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A Behavioral Analysis of the Spatial Learning
Deficit Induced by the NMDA Receptor

Antagonist MK-801 (Dizocilpine) in the Rat

Maria Ahlander, M.D., Ilga Misane, Ph.D., Pir A. Schott, M.S., and Sven Ove (jgren, Med.Dr.Sc.

This study analyzes whether the disruptive effects of the
noncompetitive NMDA receptor antagonist MK-801
(0.01-0.1 mg/kg SC) on spatial learning can be dissociated
from sensorimotor disturbances in the rat. Two different
modifications of the Morris swim maze task with a hidden
underwater platform were used: with or without local cue.
Retention was tested either 24 h or 7 days after training as a
probe trial (without platform). The present data indicate

that MK-801 produces an impairment of spatial learning
that cannot be dissociated from motor or sensory
mechanisms. These findings support the view that NMDA
receptors probably contribute to, but are not essential for,
spatial learning in the water maze.
[Neuropsychopharmacology 21:414-426, 1999]
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A number of studies during the past decade have sug-
gested a critical role of glutamatergic N-methyl-D-aspar-
tate (NMDA) receptors in learning and memory pro-
cesses (McEntee and Crook 1993; Rison and Stanton
1995). Induction of hippocampal long-term potentiation
(LTP), a cellular model of neural plasticity (Bliss and
Lomo 1973), has been shown to require the activation of
NMDA receptors. On the other hand, antagonists of the
NMDA receptors; for example, AP5, MK-801 (dizo-
cilpine), and phencyclidine (PCP) have been shown to
block hippocampal LTP in vitro and to impair hippo-
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campal-dependent behavior; for example, place and
spatial learning (Bischoff and Tiedtke 1992; Coan et al.
1987; Eichenbaum et al. 1990; Morris et al. 1986). These
findings have led to the suggestions that NMDA recep-
tors play a critical role in cognitive functions involving
corticohippocampal circuits and that mechanisms un-
derlying LTP and the behavioral manifestations of spa-
tial learning are related (Collingridge et al. 1988; Harris
et al. 1984; Morris et al. 1986).

MK-801 is a noncompetitive NMDA antagonist bind-
ing to the PCP binding site within the NMDA receptor
ion channel, and it has negligible affinities for the sigma
binding site and the dopamine uptake site (Snell et al.
1988; Wong and Nielsen 1989). Systemic administration
of MK-801 produces an impairment in a variety of
learning and memory paradigms; for example, passive
avoidance (Ohno and Watanabe 1996) and such spatial
tasks as the radial maze task (Pitkanen et al. 1995;
Wozniak et al. 1990) and water maze tasks (Filliat and
Blanchet 1995; Heale and Harley 1990; Kant et al. 1991;
McLamb et al. 1990; Robinson et al. 1989; Whishaw and
Auer 1989; Ylinen et al. 1995). MK-801 produces a dose-
related spectrum of such motor dysfunctions as hyper-
activity, stereotypies, or ataxia (Koek et al. 1988; Murata
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and Kawasaki 1993). In addition, NMDA receptor an-
tagonists including MK-801 also affect certain aspects of
sensory processing (al-Amin and Schwarzkopf 1996;
Cain et al. 1997; Sillito et al. 1990; Tang and Ho 1988).
Therefore, it is essential to determine whether learning
and memory deficits caused by MK-801 can be dissoci-
ated from nonspecific behavioral effects.

Several approaches have been used to dissociate sen-
sorimotor impairments by MK-801 from those believed
to be related to cognitive functions in the water maze
tasks (Table 1). However, it is notable that in most of
these studies, the behavioral responses of MK-801 have
not been monitored in the water maze apparatus, i.e. in
the context of learning. It is possible that the stress of
being in the water may cointerfere with the disruptive
effects of MK-801 on behavioral performance that can
differ from those described in studies using observation
cages (Sandi et al. 1997; Wedzony et al. 1994). The im-
portance of performing a behavioral analysis during ac-
quisition of the water maze task is clearly illustrated by
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recent studies using competitive NMDA receptor an-
tagonists; for example, D,L-2-amino-5-phosphonovaler-
ate (APV), NPC17742 and CGS19755 (Cain et al. 1996;
Cain et al. 1997; Saucier et al. 1996).

The present studies were designed to investigate
whether the effects of MK-801 on spatial learning could
be dissociated from the effects on motor performance
and sensory processing. Two different modifications of
a Morris swim maze task (Morris 1981) were used: a
classical hidden platform version and a cued platform
version. Importantly, both the hidden and the cued
platform were submerged below the water surface,
thus avoiding differences in sensory perception of the
platform in the two versions of the task.

This approach differs from the frequently used visi-
ble platform version in which the animal has to climb
onto the platform protruding from the water (Cain et al.
1996; Cain et al. 1997; Saucier et al. 1996; Whishaw et al.
1995; Whishaw and Jarrad 1996; Whishaw and Tomie
1997). In the present study, retention was always tested

Table 1. Selected Studies on the Effects of MK-801 on Spatial Learning in the Water

Maze Task.
Effects in
Doses and Route of Water Maze Behavioral
Reference Administration Task Effects
Whishaw and Water maze: Escape latency 1 Locomotor cages:
Auer (1989) 0.25,05,1,2,4 Motor activity t
mg/kg IV (0.05 and 0.1 mg/kg)
Locomotor cages:
0.05,0.1 mg/kg IV
Heale and Water maze and Escape latency 1 Open-field test:
Harley (1990) open-field tests: Distance traveled 1
0.07 mg/kg IP
Mc Lamb et al. Water maze: Escape latencyt Locomotor cages:
(1990) 0.05 mg/kg SC Motor activity —
Locomotor cages and Acoustic startle
acoustic startle: response —
0.0125, 0.025, 0.05
mg/kg SC
Filliat and Water maze and Escape latency 1 Open-field test:
Blanchet (1995) open-field tests: (0.2 mg/kg) Ataxia scores 1
0.05,0.1, (0.1 and 0.2 mg/kg)
0.2 mg/kg IP Distance traveled 1

