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Acquisition in the Morris swim task is impaired
by a benzodiazepine but not an NMDA antagonist:
A new procedure for distinguishing acquisition
and performance effects

JULIAN R. KEITH and MARK GALIZIO
University of North Carolina, Wilmington, North Carolina

The problem of learning versus performance continues to challenge researchers interested in drug
effects on place learning and memory. To address this problem, the present study adapted the repeated
acquisition/performance (RAP) procedure to the Morris swim task. The procedure involved training
subjects to swim to a hidden platform that was always in the same location in one pool and in a new
location each day in another pool. The advantages of this procedure are that acquisitions of new place
responses and performances of previously learned place responses can be directly compared in indi-
vidual subjects within single sessions, and dose-response functions can be determined for each indi-
vidual subject. Experiment 1 demonstrated the ability of rats to learn new platform locations in one
pool while maintaining stable performance on a previously learned place response in another pool
within individual sessions. Experiment 2 used the RAP adaptation of the Morris swim task to study ef-
fects of chlordiazepoxide (CDZ), a benzodiazepine, and dizocilpine (DZP; a noncompetitive N-methyl-
D-aspartate antagonist), on place learning and performance. Both drugs impaired performance in a
dose-dependent manner. More interestingly, a moderate dose (10 mg/kg) of CDZ caused a small but re-
liable acquisition impairment without affecting performance of the previously learned place response.
Doses of DZP that were substantially greater than doses previously shown to disrupt induction of
NMDA-dependent long-term potentiation in the hippocampus did not impair acquisition in this proce-

dure. Acquisition was affected only at DZP doses that also impaired the performance measure.

The Morris (1981) swim task is widely used to study
drug effects on learning and memory. Two procedures
are often used together to distinguish drug effects on
learning versus performance variables. One procedure
requires subjects to swim in a circular pool to a platform
located in a fixed position and submerged just beneath
the surface of clouded water (hidden platform task). A
second, control, procedure requires subjects to swim to
an escape platform that extends above the water surface
(visible platform task). The hidden platform component is
generally interpreted as a test of spatial learning, whereas
the visible platform component serves as a control for
nonassociative (e.g., sensorimotor and motivational) ef-
fects of drugs on performance.
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The hidden and visible platform procedures are not
equally sensitive to drug effects. Specifically, some drugs
(e.g., cholinergic antagonists, N-methyl-D-aspartate
[NMDA] receptor antagonists, opioids, and benzodi-
azepines [BZDs]) impair performances on the hidden
platform task at doses that do not impair visible platform
performance (for a review, see McNamara & Skelton,
1992). Such outcomes are sometimes interpreted as evi-
dence that certain drugs produce place learning impair-
ments that are not accounted for by sensorimotor dis-
turbances (see, ¢.g., Barnes, 1988; G. S. Robinson, Crooks,
Shinkman, & Gallagher, 1989). Consistent with this view
are data from studies that compared drug effects on hid-
den platform acquisition to effects on hidden platform
performance swimming to a previously learned platform
location (i.e., a retention test). The salient result from the
retention studies was that certain drugs (such as NMDA
receptor antagonists and benzodiazepines), when given to
rats naive to the Morris swim task, impaired hidden plat-
form acquisition, but when these drugs were given to rats
that had received prior training, they failed to impair re-
tention performance (McLamb, Williams, Nanry, Wilson,
& Tilson, 1990; McNamara & Skelton, 1991; Whishaw &
Auer, 1989).

Because the task demands during the acquisition and
retention phases of these studies were equivalent, the im-
pairments noted in subjects drugged prior to acquisition
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training and the spared performance observed in sub-
jects drugged only prior to the retention test apparently
strengthened the case that deficits during acquisition
were not due to drug effects on performance. However,
previous studies of drug effects on swim task acquisition
were cast in a different light by procedures that included
swim task training prior to studying drug effects on hid-
den platform acquisition. Briefly, drugs (NMDA antag-
onists and cholinergic antagonists) that impaired acqui-
sition of the hidden platform task in naive rats did not
impair acquisition in rats that were experienced in the Mor-
ris swim task in a different spatial environment (Ban-
nerman, Good, Butcher, Ramsay, & Morris, 1995; Cain,
Saucier, Hall, Hargreaves, & Boon, 1996; Saucier &
Cain, 1995; Saucier, Hargreaves, Boon, Vanderwolf, &
Cain, 1996). On the basis of these results, the authors
concluded that NMDA and cholinergic (muscarinic) ac-
tivity were not essential for spatial learning and that
drug-induced sensorimotor disturbances contributed to
poor hidden platform acquisition in naive rats (the sig-
nificance of these findings for the NMDA-learning hy-
pothesis is discussed in greater detail in Experiment 2
and the Discussion section). Although they were an im-
portant improvement over previous methods used to
study drug effects on place learning, procedures that in-
cluded a pretraining component prior to the drug study
still did not permit a direct comparison of drug effects on
acquisition and performance. Taken together, these studies
underscore some of the difficulties involved in develop-
ing procedures that reliably distinguish learning and per-
formance effects of drugs in the Morris swim task.

