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KANT, G. J., W. L. WRIGHT, T. N. ROBINSON, 11I AND C. P. D'ANGELO. Effects of MK-801 on learning and memory as 
assessed using a novel water maze. PHARMACOL BIOCHEM BEHAV 39(2) 479-485, 1991.--The effects of the NMDA recep- 
tor antagonist MK-801 {(+)-10,11-dihydro-5-methyl-5H-dibenzo [a,d]-cyclohepten-5,10 imine hydrogen maleate} on learning and 
memory were assessed using a water maze. The maze was a traditional type of maze with alleys and choices between various 
paths, but set inside a pool of water to a height of 25 cm. Different mazes could be configured by altering the arrangement of 
open vs. closed doors. Both the time required to reach an out-of-the-water exit platform and the errors made during the swim 
from start to finish were recorded. Learning was assessed during the f'trst 10 to 20 trials in a new maze configuration, while 
memory was tested after the maze was well learned. Three experiments, some with several phases, were performed. These experi- 
ments compared the effects of 0.1 mg/kg of either (+)-MK-801, or (-)-MK-801 vs. saline on learning new maze configurations 
as well as swimming well-learned mazes. Neither of the MK-801 isomers impaired performance of a previously learned maze. 
(+)-MK-801 clearly slowed learning of new mazes as measured by both maze completion time and errors committed, while 
(-)-MK-801 had a significant but smaller effect on learning. Rats given (+)-  or (-)-MK-801 (0.1 mg/kg) for 16 days while 
learning one maze and then challenged to learn a new maze without drug administration performed no differently on the new 
maze than controls, suggesting that the acute effect of MK-801 on learning is not long lasting. 

MK-801 N-Methyl-D-aspartate (NMDA) Water maze Learning Memory 

THERE has been much recent interest in the role of glutamate, 
an excitatory neurotransmitter, in neuronal cell death following 
injury, ischemia or seizures. MK-801 {(+)-10,11-dihydro-5- 
methyl-5H-dibenzo [a,d]-cyclohepten-5,10 imine hydrogen male- 
ate} is a noncompetitive antagonist at the N-methyl-D-aspartate 
(NMDA) subclass of glutamate receptors (26--28). Various NMDA 
antagonists, including MK-801, have shown positive effects as 
anticonvulsant, anti-ischemic and neural protective drugs (4, 6, 
9, 16, 18, 19). 

However, in addition to these potential beneficial effects of 
NMDA antagonists, there have been reports of adverse neurobe- 
havioral effects of these drugs (3, 8, 14, 15, 17, 25, 29). MK- 
801 has been shown to impair learning of passive avoidance, 
brightness and olfactory discriminations, and acquisition of a ra- 
dial ann  maze (3, 5, 8, 22-24,  29). In addition, several reports 
have used the Morris water maze task to assess effects of 
NMDA antagonists on learning and memory and have generally 
found that these compounds impair acquisition but not memory 
in this spatial task (10, 14, 17, 25). 

In the Morris water maze task, the rat is challenged to learn 
and remember the location of an under-the-water platform hid- 
den in an open opaque pool. While the time to reach the plat- 
form is easily recorded, other performance data is more difficult 
to quantify (e.g., errors), although video recordings of the rat 's  
swim often reveal interesting differences in the swim paths taken 

by control and drug-treated or lesioned animals. Our laboratory 
has utilized another water performance task very unlike the 
Morris water maze to assess the effects of various compounds 
on learning and memory (11-13, 20, 21). In this maze, de- 
scribed more fully below, an arrangement of alleys and doors is 
configured so that the rat must learn and remember a series of 
choices through open doors to swim a path from a starting point 
to an out-of-the-water platform. The difficulty of the task can be 
altered by varying the number of door choices that the rat must 
correctly make on the way to the " f i n i sh . "  Also, several mazes 
of approximately equal difficulty can be quickly configured by 
changing the start, finish and/or combination of open doors. This 
flexibility allows for retesting learning in the same group of rats. 
Both the time to reach the finish and errors made along the way 
can be easily quantified. The ability to assess errors, as well as 
speed, is helpful in distinguishing deficits in motor, motivational 
and cognitive impairments. 

We have found that this water maze is more quickly learned 
than an identical " d r y "  maze where the reward for reaching the 
finish is a desired food (11) and drug-induced changes in appe- 
tite do not confound performance testing in a water maze. Using 
this water maze task, we have reported performance deficits af- 
ter administration of psychoactive drugs and blood substitutes 
(12, 13, 21). 