Ylinen et al.
(1995)

Water maze:
0.075, 0.15 mg/kg IP

Escape distance 1

(0.05 and 0.1 mg/kg)
Distance traveled —
(0.2 mg/kg)

Water maze:
Stay-on-platform time |
(0.075 and 0.15 mg/kg)
Swim speed 1
(0.075 mg/kg)
Swim speed -
(0.15 mg/kg)

The behavioral tests used in these studies discriminate unspecific drug effects from those on learning and

memory.

1 = increase; | = decrease; - = no effect.
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without platform (a probe trial). To investigate possible
time-dependent effects of MK-801, retention was tested
either 24 h or 7 days after training. In addition, after be-
ing tested for retention in the cued platform task, the
animals were retrained in a reversal learning paradigm
to examine their ability to use both spatial and nonspa-
tial search strategies. The rats were video-recorded dur-
ing the training sessions in the water tank to provide a
detailed analysis of platform behaviors; for example,
stay-on-platform time, grooming, wet-dog shakes, and
rearing.

MATERIALS AND METHODS
Subjects

Male Sprague-Dawley rats weighing 300 to 350 g at the
time of testing (corresponding to about 2 months of
age) were obtained from B&K Universal (Sollentuna,
Sweden). The animals were housed in groups of four in
standard plastic cages (Type IV Macrolon®) in a tem-
perature- and humidity-controlled room with a con-
stant 12-h light/dark cycle (lights on at 6:00 am) and
with free access to standard lab chow and tap water up
to the time of the experiments. They were allowed to
habituate to the animal maintenance facilities for a pe-
riod of at least 5 days before initiation of the experi-
ments. The experiments were conducted during the
light period of the light/dark cycle, between 9:00 am
and 3:00 pm. The animals were brought to the experi-
mental room in plastic cages with specially designed
tops (Micro-Isolator®, ALAB-Stalstandard, Sweden),
four animals per cage. A 60-min habituation period to
the experimental room on the first day and 30-min on
the following days preceded the learning experiments.
Animal housing and all experimental procedures fol-
lowed the provisions and general recommendations of
the Swedish animal protection legislation. The experi-
mental procedures were approved by the local Animal
Ethics Committee (ethical number 79/96).

Swim Maze Apparatus

The water maze tests were performed in a circular wa-
ter tank located in the center of an experimental room
(435 X 295 cm) surrounded by several extramaze cues,
such as asymmetrically placed lamps, a black window,
and a computer on a desk (Ogren et al. 1996). These ex-
tramaze cues were kept constant throughout the testing
period. The circular tank was made from dark gray
plastic, measuring 180 cm in diameter and 45 cm in
height. The tank was filled with tap water (thermostati-
cally controlled at 22 = 1°C) up to a height of 28 cm. The
circular escape platform (15 cm in diameter) was made

NEUROPSYCHOPHARMACOLOGY 1999-VOL. 21, NO. 3

from dark gray plastic, exactly the same color as the
water tank, and it was submerged 1 cm below the sur-
face of the water. Pilot studies demonstrated that a plat-
form submerged in clear water is invisible to the rats
(black pool, clear water) (Ylinen et al. 1995). The present
procedure differs from many studies in which milk
powder or white polypropylene pellets are added to the
water to create an opaque surface: (Morris 1981; Filliat
and Blanchet 1995) (milk), (Heale and Harley 1990;
McLamb et al. 1990) (milk powder), (Cain et al. 1993)
(polypropylene pellets).

A digital system (Hitachi CCTV camera, model HV-
720K and an Ikegami 12-inch CCTV Picture monitor,
PM-127) placed in the ceiling above the center of the
water tank monitored several parameters of the swim-
ming of the rats on line. The video camera was con-
nected to a Victor VPClle computer and controlled by a
computer program developed in cooperation between
Epoc System and the Karolinska Institute (Ogren et al.
1996). The parameters monitored were latency to es-
cape on the platform, swim distance, swim speed for
each trial, and swim time and distance in each quadrant
of the pool

Experimental Procedure

Once a day, different groups of rats received an injec-
tion of MK-801 or saline 30 min before the first training
trial. The animals were trained in the pool for 5 consec-
utive days, 4 trials/day. The pool was divided into four
equally sized quadrants (north, east, south, and west).
On day 1, the first trial was started from starting point
“west.” The starting points varied over the days of
training, and they were rotated clockwise, one-quarter
of a turn per trial (Schott et al. 1998). The platform re-
mained in the center of the southeast quadrant
throughout training. On each trial, the animals were
lowered gently into the water, facing the wall of the
pool and then released. At the same time, monitoring
was started by means of a mouse connected to the com-
puter. If the animals failed to find the platform within
60 s, they were guided there by the experimenter’s
hand, and an extra 5 s were added to the escape latency
time. Because many of the MK-801-treated rats did not
follow experimenter’s hand, they were moved and
placed onto the platform. Animals were allowed to rest
on the platform for 30 s after each trial (intertrial time).
After the last trial, they were put in a drying cage and
allowed to dry for at least 5 min before being returned
to their experimental cages. Following training, the rats
were brought back to the animal maintenance facilities
and returned to their home cages. The retention test
was conducted 24 h or 7 days after the last training ses-
sion and always without platform (a probe trial), as de-
scribed earlier (Ogren et al. 1996).
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Experimental Design

Three different experiments were performed to analyze
the effects of MK-801. Rats were trained to find a hid-
den (submerged) or a cued (submerged with a visible
cue) platform for a period of 5 consecutive days.