A procedure that has been used effectively by behav-
ioral pharmacologists to distinguish effects of drugs on
learning and performance in an operant conditioning set-
ting is the multiple-schedule-repeated-acquisition pro-
cedure (Thompson & Moerschbaecher, 1979). This pro-
cedure involves teaching subjects patterns of reinforced
keypeck or leverpress responses. In the presence of one
stimulus, the same pattern is always effective (perfor-
mance component). In the presence of a different stimu-
lus, the reinforced leverpress pattern changes each ses-
sion (acquisition component). In this procedure, in a
single experimental session, drug effects on a well-
learned sequence can be compared directly with the ac-
quisition of a new sequence. Additionally, with this re-
peated acquisition/performance (RAP) procedure, an
entire dose—response function can be determined for
each individual subject (with repeated determinations at
each dose), thereby reducing problems often encoun-
tered in group designs resulting from individual differ-
ences in rate of learning and reactivity to drugs. This sort
of within-subject design permits highly sensitive assess-
ments of drug effects to be completed using substantially
fewer subjects than are required when between-groups
designs are used (Cohn & Paule, 1995; France, Moersch-
baecher, & Woods, 1991; Thompson, 1978; Thompson
& Moerschbaecher, 1979).

A procedure for studying repeated acquisitions over
long periods in the Morris swim task was originally intro-

duced by Whishaw (1985b). Whishaw trained rats on a hid-
den platform task for several months, moving the escape
platform to a different location each day. By the 7th day of
training (16 trials per day), rats were learning new platform
locations in a single trial. This was manifest by significant
declines in latency to locate the platform and the use of a
more direct route to get to the platform on Trial 2 relative
to Trial 1. Once asymptotic performance was achieved,
rats’ performances remained very stable throughout the ex-
periment (over 90 days), demonstrating rapid acquisition
each day. As Whishaw noted, this procedure can be used
repeatedly to assess drug effects (or effects of other inter-
ventions) on place learning in individual subjects.

Unlike RAP procedures developed for operant re-
search, however, Whishaw’s (1985b) design focused exclu-
sively on acquisitions of new hidden platform positions
and did not examine retention of a previously learned po-
sition. It remains to be determined whether the RAP pro-
cedure, in which rats learn new platform positions while
maintaining stable performance to a previously learned
position within individual sessions, can be adapted to the
swim task. If the RAP procedure could be implemented
in this way, drug effects on place acquisition and perfor-
mance could be compared directly.

The first goal of the present study was to assess the
feasibility of adapting the RAP design to the Morris
swim task. This was accomplished in Experiment 1 by
testing each subject in two different pools (one painted
black and the other white). For each subject, the escape
platform remained in a fixed location in one pool (the
performance component) and varied from session to ses-
sion in the other pool (the acquisition component). Be-
cause rats acquired new platform locations without dis-
ruptions in performance, the RAP procedure was then
used to study drug effects in Experiment 2. Whether or
not NMDA-dependent mechanisms are critical for spa-
tial learning remains controversial (Keith & Rudy, 1990;
Morris, Anderson, Lynch, & Baudry, 1986; Saucier &
Cain, 1995). Therefore a noncompetitive NMDA antag-
onist, dizocilpine (DZP), was chosen for study with the
RAP procedure. Second, a BZD, chlordiazepoxide (CDZ),
was chosen for study because prior research has shown
that it can impair place learning without blocking the in-
duction of NMDA-dependent long-term potentiation
(LTP) (McNamara, de Pape, & Skelton, 1993).

EXPERIMENT 1

Method

Subjects

Seven Holtzman Sprague-Dawley (mycoplasm-free) male rats
were individually housed with ad-lib access to food and water under
continuous lighting. They began training at 80-120 days of age. All
subjects were experimentally naive prior to this experiment.

Apparatus

Two circular fiberglass pools with identical dimensions (1.52 m
in diameter, 30.5 cm deep) were used. One pool was painted white
and the other was painted black. A clear plastic escape platform,
20.3 cm in diameter, was submerged 2.5 cm below the surface of
the water. The pools were divided into four equally sized quadrants
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Figure 1. A representation of escape platform positions within
the pool used for the acquisition component.

by a string suspended 20 cm above the water surface. The pools
were housed next to one another, 1.5 m apart, ina 5 X 6 m room.
The testing room had cinderblock walls and was painted white. Il-
lumination was provided by four pairs of 100W fluorescent ceiling
fixtures. Water temperature was maintained at 26°C (£2°).

The water was clouded by dissolving nontoxic Crayola paint
powder in the pools prior to sessions. White paint was used in the
white pool and black paint was used in the black pool. Both pools
had two black-and-white (21.5 X 27.94 ¢cm) cues mounted 15 cm
above and 5 cm outside the boundaries of the pools. The white pool
had one cue that consisted of black horizontal bars (7.62 c¢m in di-
ameter) on the south side and a 4 X 4 pattern of black dots (3.81 cm
in diameter) on the west side. The black pool had a pattern of con-
centric circles (composed of black lines 7.8 cm in diameter) on the
north side and a cross (composed of black lines 5.08 cm in diame-
ter). A number of other cues were visible from the pool (e.g., a ven-
tilation fan, etc.). The two experimenters, wearing white lab coats,
stood diagonally opposite each other approximately 45 cm from the
pool in the same position each session.