In the present report, we have carried out a series of experi- 

1The views of the author(s) do not purport to reflect the position of the Department of the Army or the Department of Defense, (para 4-3, AR 
360-5). 

aResearch was conducted in compliance with the Animal Welfare Act, and other Federal statutes and regulations relating to animals and experi- 
ments relating to animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals, NIH publication 86-23. 
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ments with MK-801 to determine the effects of this drug on 
learning and memory using this water maze. 

METHOD 

Animals 

Male Sprague-Dawley rats were purchased from Zivic-Miller. 
The average weight of rats at the beginning of Experiment 1 was 
283 grams (range: 268 to 300) and separate groups of rats were 
used for Experiment 2 (average weight 415; range: 368 to 477 
grams) and Experiment 3 (average weight 393; range 364 to 
423). Rats were maintained in individual hanging cages with 
food and water freely available in a light-controlled animal room 
(lights on from 0700 to 1900 h). 

Drugs 

The MK-801 used in the first experiment was a gift from Dr. 
Alberto Martinez-Arizala who obtained it from Merck Sharp and 
Dohme Research Laboratories, West Point, PA. This compound 
was supplied as the ( + )  isomer {(+)-10,11-dihydro-5-methyl- 
5H-dibenzo [a,d]-cyclohepten-5,10 imine hydrogen maleate}. Both 
the ( + ) -  and ( - ) - M K - 8 0 1  hydrogen maleate used in the second 
and third experiments were purchased from Research Biochemi- 
cals Inc., Natick, MA. Drugs were dissolved in 0.9% saline im- 
mediately prior to use each day. Drugs were administered IP, 
30 min prior to each swim trial. The dose of 0.1 mg/kg of MK- 
801 was selected from the literature as a dose less than that re- 
quired to cause gross locomotor changes or ataxia (5,25). 

Maze 

As shown in Fig. 1, the maze consisted of concentric squares 
set inside a 5 ft dia. child's swimming pool. The maze walls 
were white opaque plastic and removeable doorways set in the 

A 

FIG. l. Schematic diagram of mazes A and B. An out-of-the-water plat- 
form was placed at the "finish." Rats were placed at the "start" and 
given a maximum of 5 min to swim to the platform. Whole body entries 
through doors not on the correct path were counted as errors. 

center of the walls allowed for different maze configurations. 
The maze was located in an open laboratory with overhead 
lighting and numerous available spatial room cues including lab- 
oratory equipment and the position of the investigator. Water 
(24°C) filled the maze to a depth of 25 cm. Maze A was the 
first maze configured. Rats were placed into the center of the 
maze and given a maximum of 5 min to find the out-of-the wa- 
ter exit platform located at the " f in i sh . "  Both the time required 
and the number of errors (whole body entries through doorways 
not leading to the exit platform) were recorded for each trial. 
Rats not reaching the platform in 5 min were gently pushed with 
a paddle and guided through the correct path until they reached 
the platform. Rats were tested once daily. 

Experiment 1 

Twenty-four male rats served as subjects. Twelve rats re- 
ceived (+) -MK-801  (0.1 mg/kg, IP; the compound obtained 
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FIG. 2. Experiment 1, phase 1. Effects of (+)-MK-801 (0.l mg/kg IP, 30 rain prior to swim) 
on time required to swim from the start to the finish on daily trials while learning maze A. 
Circles are controls (saline-injected) and squares are MK-801-treated rats. n =  11 or 12/group 
(one saline group animal did not swim; it always gasped the doorway and was deleted from the 
experiment). Values represent the mean +-SEM. Trial 10 was aborted due to severe pool leak. 
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FIG. 3. Experiment 1, phase 2. Effects of (+ )  MK-801 (0.1 mg/kg IP, 30 min prior to swim) on 
time required to swim maze A after this task was well learned. All animals are from the saline 
group of phase 1 (Fig. 2). Five of the 11 animals from phase 1 were injected with MK-801 and the 
other six continued to receive saline. Values represent the mean---SEM. Circles are saline injected 
and squares are (+ )  MK-801 injected. 

from Merck Sharp and Dohme) and twelve rats received a simi- 
lar volume (approximately 0.3 mi) of saline 30 min prior to each 
single daily learning trial on maze A (Fig. 1), a particular maze 
configuration with the start in the center of the maze, 4 sequen- 
tial choices between open doors and an out-of-the-water exit lo- 
cated near the outside rim of the pool. This first learning phase 
of the experiment was conducted for 24 days, 

During the second phase of this first experiment, the saline 
group of 12 animals from phase 1 was divided into 2 subgroups. 