Experiments 1 and 2 (Exp. 1 and Exp. 2) were per-
formed with a hidden platform. In Exp. 1, animals were
divided into five groups with eight subjects in each re-
ceiving a different dose of MK-801 (0.01, 0.03, 0.05, and
0.1 mg/kg, respectively). Retention was conducted 7
days after training. In Exp. 2, four groups of rats with 12
animals in each were used; groups 1 and 2 received 0.1
mg/kg of MK-801, and groups 3 and 4 served as con-
current saline controls. Retention test in groups 2 and 3
took place 24 h after the last training session, and
groups 2 and 4 were examined 7 days after the training.
Because of an experimental error, four animals from
group 1 were excluded from the experiment, leaving
eight animals in this group.

In Exp. 3, the rats were divided into three groups
with eight animals in each receiving either 0.05 and 0.1
mg/kg of MK-801 or saline, respectively. The stationary
underwater platform was cued with a high contrast ob-
ject, a yellow pen (12-18 cm height) attached to the cen-
ter of the platform with a white plastic cup attached to
the top of the pen and with a black-painted paper roof
on the top of it all. By this design the cue (object) was
not detectable to the video camera connected to the
computer, but it provided a distinct visual discrimina-
tory cue as to the position of the platform for the rats.
Retention was tested 24 h after the last training session
(day 6) without the platform, and thereupon the three
groups of rats received the same drug treatment as dur-
ing acquisition. The animals were retrained with the
cued underwater platform in a new position; that is, in
the middle of the quadrant opposite to the former posi-
tion. This reversal training period lasted for a period of
2 consecutive days (days 6 and 7).

Video Recording

A JVC video camera placed on a video camera tripod
located beside the water tank was used to record the be-
havior of the rats. In Exp. 2, five animals from each
group of treatment (saline and the 0.1 mg/kg dose of
MK-801), and in Exp. 3 five animals from the control
group and eight animals from each treatment group
were video recorded during the stay on the platform. In
Exp. 2, the video recording took place on days 1, 3, and
5 of the training period; whereas, in Exp. 3, the animals
were video recorded on each of the 5 days of training.
From the video recordings, the following variables
were analyzed: stay-on-platform time, number of fall-
ings off the platform, wet-dog shakes (episodes of shak-
ing the whole body), grooming (number of times wash-
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ing the face with the forepaws), and rearing (episodes
of standing on the hind legs with the body in a vertical
position). The average stay-on-platform time (four trials
per animal and day) was calculated. For all other be-
havioral variables, only animals with a stay-on-plat-
form time for the first 20 s and more of the total 30 s in-
tertrial time were used in the statistical analysis,
because the MK-801-treated animals displayed short
stay-on-platform time (see below).

Drugs

MK-801 ((+)-10,11-dihydro-5-methyl-5H-dibenzo[a,d]-
cyclohepten-5,10-imine hydrogen maleate) was ob-
tained from Sigma (St. Louis, MO, USA) and dissolved
in saline (0.9% NaCl). All injections were subcutaneous
(SC) into the scruff of the neck at the volume of 2 ml/kg.

Statistics

Over-all treatment effects in the swim maze studies
were examined using a repeated measures two-way
analysis of variance (ANOVA). Differences between
treatment groups within days of treatment or between
days within groups were analyzed using a factorial
ANOVA. Comparisons between control groups and
MK-801-treated groups were performed with the
Fisher’s PLSD-test. In addition, some behavioral vari-
ables were analyzed using ANOVA: stay-on-platform
time, wet-dog shakes, and grooming. For analysis of the
proportions of animals displaying rearing, the chi-
square test and Fisher’s exact probability test were used
(Kirk 1968). A significance level of p < .05 was accepted
as statistically significant.

RESULTS

Effects of MK-801 on Acquisition and Retention in
the Spatial Task

Experiment 1: Dose-Related Effects of MK-801 in the
Hidden Platform Task. Exp. 1 addressed the issue
whether systemic (SC) administration of MK-801 would
affect spatial learning in a dose-related manner. MK-
801 produced an over-all effect on escape latency (F, 35 =
26.8, p < .001), swim distance (Fy35 = 7.50, p < .001) and
swim speed (F,3; = 25.28, p < .001) during acquisition
(Figure 1). With regard to escape latencies, groups
treated with 0.05 and 0.1 mg/kg of MK-801 differed sig-
nificantly from the controls on all days of training;
whereas, the 0.03 mg/kg group was significantly im-
paired only on the first day of training. The 0.1 mg/kg
dose produced an impairment throughout the training
period; whereas, the 0.05 mg/kg dose group, although
clearly impaired, improved over days. The 0.03 mg/kg
dose only tended to retard acquisition as compared to
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MK-801 0.03 mg/kg
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Figure 1. Dose-dependent effects of MK-
801 on the acquisition in the hidden platform
version of the spatial learning task. MK-801
(0.01-0.1 mg/kg, SC) was injected 30 min
before training (days 1-5). The saline (SC, 2
ml/kg) control group was run concurrently
with MK-801-treated groups. The effects of
MK-801 on swim speed and escape latency
are shown. Each value represents the mean
(= SEM) in groups of eight animals. The sta-
tistical analysis was performed by a repeated
measures of variance (ANOVA). Fisher’s
PLSD-test was used for pairwise group com-
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the controls over the days of training; whereas, the low-
est 0.01 mg/kg dose did not affect acquisition at all.
Treatment with the highest doses of MK-801 increased
swim distance as compared to the control group on
days 2 to 5 at the 0.1 mg/kg dose and on days 3 to 5 at
the 0.05 mg/kg dose, respectively (data not shown).
The swim speed was significantly decreased by the 0.05
mg/kg and 0.1 mg/kg doses of MK-801. The decrease
in swim speed at the 0.1 mg/kg dose of MK-801 was
seen throughout training; whereas, the decrease in-
duced by the 0.05 mg/kg dose of MK-801 was attenu-
ated over the training days. The 0.03 mg/kg dose pro-
duced a decrease in swim speed only on day 1.

