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BALLARD, T. M. AND K. H. McALLISTER. The NMDA antagonist EAA 494 does not impair working memory in an
operant DNMTP task in rats. PHARMAC BIOCHEM BEHAYV 65(4) 725-730, 2000.—There is contrasting evidence for an
impairment of spatial working memory in operant delayed matching/or nonmatching to position (DMTP/DNMTP) tasks, as
both delay-dependent and -independent disruption of choice accuracy has been found following N-methyl-pD-aspartate
(NMDA) receptor blockade. Using a within-subjects experimental design, the effect of the competitive NMDA receptor an-
tagonist, EAA 494 (D-CPP-ene) (1, 1.5, 2 mg/kg IP 30 min prior), on working memory was investigated in male Lister
Hooded rats pretrained to the DNMTP task (0-16-s delay in intervals). Metal barriers were inserted between the food maga-
zine and levers to inhibit the use of mediating strategies, such as orientation towards the correct lever during the delay inter-
val, because this behavior may contribute to the delay-dependent disruption noted in previous studies. It was found that
EAA 494 did not modify working memory either in the presence or absence of barriers. However, a dose-dependent impair-
ment of task performance was recorded, notably in the presence of barriers. These results indicate that competitive blockade
of NMDA receptors with EAA 494 does not result in impaired working memory in rats and parallel the lack of effect of the
compound upon working memory in humans. Activation of NMDA receptors does not appear to be essential for the perfor-

mance of spatial tasks requiring working memory. © 2000 Elsevier Science Inc.
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THE N-methyl-D-aspartate (NMDA) subtype of glutamate
receptors has been hypothesized to play a major role in the
induction of long-term potentiation in the hippocampus, a
physiological mechanism hypothesized to underlie learning and
memory (3). Preclinical studies have provided evidence for an
involvement of NMDA receptors in the acquisition (11,18)
and working memory (5,17) of spatial tasks. However, there is
conflicting evidence for a specific impairment of spatial work-
ing memory following NMDA receptor blockade in operant
delayed-matching-to-position (DMTP) and delayed-nonmatch-
ing-to-position (DNMTP) tasks. The competitive NMDA re-
ceptor antagonist, CPP, produced a delay-dependent reduc-
tion in choice accuracy in a DMTP task, suggesting a selective
disruption of working memory (4). However, the noncompet-

itive NMDA receptor-associated ion channel blocker, MK-801
(4,14,15) and the competitive NMDA receptor antagonist,
CGS 19755 (14), have both been found to significantly disrupt
choice accuracy delay independently, indicating that the com-
pounds do not have a selective effect on working memory,
but may impair the ability to perform the task (7). It has also
been found that CPP and MK-801 reduced choice accuracy
delay independently in nonspatial delayed-matching-to-sam-
ple (12) and conditional discrimination (16) tasks, respec-
tively. Interestingly, it has been shown that spatial working
memory in humans given EAA 494 (D-CPP-ene), the unsat-
urated analogue of CPP and also competitive receptor antag-
onist (1) is relatively spared compared to a robust impairment
memory in verbal and nonverbal memory tasks (13).
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The purpose of the present study was to examine the ef-
fects of EAA 494 upon working memory in the DNMTP task,
as this compound has greater potency in vitro and in vivo than
CPP (1,9). Furthermore, the present study assessed the effects
of EAA 494 in the DNMTP task in both the absence and
presence of metal barriers inserted between the food maga-
zine and levers. The insertion of barriers has been used to
prevent the rats using positional strategies or mediating be-
havior to solve the task (6,14). One potential reason for the
contrasting effects of CPP (4) and CGS 19755 (14) on choice
accuracy in the DMTP task may have been due to the use of
barriers in the latter study. It has been suggested that com-
pounds that modify motor behavior, produce delay-depen-
dent disruption by impairing mediating behavior and non-
working memory (8). The test procedure of the study
described below is sensitive to delay-dependent impairments
of working memory by the muscarinic antagonist scopola-
mine, which is reversible by coadministration of the acetyl-
cholinesterase inhibitor ENA 713 [Exelon®; (2)]. This study
used a within-subjects design to control for the behavioral his-
tories of the subjects, and to allow a more sensitive detection
of changes in behavior, and employed a number of perfor-
mance measures to control for nonspecific motor effects of
EAA 494, which may impact upon the interpretation of drug
effects upon working memory.