Of the 12 animals administered saline in phase 1, 6 continued to 
receive saline in phase 2 (saline/saline group) and 6 were ad- 
ministered MK-801 in phase 2 (saline/MK-801 group). These 2 
groups were then retested for a period of 8 days in the well- 
learned maze A of phase 1 to determine the effects of MK-801 
on retention or memory, by comparing the performance of the 
saline/saline group with the saline/MK-801 group. Following 8 
days of memory testing, the groups continued in the same treat- 
ment groups and were challenged to learn a new maze configu- 
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FIG. 4. Experiment 1, phase 3. Same animals and treatment as Fig. 3, but rats are learning a 
new maze, maze B. 
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FIG. 5. Experiment 2. Effects of (+)-MK-801 (squares) vs. (-)-MK-801 (triangles) vs. saline- 
injected controls (circles) on swimming an already learned maze A (all 24 animals had learned 
maze A without any drug administration). Eight animals per group. Values represent the mean +__ SEM. 
All drugs were injected IP 30 min prior to swim. MK-801 isomers were administered at 0.1 
mg/kg. 

ration, maze B, which is the exact reverse of maze A with the 
start located at the site of  the maze A out-of-water-platform and 
the platform located at the maze A start. 

Experiment 2 

Twenty-four male Sprague-Dawley rats served as subjects. 

All 24 were first trained on maze A for 18 daily trials without 
any drug administration, and then given saline injections IP 30 
rain prior to maze testing for 3 days. Three groups of eight rats 
each were formed based upon the 3-day average maze time for 
the saline injection trials, such that group maze completion times 
each averaged approximately 25 seconds. Then one group re- 
ceived (+) -MK-801  (0.1 mg/kg), another group received ( - ) -  
MK-801 (0.1 mg/kg), and the third group received an equivalent 
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FIG. 6, Experiment 3, phase 1. Effects of (+)-MK-801 (squares) vs. (-)-MK-801 (triangles) vs. 
saline-injected controls (circles) on learning a new maze (A). Drug doses and timing are the same as 
for Experiment 2, but the animals are different. Both MK-801 groups have 8 animals per group. The 
saline group consisted of 7 animals. Values represent the mean __- SEM. 
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FIG. 7. Experiment 3, phase 2. All drugs were discontinued and animals from phase 1 (Fig. 6) 
were tested for learning a new maze (B). 

volume of saline 30 min before daily retesting in maze A for 8 
days. 

Experiment 3 

Twenty-four rats served as subjects. One group of 8 rats re- 
ceived (+)-MK-801 (0.1 mg/kg) 30 min prior to daily trials on 
maze A while a second group of 8 rats received ( - ) -MK-801  
(0.1 mg/kg) and a third group received saline. Following 16 tri- 
als on maze A, the rats were trained on a new maze (B) without 
any drug administration. 

Data Analysis 

Data were analyzed by two-way analysis of variance (ANOVA) 
using BMDP software programs. Preselected follow-up compari- 
sons were made using Student's t-test. Results were considered 
to be significant at p<0.05.  

RESULTS 

In these experiments, maze completion times and errors com- 
mitted were similarly affected by all treatments and showed a 
similar learning curve over trials. Therefore, only the measure- 
ment of maze completion time will be presented in figures, but 
the statistical analyses for both the maze completion times and 
the errors will be presented. 

Experiment 1: Effects o f (  + )-MK-801 on Learning and Memory 

Animals given (+)-MK-801 in phase 1 took longer to com- 
plete the maze (Fig. 2) and made more errors (data not shown) 
than animals given saline. One saline animal never swam and 
was omitted from the analysis (this animal clung to the door- 
ways). Two-way analysis of variance showed significant effects 
of trial, F(22,480)=20.6,  p<0.0001,  and treatment, F(1,480)= 
18.4, p<0.0001,  as well as a significant trial × drug interac- 
tion, F(22,480)=3.7,  p<0.0001,  for maze completion time. 
Similar results were seen with respect to errors for the main ef- 

fects of trial, F(22,479)= 11.96, p<0.0001,  and treatment, 
F(1,479)= 18.74, p<0.0001,  and their interaction, F(22,479)= 
1.93, p<0.01.  Trial 10 was aborted due to a severe pool leak 
and data from this trial was not included in the data analysis. 
Interestingly, the effect of this "missed day" appeared to set 
back the learning of the MK-801 group, but not of the controls. 