Procedure

Preliminary training: Navigation training in a single pool.
Initially, all rats were trained on the Morris swim task in a single
pool. During this phase, 5 rats were trained in the white pool and 2
were trained in the black pool. Each rat received six trials a day with
the escape platform in a fixed location. The escape platform re-
mained at the same location throughout training. To begin a trial, a
rat was gently placed into the water facing the wall of the pool at
one of four starting points and a stopwatch was started. Once a rat
stepped onto the platform the stopwatch was stopped. The subject
remained on the escape platform for 15 sec. If a subject failed to es-
cape by 60 sec, it was placed on the platform by the experimenter.
Following a trial, the rat was returned to a holding cage where it re-
mained for about 2.5 min. The sequence of start points used was the
same for each rat and was changed from day to day. A second de-
pendent variable, quadrant changes, was also measured. As the rat
moved about the pool, each time its head passed under one of the
strings that marked the quadrant boundaries, a quadrant change was
recorded. Training was given 5 days each week (Monday—-Friday).
Preliminary training continued until subjects met a criterion of
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three consecutive sessions with escape latencies for each session
averaging less than 10 sec per trial.

Repeated acquisition training: Training in the performance
and acquisition components. Once subjects met criterion for pre-
liminary training, repeated acquisitions training began. During this
phase, rats received six daily training trials on each of two spatial
navigation tasks. In the performance component, the submerged
platform remained at the same location throughout training and
testing. For each rat, the performance task took place in the pool
used for that subject during preliminary training. In the acquisition
task, the submerged platform was moved to a different location on
each day of training and testing. The platform locations used are
shown in Figure 1. The sequence of platform positions was ran-
domly determined with the constraint that the same position was
not used on consecutive days. The sequence of start points used was
the same for each rat and was changed from day to day. For each rat,
the performance component took place in the pool used for initial
training (i.e., black or white), and the acquisition component took
place in the other pool.

For each subject, training trials alternated between the perfor-
mance and acquisition components. Each session began with a trial
in the performance pool, and was followed by a 2.5-min intertrial
interval (ITIT) and then a trial in the acquisition pool. Subjects re-
ceived six trials a day in each pool, 5 days a week (Monday-Friday),
until they met a 10-session stability criterion. Mean latency for the
most recent five sessions was subtracted from the mean latency of
the immediately preceding five sessions, and the difference could
not exceed 15% of the 10-session mean (see Perone, 1991). This
criterion had to be met in both the performance and acquisition
components. In addition, we required that the subjects average less
than 10 sec per trial in the performance task for all six trials and
under 10 sec per trial in the acquisition task for Trials 2—6 during
the final 10 sessions. The numbers of sessions for each rat in each
phase of the experiment are summarized in Table 1.

Results

All rats rapidly developed a pattern of swimming di-
rectly to the platform in the component where its place-
ment was fixed (performance component). A criterion of
three consecutive sessions with all six trials averaging
less than 10 sec was required before the acquisition com-

Table 1
Number of Sessions for Each Subject Under Each
Training Condition
Experiment | Experiment 2
Preliminary Repeated Post-Stable
Subject Training Acquisition Training  Drug-Free Baseline
F18 6 19 37
El17 4 13 47
E10 4 13 -
El6 4 13 37
B13 7 11 48
C3 7 11 45
E22 4 13 26

Note—During preliminary training, subjects received six trials per ses-
sion in the performance component until they met a criterion of three
consecutive sessions with escape latencies for each session averaging
less than 10 sec per trial. During repeated acquisition training, subjects
received six trials per session in both the performance and acquisition
components until they met a 10-session stability criterion (see text for
a description of the stability criterion). In addition, we required that the
final 10 sessions average less than 10 sec per trial in the performance
component for all six trials and under 10 sec per trial in the acquisition
component for Trials 2—6.
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Figure 2. Mean escape latency (top panel) and mean number
of quadrant changes (bottom panel) are presented for acquisition
(white) and performance (black) components as a function of tri-
als within sessions. The mean of each rat’s performance was de-
termined for the last five sessions before the stability criteria were
reached. Data presented here represent the means of all 7 rats.
Vertical bars indicate standard error of the mean and in cases
where no bars are apparent, the bar is concealed by the data
point.

ponent was introduced, and this was reached by all rats
between the fourth and seventh sessions. The introduc-
tion of the acquisition component, in which the platform
was in a different place each session, produced only very
transient disruptions in behavior. Within a few sessions,
all rats had consistently short latencies on trials in the
performance component, and longer latencies that de-
clined within individual sessions in the acquisition com-
ponent. Stable performances in both components devel-
oped rapidly, with rats requiring from 11 to 19 sessions
to reach the 10-session criterion. Figure 2 shows mean
performances for all rats over the final five training ses-
sions. The top panel shows latency to reach the platform
(escape latency) across the trials within the session. La-
tencies in the performance component (black circles)
were short and consistent across trials. In the acquisition
component (white circles), latencies were relatively long
on the initial trial, as would be expected with a new plat-
form placement, but declined rapidly to levels matching
those seen in the performance component. A 2 X 6 fac-
torial analysts of variance (ANOVA; within-subjects de-
sign) was conducted with task type and trials as the main
factors, and it revealed a significant task X trials inter-
action [F(5,30) = 16.86, p < .05]. Parallel results are
apparent in the lower panel of Figure 2 for the second de-

pendent measure, quadrant changes. The number of
maze quadrants entered was high only on the first trial
with the new platform placement (acquisition compo-
nent—white circles), and rapidly declined to minimal
levels that were comparable to those observed on all tri-
als in the performance component. The reliability of
these data was also confirmed statistically by a signifi-
cant task X trials interaction [F(5,30) = 44.78, p < .05].

