 10.1%). An
ANOVA of EPSP slope values showed a significant effect of
stimulation (HF vs LF; F(1,19) 5 20.6; p , 0.001) but not of
training (pretrained vs naı̈ve; (F , 1) or stimulation 3 training
(F(1,19) 5 2.7; NS).

There was also a differential enhancement of the population
spike amplitude (pretrained LF, 0.62 6 0.33 mV; naı̈ve LF,
0.73 6 0.31 mV; pretrained HF, 0.29 6 0.15 mV; naı̈ve HF,
20.08 6 0.14 mV; stimulation, F(1,20) 5 5.6; p , 0.05; no effect of
training, no interaction).

DISCUSSION
The main finding was that pretraining prevents the impairment of
spatial learning after saturation of LTP in the perforant path
synapses of the hippocampus. This is consistent with previous
studies demonstrating intact spatial learning in pretrained ani-
mals when NMDA receptor-dependent LTP is blocked (Banner-
man et al., 1995; Saucier and Cain, 1995). Rats treated with

Figure 2. Potentiation of field poten-
tials in perforant path synapses of the
dentate gyrus. Normalized values for
EPSP slope (relative to baseline ses-
sions) are given for rats receiving HF or
LF stimulation (means 6 SEM). HF or
LF stimulation (arrows) was delivered
immediately after recording at 5, 7, 9,
and 11 hr. The animals were trained in
the water maze at 14–26 hr. Residual
LTP was estimated by tetanic stimula-
tion through the central electrode at 29
hr (both groups). A, Naı̈ve rats; B, pre-
trained rats. Inset, Representative
evoked potentials at 5 hr (broken line)
and 13 hr (solid line).
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NMDA receptor antagonists display sensorimotor deficits (Sauc-
ier and Cain,1995; Cain et al., 1996), and the poor search behav-
ior of naı̈ve drug-treated rats may reflect inability to learn the
basic motor strategies of the task rather than blockade of LTP.
Pretraining may allow the necessary sensorimotor strategies to be
acquired in advance (Cain, 1998). We show here that blockade of
LTP by saturation impairs learning in naı̈ve animals in the ab-
sence of sensorimotor impairment.

Alternative interpretations
It is unlikely that the failure to impair learning in pretrained

HF rats reflects less successful saturation in this group than in the
naı̈ve HF group. Naı̈ve and pretrained animals exhibited no
differences in residual LTP. Learning was intact in all pretrained
HF animals, even when no further LTP could be induced.

The pretrained groups received longer training than the naı̈ve
groups (40 1 15 trials vs 23 trials). Thus, the failure to block new
learning in pretrained HF rats may be a consequence of a larger
number of training sessions. Examination of performance on

early trials in the second water maze suggests that this is not the
case. The first probe test (at 4 hr) was conducted before robust
learning had taken place in the pretrained animals, with perfor-
mance being poorer than on the final probe test in the naı̈ve
groups. Nonetheless, although the naı̈ve HF and LF groups were
still different from each other at the end of training (12 hr), the
pretrained groups had comparable search times already on the
first probe test after training had started (Fig. 3C; probe test 2),
suggesting that the pretraining effect was expressed from the
outset.

However, even though the performance of the pretrained
groups was quantitatively indistinguishable, the pretrained HF
animals may have solved the second water maze task by using
nonspatial, nonhippocampal strategies. When given extensive
training, rats with bilateral hippocampal lesions are able to learn
where a platform is located in a water maze (Morris et al., 1990;
Whishaw et al., 1995). This slow type of learning may, at least
partly, be nonspatial (Eichenbaum et al., 1990). It is unlikely that

Figure 3. Effect of LTP saturation on
learning a new water maze task in pre-
trained (A–C) and naı̈ve (D–F) animals
(means 6 SEM). A, D, Latency to enter
the hidden platform during training af-
ter tetanic stimulation. Arrows indicate
probe tests B, E, Performance on the
final probe test, showing time inside a
circle (64 cm diameter; inset) around the
submerged platform (black) and in cor-
responding, equally large zones in the
other pool quadrants. C, F, Develop-
ment of spatial behavior (time in the
platform zone) across probe tests, with
zone time calculated as in B and E.
Probe test 1 was conducted before train-
ing started.
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such learning was critical in the present experiment, because rats
with complete hippocampal lesions failed to benefit from pre-
training in a previous study with the same training protocol
(Moser and Moser, 1998). Thus, the pretraining effect depends on
the hippocampus.

What is the LTP-dependent component of
spatial learning?
The pretrained animals benefited from the transfer of procedural
knowlege from the first to the second water maze, such as know-
ing that there is an escape platform, swimming away from the
pool walls, and using the platform as a refuge. Naı̈ve animals may
have been unable to acquire this type of knowledge when LTP
was blocked. However, both of the naı̈ve groups started out with
high escape latencies that were significantly reduced during
training, suggesting that, despite their apparently random
search pattern on the probe tests, the naive HF rats had
learned to search in the inner or middle area of the pool where
they frequently encountered the platform by chance. This is
consistent with a recent study reporting that rats profit from
nonspatial pretraining even if NMDA receptors are blocked
during pretraining (Hoh et al., 1999). Thus, significant procedural
components of the water maze task do not seem to require
NMDA receptor-dependent LTP.

Taken together, the studies of spatial learning after interfer-
ence with LTP in pretrained animals suggest that hippocampal
NMDA receptor-dependent LTP is not required for spatial learn-
ing per se or for learning the general strategies of the water maze
task during pretraining. Nevertheless, animals are impaired when
rats are required to learn both components of the task at once
during blockade of further LTP formation. Hoh et al. (1999) have
suggested that pretraining prevents the learning impairment by
reducing task difficulty as the procedural and spatial components
are learned separately. If “task difficulty” is the critical factor
determining whether learning can take place in the absence of
LTP, future studies must determine what makes a task “difficult”;
i.e., which specific elements occur in conjunction only when animals
learn procedural and spatial aspects of the task simultaneously.

One clue comes from the fact that pretraining does not help in
a delayed-matching task. When rats are trained with a new plat-
form position daily, NMDA receptor blockade blocks retention in
a delay-dependent manner despite extensive drug-free pretrain-
ing (Steele and Morris, 1999). An important difference between
this and other tasks is that target positions used on previous days
must be ignored. Successful performance requires the animals to
remember both where the platform was positioned and when the
platform occupied this position (recent or remote). One function
of LTP may be to associate such elements of experience (when
and where) in episodic memory (Morris and Frey, 1997). Spatial
learning may take place without LTP, but only when the other
episodic aspects of the training context are familiar, as they are in
the pretrained groups of the present experiment.
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