In phase 2 of this experiment, half of the saline treatment 
group from phase 1 continued to receive daily saline injections 
(n = 6), while the other 5 animals were switched to daily MK- 
801 injections. In this testing of performance on a well-learned 
task, there were no significant performance differences between 
the saline/saline and saline/MK-801 groups for either maze com- 
pletion time, F(1,86)= 1.16, p>0.05,  as shown in Fig. 3 or er- 
rors committed, F(1,86)= 1.00, p>0.05  (data not shown). 

In the third phase of testing, group treatments remained as in 
phase 2, but rats were challenged to learn a new maze (maze B, 
the reverse of maze A). As shown in Fig. 4, performance of the 
MK-801-treated animals was similar to that of controls for the 
first 5 trials; in fact, there was a tendency for the MK-801 ani- 
mals to take less time for the first few trials, although this dif- 
ference was not statistically significant. When data from all trials 
was analyzed there was a significant effect of MK-801 on er- 
rors, F(1,130)=3.95,  p<0.05,  but not time, F(1 ,130)=l .1 ,  
p>0.05.  If only data from trials 37 to 44 are used for analysis, 
then MK-801 significantly increased both errors, F(1,86)= 15.7, 
p<0.001,  and maze completion time, F(1,86)= 11.0, p<0.01.  

Experiment 2: Effects of ( + )-MK-801 vs. ( - )-MK-801 on 
Performance of a Well-Learned Task 

In the first phase of this second experiment, no drugs were 
given to the 24 rats learning maze A, and all rats learned the 
maze as shown by decreased time for maze completion and de- 
creased errors over trials (data not shown). In a second phase, 
memory was then assessed by testing each rat on maze A 30 
min following injection of (+)-MK-801,  or ( - )-MK-801 or sa- 
line for 8 daily trials. There were no significant effects of trial 
or drug treatment on this memory testing phase as shown in Fig. 
5. Analysis of variance showed no effect of treatment group for 
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either time, F(2,160)= 0.59, p>0.05,  or errors, F(2,160)= 0.30, 
p>0.05.  

Experiment 3: Effects of  ( + )-MK-801 and ( - )-MK-801 on 
Learning a New Maze 

As shown in Fig. 6, both (+)-MK-801 and ( - ) -MK-801  
impaired learning of maze A with (+)-MK-801 having a more 
pronounced effect. Two-way analysis of variance showed signif- 
icant effects of trial and treatment group for both time, F(2,336) = 
44.5, p < 0 . 0 0 0 1 ,  and errors, F ( 2 , 3 3 6 ) = 4 6 . 4 ,  p < 0 . 0 0 0 1 .  
Follow-up comparisons by Student's t-test showed significant 
differences between either MK-801 treatment group vs. controls 
(p<0.05) for the variable time and a significant difference be- 
tween the (+)-MK-801 group and control for the variable, er- 
rors (p<0.05). The comparison between ( - ) -MK-801 and controls 
was not statistically significant for errors (p<0.10). 

When drug administration was discontinued and all rats were 
challenged to learn a different maze, no differences in learning 
speed were seen among the groups (Fig. 7). 

DISCUSSION 

MK-801 is a prototype of an exciting new group of potential 
therapeutic compounds acting via the NMDA receptor complex. 
Several beneficial uses for these types of drugs, including anti- 
convulsant, anti-ischemic, and neural protective effects of these 
compounds, have been demonstrated (4, 6, 9, 16, 18, 19). 
However, NMDA receptor antagonists have also been shown to 
have some undesirable properties. MK-801 and AP5, for exam- 
ple, have been reported to impair learning in various paradigms 
including the Morris water maze, the radial arm maze, and pas- 
sive avoidance (3, 5, 8, 10, 14, 17, 22, 24, 25, 29). PCP, which 
binds to the ion channel associated with NMDA, has well-known 
psychotomimetic effects. MK-801 has also been shown to inhibit 
hippocampal long-term potentiation associated with learning (1, 
7, 17). The purpose of the present report was to further explore 
and characterize the effects of MK-801 on learning and memory 
using a novel water maze characterized by our laboratory (11- 
13, 20, 21). Since the ( + )  and ( - )  isomers might have qualita- 
tive as well as quantitative differences with respect to effects on 
neural protection vs. effects on learning and memory, these iso- 
mers were compared in the present report. 

