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Abstract

It has been demonstrated that MK-801 potentiates the effects of the non-selective muscarinic antagonist scopolamine on memory in rats. In this
study, we investigated the role of the M1-muscarinic receptor in this interaction, by administering different doses of dicyclomine (DIC) and MK-801
in combination to male Wistar rats before training on the inhibitory avoidance task. MK-801 and DIC in sub-effective doses were administered
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n combination. It was observed that MK-801 at a dose of 0.1125 mg/kg with a sub-effective dose of 8 mg/kg of DIC significantly imp
etention test when compared with saline-treated animals, i.e. MK-801 potentiated the effects of dicyclomine on memory impairment.
uggest an important role for the M1-muscarinic receptor in the synergistic interaction between cholinergic muscarinic and glutamater
eceptors, which is in line with the findings that the interactive modulation between these two neurotransmitters systems constitutes a
echanism in cognitive functions.
2005 Elsevier Inc. All rights reserved.
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. Introduction

It is well documented that mechanisms mediated by gluta-
atergic NMDA receptors are responsible for the induction of

ome forms of long-term potentiation (LTP), which is hypoth-
sized to be a neural basis for hippocampal memory formation
for review see refs.[6,26]). The role of glutamatergic transmis-
ion on memory may also be verified with the observation that
dministration of both competitive and non-competitive NMDA
eceptor antagonists disrupts memory performance in rodents in

variety of behavioral paradigms[5,8,10,18,20,22,31,36,37].
n the other hand, manipulation of the central cholinergic sys-

em is also known to affect learning and memory. Lesions
r degeneration of cholinergic pathways, such as the basal

orebrain, the hippocampal formation, or the basal ganglia or
harmacological antagonism of muscarinic receptors produce
ognitive deficits in both experimental animals and humans
2,3,12–14,17,32,33,35]. In addition, an interactive mechanism
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underlying the deficits observed in manipulations of both g
matergic NMDA and muscarinic receptors has been sugg
[21,25,30].

It has also been shown that the administration of ac
choline, acting on hippocampal muscarinic receptors, fa
tates the “slow” component of excitatory post-synaptic pote
(EPSP) mediated by NMDA-receptor activation[27]. Therefore
the action of acetylcholine on the NMDA response may incr
the probability of generating NMDA-dependent LTP in the h
pocampus[27]. That hypothesis of interaction is strengthe
by previous pharmacological studies showing that ineffe
doses of MK-801 (a non-competitive NMDA receptor anta
nist), when administered in combination with ineffective do
of scopolamine (a non-selective muscarinic receptor an
nist), disrupt performance of animals in the inhibitory avoida
task, the spatial version of the radial maze, and the mod
elevated plus-maze test adapted for learning and memory
uation [21,25,30]. Since scopolamine is a non-selective m
carinic receptor antagonist, it is difficult to determine wh
of the muscarinic receptor subtypes would be involved in
effect. A variety of studies have used selective musca
E-mail address: mgabi@psicobio.epm.br (M.G.M. Oliveira). agents to investigate the specific receptor mechanisms underly-
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ing the scopolamine-induced impairment in learning and mem-
ory. These studies focus mainly on the M1 receptor subtype.
It was observed that pre- or post-training administration of
selective M1 antagonists such as pirenzepine, dicyclomine or
biperidine disrupts performance on inhibitory avoidance task
showing that pharmacological M1 blockade mimics many of
the effects of non-selective muscarinic antagonism blockade and
hippocampal lesion[14,15,23,34].

Besides the psychopharmacological evidence described
above, autoradiographic studies have shown high densities of
M1 or NMDA binding sites in hippocampus, amygdala and
cortex, all of which are brain areas where cholinergic and glu-
tamatergic are thought to have an essential role in memory
processes[7,29].

The purpose of the present work was to verify whether M1-
muscarinic receptor antagonism potentiates proactive amnesic
effects of the NMDA antagonist MK-801 on a step-through
inhibitory avoidance task, a classical paradigm used to evalu-
ate learning and memory in animals (see refs.[16,24]).