Retention was measured in one single probe trial
without the platform 7 days after the last training ses-
sion (Table 2). Significant over-all differences were seen
for escape latency (F,35 = 4.15, p < .01) and number of
crossings (Fy 35 = 2.91, p < .05). The 0.05 mg/kg and 0.1
mg/kg groups showed a significant impairment of re-
tention (p < .01 for escape latency) (Table 2).

parison: *p < .05, ¥*p < .01, and **p < .001
versus saline control group. For further
details, see Materials and Methods.

Experiment 2: Comparative Effects of the 0.1 mglkg
Dose of MK-801 on Retention Performed 24 h or 7 Days
After the Last Training in the Hidden Platform Task.
To investigate possible time-dependent effects of MK-
801 (0.1 mg/kg), retention was tested 24 h and 7 days
after training in Exp. 2. The results on acquisition were
essentially in agreement with the results from Exp. 1. A
significant over-all effect was noted for escape latency
(F1 40 = 344.7, p < .001) during the acquisition period.
Similar results were obtained when swim distance
(F1 4o = 85.5, p < .001) and swim speed (F;4, = 644, p <
.001) were analyzed (data not shown).

Retention was tested 24 h after the last training ses-
sion for groups 1 and 3 and 7 days after for groups 2
and 4 (Table 2). Escape latencies for the controls tested 7
days after the last training (group 4) were significantly
longer compared to controls tested 24 h after the last
training (group 2) (p < .05). Thus, the time elapsed be-
tween training and retention test affected retention. For
the groups 1 and 3, a significant effect was seen with re-

Table 2. Effects of MK-801 on Retention in the Hidden Platform Version of the Spatial Learning Task (Exps. 1 and 2)

Swim Distance in Target Number

Treatment Escape Latency (s) = SEM Number of Crossings = SEM Quadrant (% Total Distance) = Animals (1)

Exp.1
Control: Saline 17.7 = 7.0 3.00 = 0.68 n=38
MK-801 0.01 mg/kg 26.8 =83 2.50 = 1.24 n=_8
MK-801 0.03 mg/kg 36.8 £9.1 1.50 = 0.50 n=38
MK-801 0.05 mg/kg 50.5 x 8.7** 0.75 + 0.41* n=38
MK-801 0.1 mg/kg 57.9 £ 7.1** 0.13 = 0.13** n=38

Retention Retention Retention Retention Retention Retention

Exp. 2 (24 h) (7 days) (24 h) (7 days) (24 h) (7 days) 24 h 7 days
Control: Saline 112 £28 23.0*x43 358*+045 2.67 =040 357*x24 305 *+21 n=12 n=12
MK-8010.1mg/kg 1.8 +3.2%* 50.7 * 6.7 0.13 * 0.13*** 042 + 0.19** 230 +29* 195+ 17 pn=8 n=12

MK-801 was administered subcutaneously (SC) 30 min before training (days 1-5). Retention was always examined without platform (a probe trial).
In Exp. 1, retention was measured using the parameters escape latency and number of crossings. In Exp. 2, swim distance in the target quadrant was also
included. In Exp. 1, rentention was assessed 7 days after the last day of training, in Exp. 2, it was assessed 24 h after the last day of training for half the
groups and 7 days after for the other half. Over-all treatment effects were analyzed by repeated measures of variance (ANOVA). Fisher’s PLSD-test
was used to compare the different treatments versus corresponding saline controls (*p < .05, **p < .01, and ***p < .001). For further details, see Mate-
rials and Methods.
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gard to escape latencies (F;;3 = 139.6, p < .001) and
number of crossings (F; 3 = 37.2, p < .001). A marked
difference between groups with regard to time spent
and swim distance in target quadrant was also noted
(p < .01 for both). The saline group swam significantly
longer distances and spent longer time in the target
quadrant compared to all other quadrants.

When retention was examined 7 days after training
(groups 2 and 4), a significant treatment effect on es-
cape latency (F; » = 12.1, p < .01) and number of cross-
ings (F; 5, = 26.1, p < .001) was noted (Table 2). In addi-
tion, a profound (F;,, = 28.5, p < .001) difference in
time spent in target quadrant was seen.

Experiment 3: Effects of MK-801 on Learning in the Cued
Underwater Platform Task. Exp. 3 examined the ef-
fects of the 0.05 mg/kg and 0.1 mg/kg doses of MK-801
on acquisition of the water maze task using the cued
platform version. MK-801 produced a marked impair-
ment of acquisition at the 0.1 mg/kg dose (Figure 2).
Significant over-all treatment effects were noted for es-
cape latency (F,» = 88.7, p < .001), swim distance (F,,; =
128.3, p < .001), and swim speed (F,,; = 19.2, p <
.001). However, it is apparent that the 0.1 mg/kg group
improved its performance over days of training. This
improvement reached statistical significance on day 5
of training (Paay 5 vs. day1 < -01). The 0.1 mg/kg dose of
MK-801 also reduced swim speed during training, but
this reduction was attenuated over days of training. In
contrast, the 0.05 mg/kg dose did not impair acquisi-
tion, with the exception of day 1 (p < .01 for escape la-
tency). Furthermore, no effect on swim speed was seen
at this dosage.