METHODS
Subjects

Twenty-three male Lister Hooded rats (Harlan, The Neth-
erlands), weighing 220-240 g at the start of the study, were
singly housed under a 12 L:12 D cycle (lights on 0700-1900 h).
Water was available ad lib, but food intake was restricted (12—
15 g/day) so that rats were maintained at 85-90% of their
free-feeding body weight, throughout the duration of the ex-
periment. The following experiments were undertaken in ac-
cordance with the Tierschutzgesetz (9.3.78) and Tierschutz-
verordnung (27.5.81), Switzerland.

Apparatus

Six rodent operant chambers (CeNeS Cognition, UK)
housed in large, sound-attenuating boxes, were connected to
an Acorn Risc PC 700 computer via a Paul Fray interface.
Each chamber was fitted with two retractable levers posi-
tioned either side of a central food magazine. The food maga-
zine was covered by a hinged Perspex panel, which registered
nose pokes. A house light was positioned in the center of the
ceiling, two stimulus lights were above each lever, and an-
other light illuminated the food tray. Reinforcement was pro-
vided by 45-mg food pellets (Rodent diet formula A, Bio-
serv), which were dispensed individually to the food tray.
Aluminium barriers, height 22 cm, width 1 mm and extending
12 cm into the operant chamber, could be attached with
screws to the wall either side of the food magazine. The barri-
ers extended from the grid floor to the ceiling and from the
wall into the chamber so that the rats had to move back and
around the barriers to perform the task.

Training Procedure

All rats were pretrained to the DNMTP task modified
from the procedure originally published (7), until a stable
baseline had been achieved. The training procedure involved
three stages, and barriers were only inserted into the cham-
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bers when the subjects had achieved the performance crite-
rion in the DNMTP task.

Habituation to Operant Chambers

The initial part of training involved habituating subjects to
the operant chambers and to eat food pellets from the maga-
zine tray, followed by learning to associate pressing a lever
with obtaining a food reward. On day 1, the hinged Perspex
panel of the food magazine was taped back, and approxi-
mately 5 g of food pellets were placed in the tray. The rats
were placed in the operant chambers for 15 min, with the
house light illuminated. From day 2 onward, the rats were
placed in the chambers and trained to a continuous reinforce-
ment procedure. A trial began when both levers were in-
serted into the chamber. If the rat pressed one of the levers,
both levers retracted and one food pellet was dispensed into
the food tray. Once rats had learned to press a lever, they
were then tested in sessions where only one lever was pre-
sented during each trial, to encourage responding on both left
and right levers. The number of trials per session was in-
creased until rats reached a criterion of 96 food pellets per
session over several consecutive days.

Nonmatching to Position (NMTP) Training

The subjects were trained to learn the NMTP rule. At the
start of each trial one lever was presented (the “sample”), if
the rat pressed the lever, then the lever was retracted and the
food magazine was illuminated. The rat had to nose poke the
panel covering the food magazine prior to the extension of
both levers into the chamber, when the rat had to make a
choice. If it pressed the nonmatching lever (i.e., opposite to
the “sample”), the a correct response was recorded, both le-
vers were retracted and the rat was rewarded with a food pel-
let. If the rat pressed the same lever as the “sample” (i.e.,
matching), then an incorrect response was recorded, both le-
vers were retracted, and the animal was not rewarded. Each
trial was followed by an intertrial interval (ITT) of 5 s with the
house light illuminated and each session consisted of 96 trials.
During each trial the rat had 20 s to respond to the “sample”
lever, and if the lever was not pressed during this period, then
it was retracted and the house light extinguished for 20s
(“time-out” period). This was followed by an ITI of 5 s with
the house light on. Failing to respond to a lever is termed a
missed trial or omission. The NMTP stage took 2-3 weeks for
rats to reach criteria: (i) >95% correct responses; (ii) no or
few omissions; (iii) no bias for a lever, i.e., 50-60% left-hand
side preference.

Delayed-Nonmatching-to-Position (DNMTP) Training

In the final stage of training a variable interval was intro-
duced between the sample and choice stage. The delay range
included 0, 1, 2, 4, 6, and 8 s until rats were performing to cri-
teria, and then the range was increased to 0, 1,2, 4, 8, and 16 s.
The trials followed the same procedure as the NMTP training,
except that when the rat pressed the sample lever, there was a
variable delay interval before both levers were presented.
The presentation of lever and delay interval was randomized.
The food tray was illuminated during the delay. Rats required
2-3 weeks to reach the criteria of: (i) >90% correct at 0 delay;
(ii) >50% correct at 16 s delay; (iii) few or no omissions; (iv)
between 40-60% left-hand side preference. Once criteria had
been achieved, metal barriers were then inserted into the op-
erant chamber and DNMTP training continued for 2-3 weeks
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until the rats attained the same criteria in the presence of bar-
riers. This design was used to control for the behavioral histo-
ries of the subjects, because a between-subjects design would
have required the training of one group to criterion in the ab-
sence of barriers followed by the insertion of barriers, while
the other group would be trained only in the absence of barri-
ers. Thus, both groups would have different histories of train-
ing and potentially different baselines of performance.