This experiment demonstrated that the RAP proce-
dure is easily adapted to the Morris swim task. The per-
formance task was readily learned, and the introduction
of the acquisition component did not disrupt behavior in
the performance component. Within 19 or fewer sessions,
rats displayed stable, short latencies in the performance
component and consistently steep learning curves in the
acquisition component. The rapid acquisition of new plat-
form positions observed in the present experiment is
consistent with results reported by Whishaw (1985b), the
original demonstration of place learning-set formation in
the Morris swim task. Our findings are unique, however,
in that they demonstrate contextual control of place re-
sponding: Rats learned new platform locations in one
pool while maintaining stable performance on a previ-
ously learned location in another pool.

Because this adaptation of the Morris swim task per-
mits within-session evaluations of both acquisition and
performance in individual subjects, it can be used to dis-
tinguish selective actions of drugs on place learning ver-
sus performance.

EXPERIMENT 2

The RAP procedure permits the analysis of pharma-
cological variables that may differentially disrupt per-
formance and acquisition in the Morris swim task. The
possibility that one such mechanism, NMDA-mediated
LTP in the entorhinal cortex-hippocampus pathway, may
be involved in the acquisition of some types of behav-
iors (e.g., place learning) has been investigated inten-
sively over the past several years (Morris et al., 1986; see
Barnes, 1988, for a review).

One approach to the question of whether LTP in this
pathway is involved in place learning involves a strategy
that combines methods from electrophysiology, pharma-
cology, and behavior assessment. The logic of the strat-
egy appears straightforward. If a drug blocks the induc-
tion of LTP and also produces a place learning impairment
(not explained by the drug’s effects on sensorimotor or
motivational processes), the hypothesis that LTP is a
mechanism involved in place learning (but not perfor-
mance) is supported. The first study to apply this strat-
egy reported that rats treated with an NMDA antagonist,
which blocked LTP induction, performed as well as con-
trols on a visible platform discrimination task but were
impaired relative to controls on the hidden platform task
(Morris et al., 1986).

Later studies developed the analysis of NMDA antag-
onist effects on place learning even further. For exam-
ple, Whishaw and Auer (1989) compared the effects of
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DZP, a noncompetitive NMDA antagonist, on three
groups of rats and found that DZP impaired acquisition
in a group that had to learn new hidden platform posi-
tions. Interestingly, the same DZP doses did not impair
performance in a group that learned new visible platform
positions or a group tested on a well-learned hidden plat-
form position. These results appear to be consistent with
the hypothesis that within a certain dose range, DZP se-
lectively disrupted some mechanism unique to the ac-
quisition of new place responses but not mechanisms
that support retention, retrieval, and performance of pre-
viously learned place, or visible platform responses.

A study of DZP effects on place learning reported by
Halliwell and Morris (1987), however, produced results
inconsistent with the interpretation given above. In their
study, animals given DZP prior to training were impaired
on the hidden platform task but were just as good as con-
trols on a retention test (with no additional training given)
after the DZP dose was metabolized. This result suggests
that DZP masked learning during hidden platform train-
ing through effects on general performance.

As mentioned in the introduction, several recent stud-
ies further challenged the hypothesis that NMDA-
dependent mechanisms are essential for place learning
in the Morris swim task (Bannerman et al., 1995; Cain
et al., 1996; Saucier & Cain, 1995; Saucier et al., 1996).
These studies examined effects of selective NMDA re-
ceptor antagonists D(—)-2-amino-5-phosphonovaleric
acid (AP5) and NPC17742 (NPC). Unlike the procedures
from previous studies of this sort, the behavioral assess-
ment procedures used by Saucier and Cain (1995), Cain
et al. (1996), Saucier et al. (1996), and Bannerman et al.
(1995) included a group of rats that were familiarized
with the swim task via preliminary training in a different
room from the one used when drug effects on place
learning were later studied. Preliminary training taught
rats general procedures necessary for successful swim
task performance, such as to swim away from the walls
of the apparatus, that there is a submerged platform in
the pool, and how to escape by climbing on to the plat-
form. In naive rats, NMDA receptor antagonists pro-
duced the expected place learning deficits. In all four
studies, however, preliminary training abolished NMDA
receptor antagonists effects on place learning in a new
environment. These outcomes mean that in pretrained
rats, NMDA-dependent mechanisms were not necessary
for learning platform locations in a new environment.
So, NMDA receptor antagonists (APS and NPC) im-
paired rats’ abilities to learn procedural aspects of the
Morris swim task, but selective spatial learning impair-
ments were not observed.

The studies discussed above highlighted the impor-
tance of including procedural pretraining prior to assess-
ing drug effects on hidden platform acquisition in the
Morris swim task. In pretrained rats, NMDA antagonists
failed to produce the sort of place learning impairments
observed in naive rats (also note that Saucier et al., 1996,
found that pretraining eliminated scopolamine-induced
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impairments). Yet, because none of the studies mentioned
above directly compared NMDA antagonist effects on
performance and acquisition, it would be premature to
conclude that NMDA antagonists’ effects on hidden plat-
form acquisition can be explained completely in terms
of general effects on performance. It is possible that sub-
tle differential drug effects on acquisition and perfor-
mance might have been detected if more sensitive pro-
cedures were used. The RAP swim task developed for the
present study includes extensive pretraining and directly
assesses drug effects on procedural performance as well
as acquisition of new place responses for each subject
within each individual session. Moreover, as seen in Ex-
periment 1, both performance and acquisition compo-
nents of the task produced highly stable baselines across
sessions. Thus, the RAP procedure should be quite sensi-
tive even to small effects of drugs on either performance
or acquisition.