2. Materials and methods

2.1. Subjects

Male Wistar rats, 3–4 months old, bred and raised in the animal facility
of the Psychobiology Department of UNIFESP/EPM were used. Animals were
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Ten seconds later the door was opened and, as soon as the animal entered the
black compartment with all four paws, the door was closed and five foot shocks
(1 mA, 1 s) were delivered at 30 s intervals. The latency for the animal to enter
the black compartment was recorded. Thirty seconds after the last foot shocks
the animal was removed from the apparatus. The test was carried out 24 h after
training. Each animal was placed again in the white compartment of the avoid-
ance apparatus and 10 s later, the door was opened and the time taken by the
animal to cross to the black compartment (four paws in) was recorded (test
latency). If the animal did not cross within 300 s, it was removed from the appa-
ratus and a latency of 300 s was attributed. No foot shock was delivered during
the test.

2.6. Experimental design

In Experiment 1, we tested the effects of pre-training administration of saline
or five different doses of MK-801 on the inhibitory avoidance test (groups of
12–15 animals). In Experiment 2, we tested the effects of pre-training admin-
istration of two different doses of DIC on the inhibitory avoidance test (10–13
animals per group). In Experiment 3, the higher sub-effective doses of MK-801
and DIC, as identified in Experiments 1 and 2, were administered in combination
in the same behavioral paradigm described above (9–11 animals per group). In
Experiment 4, we tested the effects of post-training administration of the higher
sub-effective doses of MK-801 and DIC as in Experiment 3 (12 animals per
group).

2.7. Statistical analysis

Between group comparisons with latency data from the inhibitory avoidance
training and test were analyzed with Kruskal–Wallis followed by Mann–Whitney
tests, when necessary (p < 0.05). Within group, comparisons between training
a
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aintained under controlled temperature (23± 2 C) and 12-h light:12-h dar
ycle (lights on at 7:00 am) conditions. Rat chow and tap water were pro
d libitum. Each experiment was conducted in separate groups of anima

.2. Apparatus

The inhibitory avoidance apparatus consisted of two compartments
easuring 22 cm× 21 cm× 22 cm, connected by a sliding door. The walls

he safe compartment were white whereas the other compartment, wh
nimals received foot shock, had black walls with visual patterns (two sq
easuring 5.5 cm× 5.5 cm and three squares measuring 4.0 cm× 4.0 cm made
f white cardboard). The floor consisted of a metal grid (0.4 cm diamete
laced 1.2 cm apart from each other) connected to a shock generator and
odule (Ugo Basile model 7551), through which foot shocks could be deliv

.3. Drugs

Dicyclomine chloride (Sigma Chemical Co., USA) was dissolved in 0
aline and injected, i.p., in a volume of 1.0 ml/kg. The doses of 8 and 12 m
sed were chosen based on our previous work showing that dicyclomine

mpairs inhibitory avoidance task in a dose-dependent manner[13]. MK-801
Dizocilpine maleate; Sigma Chemical Co., USA) dissolved in 0.9% saline
njected i.p. in a volume of 1.0 ml/kg. The doses used were 0.1, 0.1125,
.15, and 0.3 mg/kg.

.4. Drug administration

Rats received either a saline (SAL) or DIC (8 or 12 mg/kg) injection follo
y a MK-801 or saline administration 5 min later. Training was performed 30
fter the first injection in Experiments 1–3. In Experiment 4, rats receive
ppropriate injection immediately after the training session.

.5. Behavioral procedure

After receiving the relevant drug treatment, the animals were individ
laced inside the white compartment (safe side) of the avoidance app
h
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nd test sessions were done with the Wilcoxon’s test.

. Results

.1. Experiment 1: MK-801

Retention test latencies are shown inFig. 1(A).
ruskal–Wallis test did not show significant differen
etween groups (H = 5.168;p = 0.396) in the training sessio

n the test session, an effect was observed (Kruskal–W
= 25.94344;p = 0.0001), and Mann–WhitneyU-test reveale

hat rats treated with MK-801 doses ranging from 0.12
.3 mg/kg displayed significantly shorter latency to enter
ark compartment when compared with both SAL and MK-
.1 mg/kg groups (p < 0.05).

.2. Experiment 2: dicyclomine

Effects of DIC administration on inhibitory avoidance t
re shown inFig. 1(B). Kruskal–Wallis test did not show si
ificant differences between groups (H = 0.708; p = 0.702) in

he training session. In the test session, an effect was obs
H = 8.792;p = 0.012), and Mann–WhitneyU-test revealed tha
he group DIC 12 mg/kg displayed significant shorter latenc
nter the dark compartment when compared with both SAL
IC 8 mg/kg groups (p < 0.05).

