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MAURICE, T., T.-P. SU, D. W. PARISH, T. NABESHIMA AND A. PRIVAT. PRE-084, a o selective PCP deriva-
tive, attenuates MK-801-induced impairment of learning in mice. PHARMACOL BIOCHEM BEHAV 49(4) 859-869,
1994. — We investigated the effect of the o selective PCP derivative PRE-084 on the impairment of learning induced in mice
by the noncompetitive NMDA antagonist MK-801. Learning capacities were evaluated using the spontaneous alternation in a
Y-maze test for spatial working memory, the step-down passive avoidance and the elevated plus-maze test for long-term
memory. At doses about 1 mg/kg IP, PRE-084 significantly attenuated MK-801 (0.2 mg/kg IP) induced impairment of
learning. The dose-response curve was bell-shaped which is typical for cognition enhancers. The effect of PRE-084 was
antagonized by BMY-14802 (10 mg/kg IP) and suppressed by a chronic treatment with haloperidol (4 mg/kg/day SC for 7
days). Furthermore, PRE-084 did not affect scopolamine (1 mg/kg SC) induced amnesia but significantly attenuated meca-
mylamine (10 mg/kg IP) induced amnesia. These results show that ¢ sites mediate a modulation of the NMDA receptor
complex-dependent learning processes and may similarly affect the cholinergic nicotinic memory processes. Moreover, the

PCP derivative PRE-084, acting selectively at ¢ sites, reverses the amnesia induced by a drug acting at the PCP site.
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A RECENT proposal for classification has divided ¢ sites in-
to two different classes (25): the o, site, at which ligands
like (+)-pentazocine, (+)-N-allyl-normetazocine ((+)-SKF
10,047), and dextrometorphan bind with a high affinity and
stereoselectivity, and the o, site, which has lower affinity and
is not stereoselective for these ligands. Both 1,3-di-(2-
tolyhguanidine (DTG) and haloperidol are nonselective drugs
and bind with a similar high affinity to the two classes
of sites (25,34,42). Further, it has been shown that haloperi-
dol, rimcazole, a-(4-fluorophenyl)-4-(5-fluoro-2-pyrimidinyl)-
1-piperazinebutanol (BMY-14802) and N,N-dipropyl-2-(4-
methoxy-3-(2-phenylethoxy)phenyl)-ethylamine  hydrochloride
(NE-100) appear to act as antagonists in several behavioral
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tests (23,35,36). On the other hand, it is now clear that these
sites are different entities from opiate receptors, for which
they were initially classified, and from the high affinity phen-
cyclidine (PCP) binding site (26). The PCP site is located
inside the ion channel associated with the N-methyl-D-
aspartate (NMDA) type of glutamate receptor. Drugs, such as
PCP, its more selective derivative TCP, or MK-801, bind with
high affinity to this site and lead to a noncompetitive antago-
nism of the NMDA type of glutamatergic neurotransmission
(1,18).

Although the pharmacological roles of ¢ sites are not yet
well understood, evidences indicate that they may have several
biological functions (32,41). Among them, a facilitatory role
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of ¢ ligands on some NMDA responses has been reported. In
vitro, nanomolar concentrations of (+ )-3-(3-hydroxyphenyl)-
N-(1-propyl)piperidine(( +)-3-PPP) and (+)-N-cyclopropyl-
methyl- N-methyl-1,4-diphenyl- 1-1-ethyl- but-3-en-1-ylamine
hydrochloride (JO-1784) potentiated the NMDA-induced re-
lease of [*H]norepinephrine from rat hippocampal slices (19,
27). In vivo, low doses of DTG, JO-1784, or (+)-pentazocine
selectively enhanced the NMDA-induced activation of pyrami-
dal CA3 dorsal hippocampal neurons in the rat (20,21). In
search of a behavioral relevance of these results, we recently
reported that the MK-801-induced amnesia could be signifi-
cantly attenuated by ¢ ligands, such as DTG, (+)-SKF 10,047,
and (+ )-pentazocine, at doses below 1 mg/kg in mice (16,17).
All these effects could be reversed by ¢ antagonists and pre-
sented the affinity order and drug stereoselectivity of the o,
subtype of o sites. Furthermore, a similar modulation may
affect the cholinergic nicotinic-dependent memory processes,
since DTG allowed a marked attenuation of the amnesia in-
duced by the nicotinic antagonist mecamylamine, but not by
the muscarinic antagonist scopolamine (16).