BZD drugs (e.g., CDZ and diazepam), like NMDA an-
tagonists, also impair hidden platform performance at
doses that do not impair visible platform performance
(Arolfo & Brioni, 1991; McNamara et al., 1993; McNa-
mara & Skelton, 1992). Unlike NMDA receptor antago-
nists, however, CDZ and diazepam doses that impair place
learning do not block induction of LTP in the entorhinal—
hippocampal pathway (McNamara et al., 1993). There-
fore, a comparative analysis of BZD and NMDA recep-
tor antagonist effects on the performance and acquisition
components of the Morris swim task should enhance our
understanding the pharmacological mechanisms neces-
sary for place learning. In Experiment 2, the effects of
CDZ and DZP on place learning were studied using the
RAP adaptation of the Morris swim task.

Method

Subjects
Subjects were 6 of the same rats used in Experiment 1.

Apparatus and Procedure

The swimming pools used were the same as those described in
Experiment 1, and the navigation testing procedures were identical
to those used during repeated acquisitions training in Experiment 1.
For humane reasons, when animals were unable to swim under high
drug doses, they were immediately removed from the pool and the
session was terminated.

Drug Preparation and Administration

DZP (Research Biochemicals Inc., Natick, MA) and CDZ (Sigma,
St. Louis) were dissolved in isotonic (0.9%) sodium chloride solu-
tion, and intraperitoneal injections were administered in a volume
of 1 ml/kg. Drug solutions were prepared fresh daily; doses are ex-
pressed in terms of the total salt. DZP doses studied were 0.05,
0.075, 0.1, 0.2, and 0.3 mg/kg. The lower two doses proved inef-
fective in the first 2 animals studied (C3 and B13) and were not
tested in the other 4 animals. CDZ doses studied were 3, 10, and
30 mg/kg. Drug and saline injections were administered twice per
week (Tuesday and Friday), and sessions were conducted under
baseline conditions 3 days per week (Monday, Wednesday, and
Thursday). On drug days, subjects received intraperitoneal injec-
tions 30 min (DZP) or 15 min (CDZ) before the session. DZP was
studied in all 6 rats, and CDZ was studied in 3 (B13. C3, and E22).



222 KEITH AND GALIZIO

Table 2
Number of Sessions Terminated (First Number) and Separate
Determinations (Second Number) at Each Dose for Each Rat

Dizocilpine Dose (mg/kg)

Subject Saline 0.1 0.2 0.3
El6 0/6 1/5 1/4 1/4
E22 0/4 0/5 1/5 1/5
B13 0/3 0/5 1/7 1/5
F18 0/4 0/4 0/4 2/4
C3 0/3 0/5 17 1/5
E17 0/3 0/5 2/4 1/5
Total 0/23 1/24 6/31 7/28
Percent terminated 0 4.16 19.3 25

Table 3

Number of Separate Determinations at Each Dose for Each Rat

Chlordiazepoxide Dose (mg/kg)

Subject Saline 3 10 30
E22 4 3 3 3
B13 4 3 3 4
C3 4 3 3 4
Total 12 9 9 10

For rats B13 and C3, the CDZ regimen was completed prior to be-
ginning the DZP regimen. Rat E22 completed the DZP regimen be-
fore beginning the CDZ regimen. Rats studied under both CDZ and
DZP received a minimum five baseline training sessions between
drug regimens. Generally, the schedule of drug conditions was ran-
domly generated with the constraint that no dose was administered
on successive drug days, and that the end of each cycle (one expo-
sure to each dose including a saline injection) of the drug regimen
was completed before beginning the next cycle. Between three and
eight separate determinations were made at each dose for each rat.
Tables 2 (DZP) and 3 (CDZ) show the number of separate determi-
nations made for each rat at each dose and indicate the number of
sessions that were terminated due to inability to swim.

RESULTS

Figure 3 shows the mean performances for all rats
over all baseline (i.e., drug-free) days. These results are
shown for two reasons. First, they replicate those pre-
sented in Experiment 1, and, second, they indicate that
stable patterns of behavior were maintained by each rat
on both the acquisition and performance components on
the baseline days throughout the drug studies. As is typ-
ical in within-subjects behavioral pharmacology studies,
baseline performances were maintained following the
initiation of drug sessions. This high degree of stability
during baseline testing permits a sensitive analysis of
subtle effects of drugs on performance and acquisition.

Dizocilpine sometimes produced effects that rendered
subjects untestable in the swimming pool. When sub-
jects were unable to swim, the session was immediately
aborted and the subject was returned to its home cage. In
cases in which sessions were aborted, 60-sec latencies
were assigned for each incomplete trial. Table 2 shows
the number of aborted sessions recorded for each sub-
ject at each DZP dose. The .1-mg/kg DZP dose produced

only 1 aborted session (out of 29 total sessions using that
dose). The .2- and .3-mg/kg doses produced 6 (out 0of 31)
and 7 (out of 28) aborted sessions, respectively. CDZ
produced no aborted sessions.

Figure 4 shows the effects of DZP on escape latency.
The figure shows the mean latencies on each trial in the
acquisition (white circles) and performance (black cir-
cles) components. DZP increased latencies in a dose-
dependent fashion in the acquisition component with com-
parable impairments observed in the performance com-
ponent as well. This conclusion was confirmed statisti-
cally with a within-subjects dose X task (performance vs.
acquisition) X trials ANOVA that revealed a significant
main effect for DZP dose [F(3,15) = 9.41, p < .001]
and task [F(1,5) = 96.38, p < .001], but no significant
dose X task or dose X task X trials interactions (F <
1.0). Closely parallel with the latency results were the data
for quadrant changes, which are summarized in Table 4.
Here the effects of DZP are manifest by increased num-
ber of quadrant changes, and, as with the latency data,
effects on acquisition accuracy were only apparent at
doses that also impaired responding in the performance
component.