A retention test without the platform was performed
24 h after the last training session (day 6) (Table 3). This
test was performed to examine whether the animals
trained with a visually cued platform also had acquired
spatial learning. The 0.05 mg/kg group did not differ
significantly from the control group in escape latency to
the former location of the platform, but showed a ten-
dency for lower number of crossings (p = .06). The 0.1
mg/kg group was markedly impaired compared to the
control group with regard to escape latency and num-
ber of crossings (p < .001). Both the 0.05 mg/kg group
(p < .05) and the 0.1 mg/kg group differed (p < .001)
from the control in swim distance in target quadrant.
For the control group, the swim distance in the target
quadrant differed significantly from the other three
quadrants, whereas this was not the case for the MK-
801-treated groups.

Reversal training was carried out directly after the
retention test on day 6 (Figure 2). A change in the loca-
tion of the cued platform to the opposite quadrant did
not result into an impairment of acquisition in the con-
trol group (day 6 vs. day 5 of training). When compar-
ing the escape latencies of the first trials of the days
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Figure 2. Effects of MK-801 on the acquisition in the cued
platform version of the water maze task and the acquisition
of a new position of the cued platform 24 h after the last day
of training (reversal learning paradigm). MK-801 (0.05 and
0.1 mg/kg, SC) was injected 30 min before training during
the acquisition period (days 1-5) and the reversal learning
period (days 6 and 7). The saline (SC, 2 ml/kg) control
group was run concurrently with MK-801-treated groups:
Top panel: escape latency; middle panel: swim distance; bot-
tom panel: swim speed. Each value represents the mean (*
SEM). *p < .05, **p < .01, and ***p < .001 versus saline con-
trol group. For further details see legend to Figure 1.
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Table 3. Effects of MK-801 on Retention in the Cued Platform Version of the Water Maze Task

Escape Comparison Numberof Comparison Swim Distance Comparison

Latency  with Hidden Crossings = with Hidden in Target Quadrant with Hidden Number
Treatment (s) = SEM Platform SEM Platform (% Total Distance) Platform  Animals
Control: Saline 17579 p=.39 2.88 £ 0.67 p=.37 363 £29 p=.67 n=38
MK-801 0.05 mg/kg 261 +79 1.63 = 0.32 279 £ 4.2* n=38
MK-801 0.1 mg/kg 56.2 + 5.1*** p=.37 0.38 = 0.18*** p=.28 20.3 £ 3.2%** p = .50 n=38

MK-801 was administered (SC) 30 min before training (days 1-5). Retention was examined without platform (a probe trial) 24 h after the last train-
ing day (day 6). Escape latency, number of crossings, and percentage swim distance in the target quadrant were measured. The retention in the cued
platform version and in the hidden platform version for the corresponding treatments were compared. *p < .05 and ***p < .001 versus saline control

group. For further details, see Materials and Methods and Table 2.

(day 6 vs. day 5), no difference was found in the control
group, and only a tendency for a longer latency was
seen in the MK-801 0.05 mg/kg group (p = .06). Rats
treated with 0.1 mg/kg of MK-801 were not further im-
paired when comparing the escape latencies on day 6
versus day 5. However, the 0.1 mg/kg group was still
markedly impaired throughout the period of reversal
learning as compared to the control group.

A comparison between Exp. 2 (hidden platform) and
Exp. 3 (cued platform) indicated that the control group
was clearly faster in finding the cued platform as com-
pared to the hidden platform (F,; = 16.6, p < .001).
However, no improvement was found in the MK-801
0.1 mg/kg group in the presence of the cued platform
(F126 = 1.12, p = .30). The groups from Exp. 3 were also
compared to their corresponding groups from Exp. 2
for retention. No significant differences were found ei-
ther for escape latencies, number of crossings, or swim
distance in target quadrant (Table 3).

Analysis of Swimming and Platform Behavior

During the first trials, the control animals swam along
the wall of the pool, occasionally they tried to escape
from the pool by rapid scratching on the wall. How-
ever, controls quickly developed an efficient search
strategy as evidenced by their swim latencies to find the
platform. On the platform, the control rats showed a
characteristic pattern of behavior, consisting of explor-
ative locomotor activity and rearing, which was gradu-
ally reduced over the days of training (Table 4). In con-
trast, the rats receiving the highest dose of MK-801 (0.1
mg/kg) during the first session displayed floating, div-
ing, circling, and swimming along the edge of the
swimming pool as well as scratching with their fore-
paws on the wall. However, this group of animals per-
sisted to swim in the periphery (thigmotaxic swim-
ming) throughout the entire training period; whereas,
other aberrant behaviors were markedly reduced over
the days of training. The MK-801-treated animals were
also unable to follow the experimenter’s hand when
guided to the platform and when moved to be placed
onto the platform, they displayed “fictive” locomotor

hyperactivity. In addition, MK-801-treated animals re-
mained hyperactive in the drying cage and demon-
strated a profound cage-leaving response.

The MK-801 0.1 mg/kg group also displayed an al-
tered platform behavior, expressed as a reduction in
stay-on-platform time, falling off the platform, and a
complete abolishment of rearing. In contrast, such other
motor responses as wet-dog shakes, forepaw tremor,
and grooming were increased in the MK-801-treated
rats. Importantly, the MK-801-treated groups did not
show such fearlike behaviors as crouching and vocal-
ization, and when handled they failed to show defen-
sive/aggressive responses.