Since the PCP derivative 2-(4-morpholinoethyl 1-phenyl-
cyclohexane-1-carboxylate hydrochloride (PRE-084) was re-
cently described as a new, highly selective o ligand, with an
IC,, of 44 nM (33), we investigated its effect on the NMDA
receptor complex-dependent learning processes in mice. The
purpose of this study was to determine if PRE-084 could be
effective in attenuating the MK-801-induced impairment of
learning, on short-term and long-term memory tests. The im-
plication of ¢ sites was examined in antagonism studies with
the purported ¢ antagonist BMY-14802 (35,36) and using a
subchronic treatment with haloperidol, which is known to in-
duce a downregulation of the ¢ sites (8). Furthermore, the
selectivity of the putative PRE-084 effect was also examined
on the cholinergic-dependent memory processes.

METHODS
Animals

For the in vitro binding experiments, male Wistar rats
(Iffa-Credo, L’Arbresle, France), weighing 250-300 g, were
used. For the behavior experiments, male Swiss mice (Iffa-
Credo, L’Arbresle, France), aged 5-6 weeks and weighing 33-
40 g, were used. They were housed in plastic cages, with free
access to standard laboratory food and water, and kept in a
regulated environment (23 + 1°C), under a 12-hr light/dark
cycle (light on at 0700). Mice were used for the experiments
after they were adapted to laboratory conditions for at least 3
days and were naive to each test used in the present study.
Experiments were carried out between 1000 and 1800 in a
semi-soundproof laboratory, in which mice were habituated
at least 30 min before each experiment.

In Vitro Binding Assays

[PH]TCP binding was performed as described by Vignon et
al. (40) on rat brain membrane homogenates in a 5 mM Tris-
HCI buffer (pH 7.6). Affinity of PRE-084 for the NMDA
receptor-linked PCP sites was examined at equilibrium in
competition experiments with S nM PH]TCP, in the presence
of 100 uM unlabelled TCP for the determination of nonspe-
cific binding. PHIBTCP binding was performed as described
by Vignon et al. (39) on rat striatal membranes in a 50 mM
Na2HPO4 buffer (pH 7.4). Affinity of PRE-084 for the dopa-
mine transporter-associated BTCP sites was examined at equi-
librium in competition experiments with 0.5 nM HIBTCP, in
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the presence of 10 uM unlabelled BTCP for the nonspecific
binding.

Spontaneous Alternation Performance

Spatial working memory performance was assessed by re-
cording spontaneous alternation behavior in a Y-maze, as pre-
viously described (7,29). The maze was made of black painted
wood. Each arm was 40-cm long, 13-cm high, 3-cm wide at
the bottom, 10-cm wide at the top, and converged at an equal
angle. Each mouse was placed at the end of one arm and
allowed to move freely through the maze during an 8-min
session. Mice tend to explore the maze systematically, entering
each arm in turn. The ability to alternate requires that the
mice know which arm they have already been visited. The
series of arm entries, including possible returns into the same
arm, was recorded visually. An alternation was defined as
entries into all three arms on consecutive occasions. The num-
ber of maximum alternations was, therefore, the total number
of arm entries minus two and the percentage of alternation
was calculated as (actual alternations/maximum alternations)
x 100. For example, if the arms were called A, B, and C and
if the mouse performed ABCACBACCAB; the total number
of arm entries would be 11 and the percent alternation 66.7.