Individual subject data are presented in Figure 5 with
results from the acquisition component in the top panel
and the performance component in the bottom panel. Be-
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Figure 3. Mean escape latency (top panel) and mean number
of quadrant changes (bottom panel) are presented for acquisition
(white) and performance (black) components as a function of tri-
als within sessions. The mean of each rat’s performance was de-
termined for all baseline sessions conducted during Experi-
ment 2. Data presented here represent the means of the 6 rats.
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cause rats’ escape latencies reached asymptotic levels by
the fourth trial consistently during baseline testing, only
the latencies of Trials 2—4 were used to calculate the
means shown in the figure. Each rat’s performance rep-
resents the mean of all replications at that dose, and is in-
dicated by a different symbol. Although individual dif-
ferences in sensitivity to DZP are apparent, the overall
pattern was quite consistent across subjects. Rat E16 was
most sensitive to DZP at every dose and was the only an-
imal that showed clear impairment at the .1-mg/kg dose.
Most of the rats showed small increases in latency at the
.2-mg/kg dose and much larger effects at the .3-mg/kg
dose. Importantly, the effects of DZP on latency in the
acquisition component closely paralieled the effects in
the performance component.

The dose—response profile for CDZ was quite differ-
ent from that seen with DZP. There was evidence of se-
lective action of CDZ on acquisition. Figure 6 shows the
effects of CDZ on escape latency. The figure shows the

mean latencies for all 3 rats in the acquisition (white cir-
cles) and performance (black circles) components. Per-
formance latencies were unchanged, relative to saline
sessions, under the 3- and 10-mg/kg CDZ doses. Under
the 3-mg/kg dose, latencies were longer on Trial 4, and
under the 10-mg/kg dose, latencies were longer on Tri-
als 2, 3, and 4 relative to the saline sessions. At the 30-
mg/kg dose, impairments were observed on both com-
ponents. This conclusion was confirmed statistically
with a within-subjects dose X task (performance vs. ac-
quisition) X trials ANOVA that revealed a significant
main effect for CDZ dose [F(3,6) = 5.55, p < .05] and
task [F(1,2) = 17.67, p = .05] and a significant dose X
task X trials interaction [F(15,30) = 3.32, p < .01]. Post
hoc planned comparisons revealed that acquisition la-
tencies under saline differed significantly from latencies
under the 10-mg/kg CDZ dose on Trials 2 and 4 (and ap-
proached significance [ p = .1] on Trial 3) and on all six
trials under the 30-mg/kg CDZ dose. Performance laten-

Table 4
Mean Quadrant Changes During Acquisition (Trials 2—6) and Performance
Components Under Each Dizocilpine (DZP) Dose for Each Subject

Dose (mg/kg)

i Acquisition Performance

Subject Saline 0.1 0.2 0.3 Saline 0.1 0.2 0.3
BI13 1.86 2.08 256 3.20 0.94 1.03 1.47 1.55
C3 2.46 244 353 3.99 0.99 1.43 1.41 1.55
El6 1.90 1.45 540 4.40 0.63 1.00 1.33 433
E17 1.13 1.45 1.19  3.05 1.16 0.87 083 1.33
E22 1.45 1.33 1.46  4.66 0.87 1.39 1.54  2.87
F18 1.86 350 3.06 5.60 0.75 0.67 1.00 417
Average 1.78 204 286 4.15 0.89 1.07 1.26  2.63

Note—The means shown in this table do not include trials or sessions that were terminated
due to DZP-induced impairments in swimming ability.
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Figure S. Individual subject data for Experiment 2 are plotted
as a function of dizocilpine dose for the acquisition (top panel)
and performance (bottom panel) components. Data presented
show means of Trials 2—4.

cies on Trials 1 and 2 under the 30-mg/kg CDZ dose were
significantly different from the corresponding trials
under saline.

Figure 7 presents results from individual subjects. The
acquisition latencies are shown in the top panel, and the
performance latencies are shown in the bottom panel.
Only the latencies of Trials 2—4 were used to calculate
the means shown in this figure. Each rat’s performance
represents the mean of all replications at that dose and is
indicated by a different symbol. Neither the 3- nor the
10-mg/kg dose affected performance latencies in any of
the rats. Latencies increased for all 3 rats, however, in the
acquisition component under the 10-mg/kg dose. The 30-
mg/kg dose impaired both components. Again, closely
parailel with the latency results were the data for quad-
rant changes, which are summarized in Table 5. Here the
effects of CDZ are manifest by increased number of quad-
rant changes, and as with the latency data, selective ef-

fects on acquisition accuracy were observed at the 10-
mg/kg dose, a dose that did not impair responding in the
performance component.

DISCUSSION

The present study demonstrated the feasibility and
utility of extending the RAP procedure to the analysis of
place learning in the Morris swim task. In Experiment 1,
within 17-25 training sessions all rats learned to main-
tain stable, short escape latencies in the performance
component and consistently displayed steep learning
curves in the acquisition component. These results join
with those of previous studies demonstrating that once
trained, rats are able to learn new escape platform posi-
tions very rapidly (Keith & McVety, 1988; Whishaw,
1985b). The present study went further than previous
studies, however, by examining acquisition and perfor-
mance in individual subjects within individual sessions.