In the first experiment, we found that (+)-MK-801 impaired 
learning a novel maze, but did not impair performance on the 
identical maze if MK-801 was first administered after the task 
was well learned. However, even in animals with experience 
with swimming a maze after receiving MK-801, performance on 
learning a new maze was impaired by MK-801 administration. 
These data suggest that animals do not become pharmacologi- 
cally tolerant to MK-801 with respect to the effects on learning, 
at least not at these doses and with this dosing regimen. This is 
perhaps not surprising considering that rats given continuous ex- 
posure to the NMDA antagonist AP5 via an indwelling pump 
for more than 1 week still were measurably impaired in learning 
the Morris water maze (17). Other data suggest, however, that 
tolerance may develop to some of the ataxic effects of high 
doses of MK-801 (25). In addition, tolerance to the response rate 
decreasing effects of low doses of MK-801 on fixed interval 
schedules has been seen [Ray Genovese, Psychopharmacology 
(Berlin), in press]. 

In both the new maze learning phases, the difference between 
the MK-801-treated rats and controls was not apparent in the 
first 2 (phase 1) to 5 (phase 3) trials. This data coupled with the 
rapid, relatively error free performance of the MK-801-treated 

rats in swimming a well-learned maze in phase 2 suggests that 
the learning performance deficit that became apparent after the 
initial trials in phases 1 and 3 was not due to some motor coor- 
dination or sensory deficit. This is important to note since MK- 
801 has been reported to affect activity and gross motor 
coordination, although the reported dose threshold for these ef- 
fects varies considerably (5, 15, 25, 29). In the present study, 
the MK-801 rats swam as well as controls, but did not appear to 
consolidate the information derived from each daily trial as effi- 
ciently as controls. They therefore took longer to learn the task. 
All animals did eventually learn, however. This "s lowed"  learn- 
ing is similar to what has been reported using other learning 
tasks whenever the experiment has been carried out long enough 
for the MK-801 animals to eventually learn the task. In the ol- 
factory discrimination task reported by Staubli et al., the MK- 
801 animals learned as well as controls when the task was 
"eas ier ,"  i.e., the odors were strong and trials were separated 
by short intertrial intervals. When the task was more difficult 
(weaker odors and longer intertrial intervals), the MK-801-treated 
animals did not learn the olfactory discrimination as well. Thus 
it appears that MK-801 impairs but does not prevent learning 
when used at doses that do not cause gross motor and sensory 
deficits. 

The second experiment compared the effects of the ( + )- and 
( - ) -MK-801  isomers on performance of a well-learned task. 
Again, in this experiment [as in the phase 2 of Experiment 1 
with the ( + )  isomer only], these drugs had no significant effect 
on performance of a previously learned task. 

In the third experiment, both ( + )-MK-801 and ( - )-MK-801 
impaired performance on learning a new maze task. The effects 
of (+)-MK-801 were more pronounced and the (+)-MK-801- 
treated animals were significantly impaired as assessed by either 
time or errors. The ( - )  isomer impaired learning as well, but 
the effects were only significant for time to completion. After 
16 trials, the (+)-treated animals were still markedly impaired 
compared to controls; in contrast, after 16 trials the performance 
of the ( - ) - t rea ted  rats was similar to controls. The ( - ) - M K -  
801 isomer, however, is not inactive, but simply less potent. 
These in vivo data support the in vitro binding studies which 
demonstrate that the (+)-MK-801 isomer is the more potent 
(26,27). However, since only one dose of each isomer was 
tested, it is possible that differences other than potency may ex- 
ist between the isomers. 

The effects of MK-801 do not appear to be long lasting, since 
rats previously given daily injections of MK-801 for 16 days had 
no difficulty learning a new maze when the drugs were not 
given. 

Clearly, the major finding of this report supports the conclu- 
sions reached by other investigators using other behavioral para- 
digms including the Morris water maze. MK-801 impairs learning 
but not memory and the ( + )  isomer is the more active in this 
regard. 

These findings may be relevant to the purported role of long 
term potentiation (LTP) in the learning process. Induction of 
LTP in the hippocampus CA1 pyramidal cell region appears to 
involve activation of the NMDA receptor. NMDA antagonists 
have been shown to block LTP in vitro and block learning in 
vivo (1, 7, 17). 

Although these findings do demonstrate an undesirable effect 
of MK-801 on learning, the lack of effect on memory and the 
apparent ability of the rats to learn new mazes with no difficulty 
once the drug administration is discontinued suggest that the 
neural protectant properties of this drug may outweigh the possi- 
bly limited and short-lasting negative side effects of this com- 
pound. 
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