The animals were video recorded during their stay
on the platform in Exps. 2 and 3. The results from Exp. 3
(cued platform) for three different variables (stay-on-
platform time, wet-dog shakes, and grooming) are
shown in Figure 3. There was an overall significant
treatment effect of stay-on-platform time (F,5 = 8.83,
p < .01). The control animals and MK-801 0.05 mg/kg
group stayed on the platform throughout testing (Fig-
ure 3). In contrast, the 0.1 mg/kg MK-801 group dis-
played a marked reduction in stay-on-platform time on
the first 2 days of the acquisition period (pg.y 1 < 001
and py.y» < .01) mainly attributable to a small number

Table 4. Effects of MK-801 on Time Spent on Platform in
the Cued Version of the Water Maze Task (Exp. 3)

Days of Testing

Treatment 1 2 3 4 5
Saline 0/5 0/5 0/5 0/5 0/5
(0%) (0%) (0%) (0%) (0%)
MK-801 4/8 0/8 0/8 0/8 0/8
0.05 mg/kg (16%) (0%) (0%) (0%) (0%)
MK-801 8/8%** 6/8* 3/8 3/8 0/8
0.1 mg/kg (66%) (41%) (31%) (22%) (0%)

Rats were video recorded during their intertrial time. The results are
expressed as the proportion of animals leaving the platform immediately
(0-1 s) after being guided to, moved to the platform, or having encoun-
tered the platform themselves. The percentage of trials during which the
rats left the platform is shown within brackets. The total number of ani-
mals were five animals in the saline group, and eight in each of the MK-
801-treated groups. Fisher’s exact probability test was used for pairwise
group comparisons: *p < .05 and ***p < .001 versus saline control group.
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Figure 3. Effects of MK-801 on platform behavior during

training (days 1-5) in the cued platform version of the
water maze task (Exp. 3). MK-801 (0.05 and 0.1 mg/kg,
SC) was injected 30 min before training. The saline (SC, 2
ml/kg) control group was run concurrently with MK-801-
treated groups. The behavior was video recorded and ana-
lyzed manually afterward. Only animals staying on the
platform for the first 20 s and more during the 30 s inter-
trial interval were used in the calculations. Top panel:
stay-on-platform time; middle panel: wet-dog shakes; bot-
tom panel: grooming. The number of animals reaching the
criterion of staying on the platform for the first 20 s and
more at least one trial per day was 4/8,5/8,5/8,7/8, and
8/8 (training day 1-5) for the 0.1 mg/kg dose. For the 0.05
mg/kg dose, the number was 8/8 and for the control
group 5/5 throughout the entire training period (days 1-5).
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of swimovers and most commonly, immediate leaving
of platform after being placed there. On day 1, the pro-
portion of animals immediately (within 1 s) leaving the
platform was as follows (percentage of trials on which
animals immediately left the platform are shown in the
brackets): 0/5 (0%) for saline controls; 4/8 (16%) for
MK-801 0.05 mg/kg group; 8/8 (66%) for MK-801 0.1
mg/kg group. On days 2 to 5, only animals treated with
the 0.1 mg/kg dose were affected (Figure 3). Similar
pattern of results was obtained in the hidden platform
task (Fig. 4). A significant over-all treatment effect was
also found for wet-dog shakes (F,;; = 19.1, p < .001)
and grooming (F,;; = 8.93, p < .01). The MK-801 0.1
mg/kg group displayed significant increase in wet-dog
shakes on days 2 to 5 and the 0.05 mg/kg dose in-
creased these responses on day 1. Grooming was signif-
icantly increased in the 0.1 mg/kg group on days 2 to 4,
and it was significantly increased in the 0.05 mg/kg
group only on day 2. The analysis of platform behavior
from Exp. 2 showed similar pattern (Figure 4).

Rearing was displayed by all animals in the control
group at least on one trial during the entire training pe-
riod; whereas, the MK-801-treated groups showed a
dose-dependent reduction of rearing (MK-801 0.05
mg/kg: 5 out of 8; MK-801 0.1 mg/kg: 0 out of 8) (Table
4). The proportion of animals rearing in the control and
the 0.05 mg/kg groups decreased over the days of
training (Table 4).

DISCUSSION

Hidden Platform Test: Spatial Learning and
Sensorimotor Disturbances

In the present study, the noncompetitive NMDA antag-
onist MK-801 (0.01-0.1 mg/kg SC) dose-dependently
impaired acquisition and retention in the hidden plat-
form test. A total blockade of acquisition was observed
at the 0.1 mg/kg dose and a significant impairment at
the 0.05 mg/kg dose (threshold dose). In previous stud-
ies, threshold doses of MK-801 shown to produce an
impairment of acquisition ranged between 0.05 and 0.2
mg/kg (Filliat and Blanchet 1995; Heale and Harley
1990; Kant et al. 1991; McLamb et al. 1990; Robinson et
al. 1989; Whishaw and Auer 1989; Ylinen et al. 1995).
The main purpose of this study was to analyze
whether the spatial learning impairment induced by
MK-801 could be dissociated from its effects on sen-
sorimotor processing. MK-801 given at the 0.1 mg/kg
dose displayed a profound decrease in swim speed

Each value represents a mean = SEM. *p < .05, **p < .01,
and ***p < .001 versus saline control group. For further
details, see Materials and Methods and legend to Figure 2.
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Figure 4. Effects of MK-801 on platform behavior in the hid-
den platform version of the water maze task (Exp. 2). MK-
801 (0.1 mg/kg, SC) was injected 30 min prior to training.
The saline (SC, 2 ml/kg) control group was run concur-
rently. Top panel: stay-on-platform time; middle panel: wet-
dog shakes; bottom panel: grooming. The number of ani-
mals in the 0.1 mg/kg group reaching the criterion of stay-
ing for the first 20 s at least one trial per day was 0/5 (day 1),
4/5 (day 3), and 4/5 (day 5). Each value represents a mean *
SEM). *p < .05 and **p < .001 versus saline control group.
For further details, see legend to Figure 3.