Step-Down Type Passive Avoidance Test

The step-down type of passive avoidance task was used to
examine the long-term memory based on negative reinforce-
ment, as previously described (3,16). The apparatus consisted
of a transparent acrylic cage (30 x 30 x 40 cm high) with a
grid floor, inserted in a semi-soundproof outer box (35 x 35
%X 90 cm high). The cage was illuminated with a 15 W lamp
during the experimental period. A wooden platform (4 x 4
X 4 cm) was fixed in the center of the grid floor. Electric
shocks (1 Hz, 500 msec, 40 V DC) were delivered to the grid
floor with an isolated pulse stimulator (Model 2100, A-M Sys-
tems, Inc., Everett, WA). When the mouse was placed in the
test cage, the current resistance varied from 100 to 250 kOhm.
Therefore, each mouse received electric shocks varying from
0.15 to 0.38 mA. Training was carried out in two similar
sessions. Each mouse was placed on the platform in the center
of the cage. When the mouse stepped down and placed all its
paws on the grid floor, shocks were delivered for 15 s. Step-
down latency (SDL), and the number of flinching reactions
and vocalizations were measured. Animals showing SDL in
the criterion range (3-30 s) during the first training session
were used for the second session and the retention test. More
than 95% of the animals met this criterion. The second session
was carried out 90 min after the first. Animals staying 60 s on
the platform were considered as remembering the task and did
not receive electric shocks anymore. The retention test was
carried out 24 h after training, in a similar manner, except
that the electric shocks were not applied to the grid floor.
Each mouse was again placed on the platform, and the SDL
was recorded, with an upper cut-off time of 300 s.

Elevated Plus-Maze Test

The elevated plus-maze was used to evaluate spatial long-
term memory, following the procedure described by Itoh et al.
(5,6). The apparatus consisted of two open arms (23.5 x 8
cm), painted white, and two enclosed arms (23.5 x 8 x 20
cm high), painted black. The arms extended from a central
platform (8 x 8 cm), and the maze was elevated to a height
of 50 cm above the floor. A fine white line was drawn in the



PRE-084 ATTENUATES MK-801 AMNESIA

middle of the floor of the enclosed arms. On the first day,
cach mouse was placed at the end of an open arm, facing away
from the central platform. The time taken by the mouse to
move into one of the enclosed arms, its two front paws cross-
ing the white line, was recorded as the transfer latency for the
first day. If the animal did not enter an enclosed arm within
90 s, it was gently pushed on the back into one enclosed arm
and the transfer latency was assigned as 90 s. The mouse was
allowed to move freely for at least 10 s so that it could remem-
ber the presence of the enclosed arms, and it was then gently
taken out and returned to its home cage. Retention was exam-
ined 24 h later. Each mouse was again placed into the maze
and the transfer latency was recorded, up to 90 s.

Drugs and Treatments

PHITCP (55 Ci/mmol) and [*H]BTCP (48 Ci/mmol) were
prepared by Amersham (Les Ullis, France). TCP and BTCP
were gifts from Dr J.-M. Kamenka (Montpellier, France).
(+)-MK-801 maleate was from R.B.I. (Natick, MA); haloper-
idol (Haldol®) was from Janssen Labs (France); scopolamine
and mecamylamine were from Sigma (Sigma Chemical Corp.,
St Quentin Fallavier, France); BMY-14802 was a gift from Dr
B. Lockhart (Montpellier, France). PRE-084 was synthetized
as described elsewhere (D. W. Parish et al., in preparation).
For behavior experiments, drugs were dissolved in saline, ex-
cept BMY-14802, which was dissolved in a minimal volume of
0.1N HCI and then in saline, pH being adjusted to 4 with IN
NaOH. Drugs or the respective vehicle were injected in a vol-
ume of 100 ul/20 g of body weight. For chronic treatments,
mice received SC injections of haloperidol (2 mg/kg) or saline
solution twice daily, at 1100 and 1700, for 7 days. They were
then examined for mnemonic capacities, spontaneous alterna-
tion performances, and passive avoidance 24 h after the last
injection.

Statistical Analysis

Results are expressed as the means + SEM, except for the
step-down latencies, which are expressed in terms of medians
and interquartile ranges. The data did not show a normal
distribution, since upper cut-off times were set (nonparametric
data). They were analyzed by the Kruskal-Wallis analysis of
variances by ranks. If there were significant H values, post
hoc comparisons were made by using the nonparametric
Dunn’s multiple comparisons test. The criterion for statistical
significance was p < 0.05.