In Experiment 2, the RAP adaptation of the Morris
swim task was used to study the effects of CDZ, a ben-
zodiazepine, and DZP, an NMDA antagonist, on place
learning and performance. Complete dose~response func-
tions with multiple determinations at each drug dose
were generated from individual subjects. Drug effects on
place navigation were quite consistent across subjects.

CDZ impaired both components of the RAP swim
task in a dose-dependent manner. Importantly, however,
an intermediate CDZ dose (10 mg/kg) impaired acquisi-
tion without affecting the performance component. This
result further confirms the previous literature on BZD
effects on learning and memory, the common finding
being that BZDs impair acquisition of new behaviors but
not performance of established behaviors (see, e.g.,
Bickel, Higgins, & Hughes, 1991). As for the case of
BZD effects on place learning in the Morris swim task,
diazepam (McNamara & Skelton, 1991) and CDZ (Mc-
Namara & Skelton, 1992; McNaughton & Morris, 1987)
both have been found to impair hidden platform perfor-
mance at doses that spared visible platform performance.
Furthermore, McNamara and Skelton (1991) reported
that a diazepam dose that impaired rats’ initial acquisition
of a hidden platform position failed to impair a different
group’s performance swimming to a previously learned
position. Our results complement those reported by oth-
ers (McNamara & Skelton, 1991, 1992; McNaughton &
Morris, 1987) by revealing selective CDZ-induced acqui-

Table 5
Mean Quadrant Changes During Acquisition (Trials 2—6) and Performance
Components Under Each Chlordiazepoxide Dose for Each Subject

Dose (mg/kg)
Acquisition Performance
Subject Saline 3 10 30 Saline 3 10 30
B13 1.80 133 2.87 475 1.04 094 1.06 1.88
C3 2.10 305 225 555 1.08 094 1.06 1.67
E22 1.25 207 207 280 0.67 078 0.89 222
Average 1.71 215 240 437 0.93 089 1.00 192
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Figure 6. Mean escape latency for acquisition (white) and performance (black) components for each
chlordiazepoxide dose as a function of trials within sessions. Data presented here represent the means
of the 3 rats. Vertical bars indicate standard error of the mean, and in cases where no bars are appar-

ent, the bar is concealed by the data peint.

sition impairments in individual subjects while the same
subjects continued to maintain stable baseline-level la-
tencies (and quadrant changes) in the performance com-
ponent. The CDZ effects observed in this study cannot be
explained in terms of general sedation, CDZ effects on
swim speed, hypothermia, or state-dependent learning be-
cause such effects would be manifest in both the perfor-
mance and acquisition components of the swim task.
The physiological mechanisms that mediate the effect
of CDZ on place learning are not yet completely under-
stood. As discussed in the introduction to Experiment 2,
McNamara et al. (1993) found that neither CDZ nor di-
azepam suppressed LTP in the entorhinal-hippocampal
pathway. There is evidence that systemic BZD/GABA , ag-
onists reduce ACh activity in the hippocampus and other
forebrain regions (Miller & Richter, 1985; Richter, Gorm-
ley, Holtman, & Simon, 1982). Manipulations that sup-
press hippocampal ACh activity (e.g., ACh {muscarinic]
receptor antagonists, medial septal lesions) impair hidden
platform learning in the Morris swim task (Hagen, Salam-
one, Simpson, Iversen, & Morris, 1988; Whishaw, 1985a).
It will be valuable in future studies to evaluate ACh in-
volvement in the RAP adaptation of the Morris swim task.
DZP impaired navigation on the performance compo-
nent in a dose-dependent manner. However, impaired
navigation on the acquisition component was observed
only at doses that also impaired performance. Thus, like
other recent studies of NMDA antagonist effects on
place learning, the results of the present study contradict
the hypothesis that NMDA antagonists selectively sup-
press mechanisms involved in acquisition (Bannerman
etal., 1995; Cainetal., 1996; Saucier & Cain, 1995; Sau-
cier et al., 1996). The failure of DZP to selectively im-
pair acquisition occurred at doses that reliably disrupt

LTP induction (Gilbert & Mack, 1990; Leung & Shen,
1993; G. B. Robinson & Reed, 1992), casting further
doubt on the hypothesis that NMDA-dependent LTP is
required for spatial learning.

Our analysis of DZP effects on place learning appears
to be inconsistent with Whishaw and Auer’s (1989) find-
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Figure 7. Individual subject data for Experiment 2 are plotted
as a function of chlordiazepoxide dose for the acquisition (top
panel) and performance (bottom panel) components. Data pre-
sented show means of Trials 2—4.
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ings. They found that DZP doses impaired navigation in
rats required to learn new place responses but not in
groups required to swim to previously learned place or
new visible platform positions. However, in the present
study prior to initiating drug testing, rats received more
than 360 place navigation trials distributed over about
30 days prior to the initiation of drug testing. This degree
of pretraining apparently alters the DZP dose-response
curve substantially. For instance, other studies that used
rats naive to the Morris swim task found that a 0.05-
mg/kg DZP dose impaired hidden platform learning and
a 0.08-mg/kg dose even impaired visible platform per-
formance (G. S. Robinson et al., 1989). By comparison,
in our study a 0.1-mg/kg DZP dose (which produced no-
table behavioral abnormalities such as head weaving and
imbalance in the home cage immediately prior to test-
ing) failed to impair either performance or acquisition in
5 out of 6 subjects. So, the extensive training given prior
to initiating drug testing apparently protected animals
against nonassociative performance deficits typically
produced by DZP (i.e., wobbly swimming and thigmo-
taxis). Perhaps DZP effects on swim task performance
interact with the catecholamine response to water immer-
sion. Water immersion elevates plasma catecholamines
markedly in naive rats, a response that habituates over
the course of several weeks in rats that experience daily
immersions (Konarska, Stewart, & McCarty, 1990; Mabry,
Gold, & McCarty, 1995). By this account, repeated train-
ing on the Morris swim task may result in habituation of
the catecholamine response to water immersion, thus per-
mitting subjects to adapt effectively to the stress associ-
ated with NMDA antagonist administration.