throughout the training period; whereas, this decrease
was gradually attenuated over the days of experiment at
the 0.05 mg/kg dose. When using the cued platform, the
decrease in swim speed was only seen at the 0.1 mg/kg
dose but not at the 0.05 mg/kg dose. This finding indi-
cates that a salient cue can at least partly overcome the
deficits in motor performance induced by MK-801.
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Previous studies have reported both a decrease in
swim speed (Robinson et al. 1989) and an increase in
swim speed (Ylinen et al. 1995) at the same MK-801 dose
(0.08 mg/kg); whereas, the 0.15 mg/kg dose failed to al-
ter swim speed (Ylinen et al. 1995) (Table 1). The de-
crease in swim speed seems to contradict the behavioral
hyperactivity observed in locomotor activity tests in the
rat after treatment with MK-801 at the dose range of 0.05
to 0.1 mg/kg (Lehmann-Masten and Geyer 1991; Ogren
and Goldstein 1994; Whishaw and Auer 1989). However,
the altered swim performance in MK-801-treated rats in
the hidden platform test was clearly not simply because
of a disruption of coordinated leg movements. MK-801
causes also, loss of balance, ataxia at higher doses, and
thigmotaxic swimming, which all contribute to the re-
duction in swim speed. Obviously, some aberrant behav-
iors in water, such as circling, diving, and floating noted
after MK-801 treatment (Robinson et al. 1989; Whishaw
and Auer 1989), particularly during the early training
sessions, also contribute to the decrease in swim speed.

Platform Behavior and Maze Acquisition

The behavioral analysis showed that MK-801 reduced
rearing on the platform at the 0.05 and 0.1 mg/kg
doses. In locomotor studies, most investigators have
found that MK-801 reduces rearing in the rat (Ford et al.
1989; C)gren and Goldstein 1994), although some stud-
ies showed no effect on rearing (Mathe et al. 1996).
Rearing is often interpreted as an exploratory aspect of
locomotor activity. It is apparent from the present data
that the effects of MK-801 on exploratory behavior on the
platform cannot be dissociated from other components
of motor performance; for example, the ability to keep
the balance as well as motivation (explorative drive).
Wet-dog shakes and grooming were included in the
analysis, because they represent “natural” behavior of the
rat and also are sensitive to changes in sensory input as
well as drug treatment. The induction of wet-dog shakes
in MK-801-treated rats could be related to an increase in
5-HT transmission, because this response is a component
of the 5-HT syndrome (Bedard and Pycock 1977).
However, only high doses of MK-801 (>0.5 mg/kg)
are reported to increase 5-HT neurotransmission in the
rat brain (Hiramatsu et al. 1989; Loscher and Honack
1992). This finding suggests that the water exposure-
induced stress in combination with a low dose of MK-801,
might result in a further enhancement of serotonergic
activity in the brain. There could also be a pharmaco-
logic explanation for the increase in grooming by MK-
801, because this NMDA antagonist enhances dopamine
(DA) transmission in vivo (Hiramatsu et al. 1989). Thus,
grooming is elicited by stimulation of DA D, receptors
(Molloy and Waddington 1984) and MK-801 is known
to enhance D; receptor-mediated motor responses
(Goodwin et al. 1992; Morelli and DiChiara 1990).
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The animals in the control group displayed a reduc-
tion of grooming and wet-dog shakes over the days of
the experiment, which was not the case for the MK-801-
treated groups. This observation might reflect a poorer
ability of the MK-801 treated animals to habituate to re-
peated sensory stimulation, as previously shown in the
acoustic startle response test (al-Amin and Schwarzkopf
1996). Interestingly, there was no relationship between
either grooming or wet-dog shakes and escape latency at
the individual level (correlation coefficient < 0.40 for all
treatment days) indicating that these two platform be-
haviors are not directly related to task acquisition.

It is of particular interest that the 0.1 mg/kg dose of
MK-801 significantly reduced stay-on-platform time in
both the hidden and cued versions of the test. These re-
sults extend previous findings showing that acute ad-
ministration of MK-801 can reduce the stay-on-platform
time when examined in a nonlearning situation. This
reduction has been interpreted as a result of motor hy-
peractivity (Ylinen et al. 1995). Moreover, in recent studies
competitive NMDA antagonists clearly reduced time
spent on a hidden platform (Cain et al. 1996; Cain et al.
1997). Our behavioral analysis suggests that the reduc-
tion of stay-on-platform time probably reflects a distur-
bance in sensorimotor processing; that is, the rats fail to
associate the sensory input from their paws with the
refuge from the water. This interpretation is supported
by three observations. First, animals treated with the 0.1
mg/kg dose, which during the first days of training hit
the platform, swam over it. If the animals were placed
onto the platform by the experimenter, they left it im-
mediately. The “leaving” behavior was repeatedly seen
during the first 2 days of training. This supports the
view the stay-on-platform time is a prerequisite for the
efficient acquisition of the spatial task. Second, the ef-
fect of MK-801 on platform performance was reduced
over the training days; whereas the motor-stimulatory
response to MK-801 was not reduced (compare Figures
1-4). Moreover, the proportion of animals staying on the
platform correlated with acquisition performance, suggest-
ing a relationship between mechanisms for learning and
sensorimotor disturbances. Third, the effects of MK-801
on swim speed and escape latency were seen at both the
0.05 and 0.1 mg/kg doses; whereas, the effects on stay-
on-platform time were observed only at the 0.1 mg/kg
dose. This is consistent with the observation that MK-801
affects brightness discrimination in the rat at the 0.3 mg/
kg dose; whereas, locomotor activity is changed already at
the 0.1 mg/kg dose in a Y-maze task (Tang and Ho 1988).