RESULTS
Binding Data

In preliminary binding experiments, we checked the selec-
tivity of PRE-084 for the o sites by assessing its binding to the
two other main PCP targets, namely the dopamine uptake
system and the high affinity PCP site. At the concentration of
10 M, PRE-084 inhibited only 30.4 + 5.7% (n = 3) of the
specific binding of PH)BTCP to rat striatal membrane prepa-
rations, and therefore exhibited an ICy, > 10 uM (Fig. 1A).
On the other hand, at 100 uM, PRE-084 did not induce any
significant inhibition of the binding of [’H]TCP from rat cere-
brum membrane preparations (Fig. 1B).

Effect of PRE-084 on the MK-801-Induced Impairment of
Working Memory

The administration of PRE-084, in the 0.1-3 mg/kg dose
range, did not affect the spontaneous alternation behavior in
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FIG. 1. Effect of PRE-084 on the in vitro binding of (A) H]BTCP
to rat striatal membrane preparations and of (B) PH]TCP to rat cere-
brum membrane preparations. Increasing concentrations of PRE-084
were incubated in presence of 0.5 nM [PH]BTCP or 5 nM [*H]TCP.
Results are the mean + SEM of three independent determinations,
each performed in triplicate.

the Y-maze when compared to saline controls. Mice exhibited
an alternation percentage about 70% (Fig. 2A), and per-
formed from 25 to 30 arm entries within the 8-min session
(Fig. 2B). Preadministration of MK-801 (0.2 mg/kg IP) to
mice induced a marked decrease in spontaneous alternation
performance (Fig. 2A), with a concomitant increase in the
total number of arm entries (Fig. 2B), which reflected the
hyperlocomotor activity induced by the drug. The preadminis-
tration of increasing doses of PRE-084 attenuated the MK-801
(0.2 mg/kg) induced decrease in alternation, as shown in Fig.
2A. The dose-response curve was bell-shaped, and attenua-
tion was significant at the doses of 0.3 and 1 mg/kg. The
MK-801-induced increase in the number of arm entries was
not affected by the PRE-084-pretreatment (Fig. 2B).
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FIG. 2. Dose-response effect of PRE-084 on alternation behavior in
MK-801-treated mice: (A) alternation performances, (B) total number
of arm entries. PRE-084 (0.03-3 mg/kg SC) was administered 30 min
before the test, or 10 min before MK-801 (0.2 mg/kg IP), which was
administered 20 min before the test. The number of mice used is
shown in the columns in (B). *p < 0.05; **p < 0.0l vs. (Sal + Sal)-
treated group; tp < 0.05;ttp < 0.01vs.(Sal + MK-801)-treated group
(Dunn’s test).

Effect of PRE-084 on the MK-801-Induced Impairment of
Learning

In the step-down type passive avoidance task, the treat-
ments with PRE-084 (0.3-3 mg/kg), MK-801 (0.2 mg/kg), or
the combination of PRE-084 plus MK-801, did not change
the sensitivity to the electric shocks in terms of number of
vocalizations of of flinching reactions during each training
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session, compared to the control group (Table 1). The SDL
during the first training was not affected by the PRE-084
treatment, and slightly but nonsignificantly lowered for all the
MK-801-treated groups (Table 1), reflecting the hyperlocomo-
tor activity of the drug. During the second training session,
the control and the PRE-084-treated groups exhibited a signif-
icant increase in SDL, that was not observed with the MK-801-
treated groups (Table 1). It must be noted that the SDL exhib-
ited group treated with PRE-084 (1 mg/kg) and MK-801 did
not significantly differ from the SDL of the control group.

During the retention test, control mice exhibited SDL of
225 s [170-300] (n = 17), that was not affected by the treat-
ments with PRE-084 alone (0.1-3 mg/kg) alone (Fig. 3). SDL
was drastically decreased to 17 s [14-33] (n = 17) with the
MK-801 (0.2 mg/kg) treatment, and the preadministration of
PRE-084 (0.1-1 mg/kg) prior to MK-801 led to a significant
increase in SDL (Fig. 3). This effect also showed a bell-shaped
curve.