Drugs

EAA 494 [(E)-4-(3-phosphonoprop-2-enyl)piperazine-2-
carboxylic acid] was dissolved in 0.9% saline and adminis-
tered in a volume of 1 ml/kg. The concentrations of the com-
pound were calculated as the weight of the base. The doses of
EAA 494 were selected based on the results of preliminary
experiments in the DNMTP task.

Treatment Protocol

Subjects were administered either EAA 494 or saline IP 30
min prior to testing. The four treatment groups were control
(saline), 1, 1.5, and 2 mg/kg EAA 494.

Experimental Procedure

Subjects were divided into two groups; one group (n = 12)
was tested in chambers without barriers, and the other group
(n = 11) was tested in the presence of barriers. All rats re-
ceived each of the treatments on 2 test days per week, sepa-
rated by at least 48-h interval. Training was continued be-
tween testing to ensure that rats were performing at baseline.
Once all doses had been tested, the groups were crossed over
and retrained for at least 3 days to the new situation, i.e., ei-
ther chambers with or without barriers. All rats were again
tested with each treatment, as described previously.

Statistical Analysis

Subjects that failed to complete half of the 96 trials during
one test session were excluded from the statistical analysis.
The percent correct responses (choice accuracy), the latency
to press the correct lever (correct latency), and the number of
nose pokes per second (rate of nose poking) were measured
at each delay interval and analyzed using a three-way
ANOVA with repeated measures on all factors [barriers,
dose, and delays; (19)]. The latency to press the same lever
(latency to sample) was measured prior to the delay interval,
and the latency to collect the reward from the food magazine
(magazine latency) was measured following a response to the
correct lever. Therefore, the data for the latency to sample
and magazine latency were analyzed as a single value within
an experimental session using a two-factor ANOVA with re-
peated measures on all factors (barriers and dose). The data
was also analyzed using paired ¢-tests with Bonferroni correc-
tion for multiple comparisons between the treatments, in the
absence or presence of barriers.

The total number of omissions was recorded. Because the
data did not meet the assumptions of parametric analysis,
nonparametric statistics were employed. Delay dependency
was analyzed within each treatment group using a Friedman
two-way ANOVA. The total number of omissions made dur-
ing an experimental session were analyzed over treatments
using a Kruskal-Wallis ANOVA and in significant cases,
Mann-Whitney U-tests were used to compare two groups.
Statistical significance was assumed when p < 0.05.
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RESULTS

One of the 23 subjects did not complete more than half of
the 96 trials during a test session following administration of 2
mg/kg EAA 494 in the presence of barriers. The data for this
subject were excluded from the analysis.

Choice Accuracy

Choice accuracy significantly decreased across the delays
in both situations, F(5, 105) = 156.2, p < 0.001. The presence
of barriers did not significantly alter the choice accuracy,
F(1,21) = 1.2 (Fig. 1), and there was no interaction between
barriers and dose, F(3, 63) = 0.4, and barriers and delay,
F(5, 105) = 0.3. EAA 494 did not significantly modify choice
accuracy, F(3, 63) = 1.2, NS.
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FIG. 1. Percent correct responses (choice accuracy) at each delay
interval in an operant DNMTP task in the absence (A) and presence
(B) of barriers, following: (O) vehicle, (l) 1 mg/kg, (A) 1.5 mg/kg, or
(®) 2 mg/kg EAA 494. Data are presented as mean + SEM.
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FIG. 2. The effect of EAA 494 on the total number of omissions in
the absence (white bars) and presence (shaded bars) of barriers. Data
are presented as medians and interquartile ranges (**p < 0.01, com-
pared to vehicle).

Number of Omissions

EAA 494 did not affect the total number of omissions dur-
ing the session in chambers without barriers (H = 2.9). In the
presence of barriers, EAA 494 showed a significant increase
in the total number of omissions (H = 11.1, p < 0.05, Fig. 2).
Mann-Whitney U-tests revealed that 2 mg/kg EAA 494 sig-
nificantly increased the total number of omissions compared
to controls (U = 124.0, p < 0.01). Friedman two-way
ANOVA showed there was no significant effect of treatment
on number of omissions across delay intervals in the absence
or presence of barriers.