Other accounts of the present data could be developed.
For example, Jackson, Koek, and Colpaert (1992) re-
cently presented data supporting the notion that NMDA
antagonists do not produce deficits in memory or reten-
tion, but rather produce strong state-dependent effects.
From this perspective, the present results should have
been expected because with repeated testing at each dose
of DZP, rats would come to learn how to perform in the
presence of the DZP cue.

Yet another account is based on a study by Shapiro and
O’Connor (1992) that examined DZP effects on radial arm
maze performance. They found that DZP (a 0.0625-mg/
kg dose) impaired working-memory-based performance
when the radial arm maze was located in a new environ-
ment but not when it was located in a familiar environ-
ment. The authors proposed that DZP may have pro-
duced this effect by disrupting the formation of new
spatial representations while not affecting behaviors
based on already established representations. The results
of our study could be interpreted as being consistent
with Shapiro and O’Connor’s hypothesis. In our study,
place response learning and performance both were
studied in environments that were familiar to the sub-
jects. Therefore, in Shapiro and O’Connor’s terms, rats
learned and performed place responses on the basis of
previously learned representations of the testing envi-

ronment. Perhaps if the acquisition component of the
RAP adaptation of the Morris swim task were carried out
in an unfamiliar environment (e.g., novel background
stimuli), doses of DZP that selectively impair acquisition
would be found.

It should be noted that although Shapiro and O’Con-
nor’s (1992) hypothesis is consistent with the pattern of
data found in our study, it is difficult to square it with the
results reported by Whishaw and Auer (1989). As noted,
Whishaw and Auer found doses of DZP that impaired
new place response learning in the Morris swim task but
not performance of a previously learned place response
or a new cued response. In Whishaw and Auer’s study, all
rats were familiarized with the testing environment dur-
ing a 10-day, pretraining phase with 16 trials per day
prior to initiating drug testing. So, Whishaw and Auer’s
rats were highly familiar with the testing environment,
and yet some doses of DZP still selectively impaired the
acquisition of new place responses, a result that directly
contradicts Shapiro and O’Connor’s hypothesis. Simi-
larly, it is difficult to reconcile the results of the studies
by Saucier and Cain (1995), Cain et al. (1996), Saucier
et al. (1996), and Bannerman et al. (1995) with Shapiro
and O’Connor’s hypothesis. In each of these studies,
NMDA antagonists failed to impair place learning in rats
pretrained in a different environment from the one used
during drug testing. While under the influence of an
NMDA antagonist, pretrained rats learned enough about
a new environment to perform the hidden platform task
as well as control rats.

Readers accustomed to the standard Morris swim task
protocol may be concerned about the absence of probe
trials in the RAP procedure developed for the present
study. On probe trials (i.e., transfer testing; Morris, 1981),
the platform is removed from the pool and rats’ paths
and quadrant dwell times are recorded for a fixed period
(usually 60-120 sec) while subjects search for the miss-
ing platform. A probe trial is typically used once acqui-
sition training is completed and provides useful data
about how well subjects learned the platform location. For
instance, subjects that spend a disproportionate amount
of time in the quadrant that contained the escape plat-
form during acquisition training learned the platform lo-
cation better than subjects whose quadrant search times
were equally distributed. Such probe testing is a valuable
aspect of the standard Morris swim task procedure be-
cause latency improvements during acquisition may re-
flect either learning about the platform location or an ef-
fective nonspatial strategy (e.g., swimming in a circle
12 cm from the pool wall). Although probe trials could
easily be incorporated in future studies, the RAP proce-
dure used in the present study circumvented the need for
them in several ways. First, under most Morris swim task
protocols, the escape platform remains a fixed distance
from the pool wall throughout acquisition training, po-
tentially reinforcing a reliable nonspatial search strategy.
In contrast, under the RAP procedure used in the present
study, each day when the platform was relocated in the
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acquisition pool, it was a different distance from the wall
(Figure 1), rendering a nonspatial strategy ineffective.
Further evidence that rats in the present study did not use
a nonspatial strategy in the acquisition component comes
from the acquisition data shown in Figures 2, 3, and 4.
Escape latencies on Trial 1 were substantially longer than
latencies on the remaining five trials. If rats had a non-
spatial strategy that enabled them to quickly find the es-
cape platform, why didn’t they use it on the first trial?
The decrease in escape latencies and quadrant changes
within each session on the acquisition component most
likely reflects learning about the new platform locations.

When Whishaw (1985b) first described a procedure
for studying repeated acquisitions of place responses
using the Morris swim task, he proposed a number of po-
tential uses for such a procedure, including studies of re-
covery of function from brain damage, brain grafts, drug
effects, aging, and environmental enrichment. The RAP
adaptation of the Morris swim task presented here could
be applied to the same sorts of research questions. More-
over, this new procedure offers the additional benefit of
allowing assessments of both acquisition and perfor-
mance in individual subjects over long periods.
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