In the elevated plus-maze task, control mice exhibited a
transfer latency into the enclosed arms of 59 + 5s (n = 30)
on the first day, decreasing to 24 + 2 s on the second day,
indicating that the mice remembered the presence of the en-
closed arms. The treatments with PRE-084 (0.3-3 mg/kg)
alone did not affect the transfer latencies on both days (Fig.
4A and B). The MK-801 (0.2 mg/kg) treatment did not modify
the transfer latency on the first day (58 + 6 s, n = 27; Fig.
4A). However, it resulted in a marked amnesia, since the
transfer latency on the second day was not decreased (p <
0.01 vs. latency of control mice on the second day; Fig. 4B).
It remained in the same order as the latency of naive animals:
52 + 5 s. On the first day, the PRE-084-pretreatment did
not modify the transfer latencies in either MK-801-treated or
control mice. However, a marked decrease in the mean trans-
fer latencies on the second day was observed for the groups
pretreated with 0.3, 1, and 3 mg/kg of PRE-084 (Fig. 4B),
although the Kruskal-Wallis analysis did not show any signifi-
cance of the PRE-084-pretreatment (H = 7.23, p = 0.12).

Antagonism of the Effect of PRE-084 by BMY-14802

When BMY-14802 was administered IP at doses between 1
and 10 mg/kg, 30 min before each test, it did not affect the
behavior in the Y-maze or the passive avoidance performances
as compared to control groups (16). In the Y-maze test, BMY-
14802 (10 mg/kg IP) did not change the MK-801 (0.2 mg/
kg)-induced decrease in alternation (Fig. 5A), and a nonsignif-
icant attenuation of the MK-801-induced hyperlocomotion
was observed (Fig. 5B). When it was administered simultane-
ously with PRE-084 (1 mg/kg SC), it significantly prevented
the attenuating effect of PRE-084 on MK-801-induced de-
crease in alternation performances (Fig. 5A). Alternation per-
centages were similar for the (BMY-14802 + PRE-084 +
MK-801)-treated group and for the (Veh + Sal + MK-801)-
treated group, showing a complete antagonism by BMY-14802
(Fig. 5A). The same nonsignificant attenuation of hyperloco-
motion from MK-801-treated group was observed (Fig. 5B).
A similar result was obtained in the passive avoidance test.
BMY-14802 (10 mg/kg IP) alone did not affect the MK-801
(0.2 mg/kg)-induced decrease in SDL, but, when it was ad-
ministered simultaneously with PRE-084 (1 mg/kg SC), it sig-
nificantly prevented the increase in SDL induced by PRE-084
(Fig. 5C).

Effect of a Chronic Treatment with Haloperidol

Mice were chronically treated with haloperidol (4 mg/kg/
day SC) or saline solution for 7 days. They were examined 24
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TABLE 1

EFFECT OF THE SUCCESSIVE ADMINISTRATIONS OF PRE-084 (0.1-3 mg/kgs.c.) AND
MK-801 (0.2 mg/kgi.p.) DURING PASSIVE AVOIDANCE TRAINING SESSIONS

SDL Vocalizations Flinching Reactions
Treatments n  Median [1.R.] (sec) Mean + SEM Mean + SEM
First training session:
Saline + Saline 17 8[4.0-15.0) 615 11 + 0.8
PRE-084 (0.3) 12 7(4.0-11.0] S5+1.2 10 + 1.1
PRE-084 (1) 11 4[3.0-9.8) 3+ 1.7 9+ 0.9
PRE-084 (3) 12 6[3.3-10.0] 2+ 1.11 1 +£1.0
Saline + MK-801 17 3[3.0-6.5] S5+t 14 10 £ 1.0
PRE-084 (0.1) + MK-801 18 3[3.0-4.3] 4+ 1.2 10 = 0.9
PRE-084 (0.3) + MK-801 18 3{3.0-5.0] 4 + 1.1 10 + 0.7
PRE-084 (1) + MK-801 17 5{3.0-8.3} 6% 1.6 9+ 1.0
PRE-084 (3) + MK-801 18 3[3.0-6.5] 5+ 13 11 + 0.8