Latency to Sample

There was a significant effect of barriers, F(1,21) = 176.6,
p < 0.001, dose, F(3, 63) = 27.8, p < 0.001, and a significant
barriers X dose interaction, F(3, 63) = 20.0, p < 0.001. Multiple
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FIG. 3. The latency (seconds) to press the sample lever (latency to
sample) in the absence (white bars) and presence (shaded bars) of
barriers. Data are presented as mean = SEM (¥*p < 0.05, **#*p <
0.001, compared to vehicle).
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comparisons tests showed that EAA 494 significantly increased
the latency to press the sample lever at 2 mg/kg in the absence
of barriers (p < 0.05) and at 1 (p < 0.05), 1.5 (p < 0.001) and 2
(p < 0.001) mg/kg in the presence of barriers (Fig. 3).

Rate of Nose Poking

The presence of barriers did not significantly, F(1, 21) =
0.12, affect the rate of nose poking, and there was no interac-
tion effects with dose, F(3, 63) = 0.13, or delays, F(4, 84) =
0.7, or a barriers X dose X delays interaction, F(12, 252) =
1.9. There was a significant effect of dose, F(3, 63) = 34.3,
p < 0.001, delays, F(4, 84) = 96.1, p < 0.001, and a significant
dose X delays interaction, F(12,252) = 4.1, p < 0.001. Multi-
ple comparisons tests showed that in the absence of barriers
(Fig. 4A), EAA 494 significantly reduced nose poking at a 1-s
delay following 1 mg/kg, at 1-8-s delays following 1.5 mg/kg,
and at all delay intervals following 2 mg/kg. In the presence of
barriers (Fig. 4B), 1 mg/kg significantly reduced nose poking
at 4-, 8-, and 16-s delays, 1.5 mg/kg significantly reduced nose
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FIG. 4. The number of nose pokes per second (rate of nose poking)
at each delay interval in the absence (A) and presence (B) of barriers,
following (O) vehicle, (W) 1 mg/kg, (A) 1.5 mg/kg, or (®) 2 mg/kg
EAA 494. Data are presented as mean = SEM (°p < 0.05, 1 mg/kg
EAA 494 compared to vehicle; *p < 0.05, **p < 0.01, ***p < 0.001,
1.5 mg/kg EAA 494 compared to vehicle; ***p < 0.001, 2 mg/kg com-
pared to vehicle).
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poking at 8- and 16-s delays, whereas 2 mg/kg EAA 494 signifi-
cantly reduced the rate of nose poking at all delay intervals.

Correct Latency

The use of barriers significantly affected the correct la-
tency, F(1, 21) = 186.1, p < 0.001. The dose of EAA 494 sig-
nificantly modified correct latency, F(3, 63) = 28.3, p < 0.001,
and there was a significant interaction between barriers X
dose, F(3,63) = 18.8, p < 0.001. There was a significant effect
of delays, F(5,105) = 4.2, p < 0.01, and a significant barriers X
delays interaction, F(5, 105) = 3.04, p < 0.05, but no significant
interaction between dose and delays, F(15, 315) = 0.6. There
was not a significant interaction between barriers and dose and
delays, F(15, 315) = 1.06. Multiple comparisons tests showed
that in the absence of barriers (Fig. 5A), 2 mg/kg EAA 494 sig-
nificantly increased the correct latency at the 8-s delay only. In
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FIG.5. The latency (seconds) to press the correct lever (correct
latency) at each delay interval in the absence (A) and presence (B) of
barriers, following (O) vehicle, (l) 1 mg/kg, (A) 1.5 mg/kg, or (@)
2 mg/kg EAA 494. Data are presented as mean = SEM (°p < 0.05,
1 mg/kg EAA 494 compared to vehicle; *p < 0.05, ***p < 0.001, 1.5
mg/kg EAA 494 compared to vehicle; *p < 0.05, **p < 0.01, ***p <
0.001, 2 mg/kg compared to vehicle).
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the presence of barriers (Fig. 5B), 1 mg/kg increased the cor-
rect latency at the 1-s delay, 1.5 mg/kg increased the correct la-
tency at the 0-8-s delays, and 2 mg/kg EAA 494 significantly
increased the correct latency at all delay intervals.

Magazine Latency

There was a significant effect of barriers, F(1,21) = 292.9,
p < 0.001, dose, F(3, 63) = 22.5, p < 0.001, and a significant
barriers X dose interaction, F(3, 63) = 19.7, p < 0.001. Multi-
ple comparisons tests showed that 2 mg/kg EAA 494 signifi-
cantly increased the latency to reach the food magazine in the
presence of barriers only (Fig. 6).