The Cued Platform task: Spatial and
Nonspatial Factors

The acquisition of the water maze task of the cued plat-
form version was carried out to examine the potential

MK-801 and Spatial Learning 423

role of disturbances in attention and sensory process-
ing. In this task, the escape latencies in the control
group were consistently lower as compared to those in
the hidden platform task, indicating that these rats
were able to make efficient use of a local cue. Unlike the
hidden platform task (Exp. 1), rats treated with the 0.05
mg/kg dose of MK-801 did not differ significantly
(with the exception of day 1) from the controls in the
cued platform test (compare Figures 1 and 2, respec-
tively). In agreement with previous results (Robinson et
al. 1989), rats treated with the 0.1 mg/kg dose of MK-
801 were severely impaired in both the cued as well as
in the hidden platform test. This impairment seems not
to be a result of visual disturbances, because acquisition
performance after the change of platform location was
somewhat better in the reversal learning paradigm than
on the last day of training in the cued platform test (see
Figure 2). Taken together, these findings give further
support for the view that the 0.l mg/kg dose of MK-801
induces alterations in both sensory processing and mo-
tor performance that interfere with learning. The fact
that rats treated with the 0.05 mg/kg dose of MK-801
were unimpaired in the cued task suggests that the
learning impairment seen in the hidden platform task
was partly attributable to alterations in motor perfor-
mance. Because performance in the cued platform task
seems to be mediated by striatal mechanisms; whereas,
the hidden platform task involves mainly hippocampal
mechanisms (McDonald and White 1994), we could ar-
gue that differential effects on hippocampal function
could explain the pattern of results observed. However,
the present results indicate that MK-801 effects a large
number of NMDA synapses in both sensory and motor
systems consistent with the wide distribution of these
receptors (Grillner et al. 1997). Therefore, there is no
dose range of MK-801 that “selectively” affects learning
and memory processes, contrary to what some investi-
gators have concluded (Robinson et al. 1989; Wozniak
et al. 1990).

The retention test without the platform (Exp. 3) was
carried out to investigate whether the animals would
acquire a spatial strategy when exposed to a visually
cued platform. It could be hypothesized that under the
conditions of the visually cued platform, the rats might
not use extramaze cues when heading for the platform.
In this version of the task, a memory of the spatial posi-
tion of the platform seems not to be required for opti-
mal performance. Therefore, we assumed that the con-
trols trained in the cued platform task would display an
impaired retention (memory) as compared to the con-
trols trained with a hidden platform (Exps. 1 and 2).
However, this hypothesis was not supported, because
the control animals from the cued version remembered
the spatial location of the platform in the probe trial as
well as the controls from the hidden platform experiment.
This finding indicates that control rats simultaneously
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acquired the knowledge on the spatial relations between
the platform and the extramaze cues; that is, spatial
learning when performing in the cued platform task.

Interestingly, the MK-801 0.05 mg/kg group did not
only learn the cued platform task nearly as well as the
controls but remembered the spatial location of the
platform almost as well as the controls, with regard to
escape latencies in the retention test. This indicates that
the cued platform that is required for task acquisition at
the 0.05 mg/kg dose of MK-801 also contributes to cer-
tain aspects of the spatial memory of the task. This result
is in partial disagreement with the study of Whishaw and
Auer (1989), reporting that MK-801-treated animals (0.05
mg/kg) did not remember the location of a previously
cued platform, although they had learned to escape to the
platform during the acquisition period. However, the fact
that the 0.1 mg/kg group did not display spatial memory
of the location of the platform further emphasizes our
view that memory performance after treatment with
MK-801 depends upon the degree of acquisition.

Effects of MK-801 on Reversal Learning

NMDA receptor blockade is reported to affect the abil-
ity to use visually guided cues (Cain et al. 1997; Tang
and Ho 1988). Therefore, the reversal learning para-
digm using the cued platform was included to study
the level of flexibility regarding search strategies and to
examine any possible primary visual disturbances by
MK-801. The MK-801-treated (0.1 mg/kg) rats gradu-
ally improved their performance in the reversal test
(days 6 and 7) as compared to the last day of training
(day 5) with the original platform position. This indi-
cates that MK-801-treated rats can utilize visual cues,
although their cue-mediated navigation abilities are im-
paired. Importantly, unlike rats with gross lesions of
the hippocampus they did not return to the previous lo-
cation of the platform after it had been moved to a new
location (Morris et al. 1982, Whishaw et al. 1995;
Whishaw and Jarrad 1996, Whishaw and Tomie 1997).
In contrast, the 0.05 mg/kg group and the control
group were slightly impaired in their acquisition per-
formance on the first trials after the platform was
moved to the new location indicating that these two
groups used a spatial search strategy. However, the fact
that their escape latencies were only slightly prolonged
on the first retraining session, as compared to the last
day of training, implies that they readily changed to use
the local cue, which was the appropriate search strategy
for the test situation.

CONCLUSIONS

The present findings show that MK-801 (0.01-0.1 mg/kg
SC) induces a dose-dependent impairment of acquisi-
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tion and retention in a spatial learning task with a
threshold dose of 0.05 mg/kg. This impairment can be
partly overcome by a salient local cue on the platform.

MK-801 induced motor disturbances at the 0.05 and
0.1 mg/kg doses, and the 0.1 mg/kg dose also caused
alterations in sensory processing. The results show that
the effects of systemically administered MK-801 on spa-
tial learning in the water maze task cannot be dissoci-
ated from motor and/or sensory disturbances. This
supports the view that NMDA receptors probably con-
tribute to, but seem not to be crucial for, spatial learning
(Cain 1998; Cain et al. 1996; Saucier et al. 1996).
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