ANOVA H =997 H = 249 H =259
p > 0.05 p > 0.05 p > 0.05

Second training session:

Saline + Saline 57[11.0-60.0]§ 419 8+ 14
PRE-084 (0.3) 47[10.0-58.3]1 2+ 1.2 10 + 1.0
PRE-084 (1) 48(15.0-60.01§ 3+£09 9+ 1.1
PRE-084 (3) 52[17.3-60.0]§ 4+ 1.5 8 + 04
Saline + MK-801 5[3.0-5.51F 8§ + 1.7 10 + 1.3
PRE-084 (0.1) + MK-801 5[4.0-8.01F 2+ 07 5 +07
PRE-084 (0.3) + MK-801 6[4.0-26.0)* S+ 1.5 9+ 14
PRE-084 (1) + MK-801 9{4.8-14.3) 416 9+ 1.
PRE-084 (3) + MK-801 3[3.0-5.5]1F 6+ 1.5 10 + 0.9
ANOVA H = 38.75 H = 10.05 H = 10.27
p < 0.01 p > 0.05 p > 0.05

*p < 0.05; tp < 0.01 vs. (Sal + Sal)-treated group; ip < 0.05; §p < 0.01 vs. the same
treatment group in the first training session (Bonferroni multiple comparison test).

h after the last administration of haloperidol, for alternation
behavior in the Y-maze test (Fig. 6A and B) or for passive
avoidance performances (Fig. 6C). The alternation perfor-
mances of control mice and the decrease in alternation in-
duced by MK-801 (0.2 mg/kg IP), as observed in the chroni-
cally saline-treated groups, was unchanged by the chronic
haloperidol treatment (Fig. 6A). However, the attenuating ef-
fect of PRE-084 (1 mg/kg SC) on the MK-801-induced impair-
ment of alternation, which was observed in the chronically
saline-treated groups, was completely abolished by the chronic
haloperidol treatment (Fig. 6A). It must be noted that the
chronic haloperidol treatment also led to a significant decrease
in the hyperlocomotion induced by MK-801, as observed for
both the (Sal + MK-801)- and (PRE-084 + MK-801)-treated
groups (Fig. 6B). A similar result was obtained in the passive
avoidance test. The increasing effect of PRE-084 (1 mg/kg SC)
on the SDL exhibited by MK-801-treated mice, which was ob-
served in the chronically saline-treated groups, was completely
abolished by the chronic haloperidol treatment (Fig. 6C).

Selectivity of the Effect of PRE-084 in Cholinergic Amnesia
Models

A series of experiments addressed the selectivity of the anti-
amnesic effect of PRE-084 (1 mg/kg SC) on pharmacological
models of amnesia involving the cholinergic systems. Both
scopolamine (1 mg/kg SC) and mecamylamine (10 mg/kg IP)
significantly decreased alternation performances (Fig. 7A).
The PRE-084 (1 mg/kg SC) pretreatment did not affect the

scopolamine-induced decrease in alternation, but completely
prevented the mecamylamine-induced decrease (Fig. 7A).
Mild decreases in the total number of arm entries were ob-
served with the scopolamine treament, although not signifi-
cant for the (scopolamine + saline)-treated group, and with
the mecamylamine treatment (Fig. 7B). Similarly, both drugs
induced decreases in SDL as compared to saline-treated
groups (Fig. 7C). The scopolamine-induced amnesia was not
affected by the PRE-084-pretreatment, whereas the mecamyl-
amine-induced decrease in SDL was significantly attenuated
(Fig. 7C).