.3. Experiment 3: interaction

Results of the administration of sub-effective doses of M
01 and DIC, alone or in combination are shown inFig. 1(C).
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Fig. 1. Effects of MK-801 (A), DIC (B), drug interaction (C) and post-training drug interaction (D) on the latency to enter the dark compartment duringretention test
of the inhibitory avoidance task. Number of animals in parentheses;* p < 0.05 compared with SAL (saline group). Values are expressed as medians± interquartile
intervals (time in seconds).

Kruskal–Wallis test did not show significant differences between
groups (H = 1.880;p = 0.598) in the training session. In the test
session, an effect was observed (H = 10.397;p = 0.016), and
Mann–WhitneyU-test revealed that only the drug interaction
group (MK 0.1125 + DIC 8) was different from the SAL group
(p < 0.05).

3.4. Experiment 4: post-training interaction

Results of the administration of sub-effective doses of
MK-801 and DIC in combination are shown inFig. 1(D).
Mann–WhitneyU-test revealed no significant treatment effect,
in training (U = 64;p = 0.67) or in test sessions (U = 54;p = 0.32).

In all experiments, the Wilcoxon’s test revealed significant
differences between training and test sessions.

4. Discussion

In this study, MK-801 potentiates dicyclomine-induced dis-
ruption of inhibitory avoidance performance. Moreover, both
MK-801 and dicyclomine alone also disrupted the performance
in the inhibitory avoidance task in a dose dependent manner. The
results obtained with dicyclomine are in accordance with pre-
vious data from our laboratory, which had shown that 8 mg/kg
of this drug was unable to impair the inhibitory avoidance test
[14]. In the present work dicyclomine and MK-801, when co-
a give

alone, disrupted the inhibitory avoidance performance, suggest-
ing that NMDA glutamatergic receptors and M1-muscarinic
cholinergic receptors interact in the modulation of learning and
memory processes.

Muscarinic cholinergic receptors play a fundamental role
in memory formation[4]. In particular, the septal choliner-
gic neurons projecting to the hippocampus are involved in the
generation of certain types of memory (for reviews see refs.
[11,17]). Antimuscarinic agents, such as scopolamine, disrupt
learning and memory processes in a manner similar to that
seen with hippocampal damage[2,3]. It is possible, therefore,
that the observed effects of anticholinergic drugs on inhibitory
avoidance are mediated by the hippocampal cholinergic sub-
population of M1 receptors blocked by dicyclomine. Indeed,
several other findings show that the administration of M1 recep-
tor antagonists mimics the effects of hippocampal lesion and
scopolamine administration[2,3,14,23,34]. Thus, the adminis-
tration of these anticholinergic agents produces highly consistent
and reproducible data regarding the impairment of memory
function.

It is also known that blockade of NMDA receptors dis-
rupts learning and memory in a variety of behavioral tasks
[5,8,10,18,20,22,31,37]. Ohno and Watanabe[30], Li et al.[25],
and Hlińak and Krejci [21] observed interactive processing
between glutamatergic and cholinergic systems through scopo-
lamine administration. Our results confirm this interaction and
f ough
dministered at doses that had no behavioral effect when
 nurther suggest that the potentiated deficit could occur thr
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M1-muscarinic blockade, since we used dicyclomine in combi-
nation with MK-801.

It is possible that direct and/or indirect interactions of the
central cholinergic and NMDA receptor systems, to a cer-
tain extent, influence the cognitive processes[1,9,17]. A direct
interaction mechanism is plausible considering that the admin-
istration of acetylcholine, acting on hippocampal muscarinic
receptors, facilitates the “slow” component of excitatory post-
synaptic potential (EPSP) mediated by NMDA-receptor acti-
vation [27], therefore, increasing the probability of generating
NMDA-dependent LTP. It is not possible, however, to discard
a possible relationship between ACh-muscarinic and NMDA
receptors in other structures besides the hippocampus in medi-
ating the cognitive impairment observed[1,9,17]. Also, an indi-
rect modulation is observed with intra-septal administration of
NMDA and a NMDA receptor-selective agonist that causes an
increase in the ACh level in hippocampus[28]. So the blockade
of the septal NMDA receptors could result in a decrease of ACh
release in hippocampus and a M1 antagonist could potentiate
the cholinergic tonus leading to cognitive defects.

Nevertheless, it is not possible to completely rule out any
general systemic effect of the antagonists on behavior, since
there are several studies in the literature showing the cen-
tral effects of doses from 0.05 to 1.0 mg/kg MK-801 after
peripheral administration affecting cognitive, motor or sen-
sory mechanisms (Brosnan-Watters et al.[8], Castellano et al.
[
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