DISCUSSION

The competitive NMDA receptor antagonist, EAA 494,
did not affect choice accuracy across delay intervals either in
the absence or in the presence of barriers, up to doses that re-
sulted in significant modification of the motor performance of
the task. Previous studies with NMDA antagonists, such as
MK-801 and CGS-19755, have described delay-independent
impairment of choice accuracy, indicating that NMDA recep-
tor blockade does not result in a selective impairment of
working memory (4,14,15). In contrast to the present data,
CPP has been shown to produce delay-dependent impairment
of choice accuracy in an operant DMTP task (4). The discrep-
ancy in these results is not a consequence of the level of train-
ing and baseline performance attained in the tasks, because in
both studies the subjects were trained to a relatively high
baseline to detect drug-induced disruption of the working mem-
ory curve. The lack of an effect of EAA 494 is not attributable
to the present testing paradigm being insensitive because
choice accuracy is delay-dependently impaired by scopolamine
administration under the same experimental conditions (2).

Furthermore, the lack of effect of EAA 494 on working
memory was not due to the choice of a low dose range, be-
cause similar doses shorten the retention latency in a passive
avoidance task in mice, reverse haloperidol-induced cata-
lepsy, and block maximal electroshock convulsions in rats
(9,10). The highest dose of EAA 494 (2 mg/kg) resulted in the
modification of motor behavior in the DNMTP task, particu-
larly in the presence of barriers. Under this condition EAA
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FIG. 6. The latency (seconds) to collect a food reward from the
magazine (magazine latency) in the absence (white bars) and pres-
ence (shaded bars) of barriers. Data are presented as mean = SEM
(***p < 0.001, compared to vehicle).
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494 significantly increased the total number of omissions, the
latency to press the sample lever, the latency to press the cor-
rect lever, and the latency to collect a food reward from the
magazine, and significantly decreased the rate of nose poking
across delays. The lower doses tested also significantly in-
creased the latency to press the sample lever and the latency
to press the correct lever and significantly decreased the rate
of nose poking. In chambers without barriers, EAA 494 sig-
nificantly increased the latency to press the sample lever and
reduced the rate of nose poking following administration of
1.5 and 2 mg/kg. Presumably, the increased demands upon
motor behavior to perform the task in the presence of barri-
ers provide a more sensitive readout of the motor-impairing
effects of the compound. The effects of EAA 494 on motor
performance are similar to those reported with CPP (10 mg/
kg), in which a small increase in the latency to make a correct
matching response, a decrease in the total number of nose
pokes, and a slight increase in the number of omissions in an
operant DMTP task were described (4). The differences in
the doses of the NMDA receptor antagonists used in the two
studies is consistent with the evidence that EAA 494 is a more
potent NMDA receptor antagonist compared to CPP in vitro
and in vivo (1,9,10). It is possible that the delay-independent
effects of 10.0 mg/kg CGS-19755 were a consequence of bias-
ing of the analysis, because 4 out of 10 rats were incapaci-
tated, and the remaining subjects from which the measure of
working memory was taken, completed fewer trials during the
session (14). Doses of EAA 494 higher than 2 mg/kg could
not be used in the present study because this results in se-
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verely disrupted task performance and a dramatic increase in
the number of incompleted trials, hence decreasing the accu-
racy with which working memory could be measured (prelim-
inary experiments, data not shown).

The impact of insertion of barriers to eliminate positional
strategies, or mediating behavior, was to increase the time
taken to perform the task (for instance, the latency to press
the correct lever once the delay had ended). Choice accuracy
was not affected. Although EAA 494 disrupted motor perfor-
mance in the DNMTP task, there was no effect on the work-
ing memory curve either in the absence or presence of barri-
ers. It cannot be inferred from the present data that the
reported delay-dependent effect of CPP (4) was a consequence
of impaired mediating strategies as hypothesized (see Intro-
duction). It is possible, however, that in the training procedure
in which all the animals were trained to criterion in the presence
of barriers, the development of positional strategies was sup-
pressed such that in the test situation in the absence of barri-
ers, positional strategies were not employed by the animals.

In conclusion, the results of the present study indicate that
competitive antagonism of NMDA receptors following ad-
ministration of EAA 494 does not result in impaired spatial
working memory in the DNMTP task even at doses that im-
pair task performance. This result is consistent with the lack
of a specific effect of competitive and noncompetitive NMDA
antagonists, with the exception of CPP, upon spatial working
memory in the same test and consistent with the results of a
clinical study, in which EAA 494 did not significantly affect
the performance of a spatial working memory test.
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