DISCUSSION

This study showed that the high affinity ¢ ligand PRE-084,
at the low mg/kg dose range, significantly attenuated the im-
pairment of learning induced in mice by systemic administra-
tion of MK-801. MK-801 exerts its amnestic action by binding
to the high affinity PCP site, which is localized within the ion
channel associated with the NMDA type of glutamate recep-
tors. The drug induces a noncompetitive antagonism of the
learning processes, that depend on the activation of the
NMDA receptor in the hippocampus (22,38). PRE-084, a
morpholine PCP derivative with a carboxyl ethylene insertion
between the cyclohexyl and the morpholine rings (33), appears
to be a selective ¢ compound. Besides its weak affinities for
receptor sites such as dopamine D,, muscarinic cholinergic,
5-HT,, « and B adrenoceptors, as previously described (33),
we reported that the drug did not bind to the PCP sites, la-
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FIG. 3. Dose-response effect of PRE-084 on the MK-801-induced
amnesia in the step-down passive avoidance test. PRE-084 (0.1-3 mg/
kg SC) was administered 30 min before the first training, or 15 min
before MK-801 (0.2 mg/kg IP), which was administered 30 min before
the first training. A second training was repeated 90 min after, and
retention was examined 24 h after the first training. Results show the
median and interquartile range of number of mice indicated below
each bar. *p < 0.05; **p < 0.01 vs. (Sal + Sal)-treated group; tp <
0.05; TTp < 0.01 vs. (Sal + MK-801)-treated group (Dunn’s test).

belled with "H]JTCP, nor to the BTCP sites, which are linked
to the dopamine uptake complex (39). These results clearly
show that PRE-084 can be considered as a PCP derivative
selective for o sites, to which it binds with a high affinity
[ICs, = 44 nM (34)] and devoid of affinity for the other main
molecular targets of PCP.

At doses about 1 mg/kg, PRE-084 did not affect the mne-
monic capacities by itself, but attenuated the MK-801-induced
impairment of learning. This effect was first shown on the
spontaneous alternation behavior in the Y-maze, a test pre-
dictive of spatial working memory (7,29). We also used two
different long-term memory tests, the step-down passive
avoidance (3) and the elevated plus-maze test (5,6). In all tests,
PRE-084, at the doses of 0.3 and I mg/kg SC, attenuated
the MK-801-induced impairment of learning in a significant
manner, except in the elevated plus-maze task. Moreover, the
effect was only partial, leading to 55%-67% antagonism ac-
cording to the test, and bell-shaped, since the dose of 3 mg/kg
was always without effect.

This attenuation is likely to involve sigma sites, since: (a)
PRE-084 is a highly selective o drug; (b) BMY-14802, the
purported o antagonist (35,36), behaved as an antagonist, hav-
ing no effect by itself on the MK-801-induced impairment
of learning, and antagonizing the effect of PRE-084; (c) the
similarity of the effect of PRE-084 and the previously de-
scribed effects of DTG, (+)-pentazocine and (+ )-SKF-10,047
on MK-801-induced impairment of learning in mice (16,17);
(d) the chronic treatment with haloperidol induces a downreg-
ulation of sigma sites (8,11), and suppressed the effect of
PRE-084. Finally, we previously reported a stereoselectivity
with both the pentazocine and SKF-10,047 isomers, the (+)-
isomers being effective whereas the (-)-isomers were ineffec-
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tive (16). Consequently, this ¢ effect may involve the g, type
of o sites, according to the classification proposed by Quirion
et al. (25).

Very little is known about the general behavioral effects of
PRE-084. In our tests, neither mnemonic, nor locomotor ef-
fects were observed when PRE-084 was administered alone to
mice, in the 0.1-3 mg/kg range. Furthermore, PRE-084 did
not affect the general behavior in an open-field paradigm (un-
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published preliminary result). We used different behavioral
tests, to assess the mnemonic capacities through different par-
adigms. First, the determination of spontaneous alternation
performance in the Y-maze allowed the concomittant observa-
tion of locomotion, in term of the total number of arms en-
tered during the 8-min session. It must be noted that this
parameter cannot be consider as strictly dependent on locomo-
tion, since several other behaviors are implicated in the ability
of the animal to visit the maze, such as exploratory activity or

865

attention. However, PRE-084 did not affect the number of
arm entries by itself, and did not modify the MK-801-induced
hyperactivity. Second, the step-down passive avoidance task is
based on a negative reinforcement: intermittent electric
shocks. The measurement of the number of vocalizations and
flinching reactions during the two training sessions allowed to
quantify any possible pro- or analgesic action of the drug. As
reported, the PRE-084-treatments did not affect the sensitivity
of the animals to the shocks. Finally, we also used the elevated
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plus-maze test, with a protocol adapted for measuring the
mnemonic capacities (5,6). This test is based on the explora-
tion of the maze, and on the aversive behavior of mice for the
clear and open arms. However, the protocol does not allow to
quantify exactly the anxious state of the animal. In summary,
we can conclude that all these tests indicated in a convergent
manner, that PRE-084 led to an attenuation of the MK-081-
induced amnesia, without affecting mnemonic capacities by
itself, and without altering other behaviors, such as locomo-

tion, exploration, or pain sensation. For comparison, at the
same low mg/kg range used in the present experiments, a
selective o ligand such as DTG did not elicit direct behavioral
effects. Previous studies in the rat reported that DTG induced
PCP-like stereotyped behavior, convulsions and ataxia, at
doses above 16 mg/kg (42); it reduced the number of arm
entries in the radial-arm maze and the number of line crossings
in an open-field, at doses between 4 and 8 mg/kg (28); and it
prevented the scopolamine-induced amnesia, at 4 mg/kg (2).
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However, no direct behavioral effects were evidenced for this
drug, in the ug/kg range that we used to initially describe the
attenuating effect on MK-801-induced amnesia (16,17).

A particular aspect of this study addressed the influence of
a chronic treatment with haloperidol on the attenuating effect
of ¢ ligands on the MK-801-induced amnesia. Itzhak and Aler-
hand (8) reported first that a chronic treatment with halo-
peridol, similar to the protocol used in this study, induced a
complete elimination of ¢ sites, an upregulation of D, dopa-
minergic receptors, and no change in PCP sites, after even 14
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or 21 days of treatment. A downregulation of o sites after
chronic haloperidol treatment was also described by Karbon
and Naper (11) in the guinea pig brain. However, Manallack
and Beart (13) reported a contradictory result with DTG, since
chronic treatments with DTG or with the purported ¢ antago-
nist rimcazole induced an upregulation of o sites in rat. Thus,
the agonist or antagonist mode of action of DTG on ¢ sites
remains uncertain. However, studies using haloperidol led to
convergent results, indicating that the drug behaves as an ago-
nist and induces downregulation of ¢ sites. In accordance with
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Sal)-treated group; tp < 0.05; tTp < 0.01 vs. (Sal + mecamylamine)-treated group (Dunn’s test).
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these biochemical data, we observed a complete disappearance
of the attenuating effect of PRE-084 on the MK-801-induced
impairment of learning. Interestingly in haloperidol-treated
mice, the MK-801-induced hyperlocomotor activity during the
Y-maze session was significantly decreased. This may reflect
the decreased activity in the striatal dopaminergic systems,
involved in locomotion through the nigrostriatal pathways (4).
On the other hand, Ulas et al. (37) clearly reported that a
chronic haloperidol treatment (1 mg/kg/day for 21 days) did
not change NMDA receptors in the hippocampus. This is in
accordance with our observation that the chronic haloperidol
treatment did not affect the extent of the impairment of learn-
ing induced by MK-801. Since a downregulation of o sites also
did not affect the extend of MK-801-induced impairment of
learning, it may be concluded that the NMDA-dependent
mnemonic processes may be more likely under a phasic regula-
tion by o sites rather than under a tonic one. The lack of effect
of o antagonists on the MK-801 impairment of learning is in
accordance with this observation.

Moreover, the attenuating effect of PRE-084 on the MK-
801-induced impairment of learning through o sites supports
the findings of some previous in vitro and in vivo studies.
First, it was reported that the NMDA-evoked [*H]norepine-
phrine release from rat hippocampal slices could be stimulated
by the ¢ ligands JO-1784 and (+)-3-PPP at nanomolar con-
centrations (19,27). The same authors reported that the
NMDA-induced firing activity of CA3 pyramidal hippocam-
pal neurons could be increased by low doses of ¢ ligands
(20,21). The exact nature of these regulations of the NMDA
type of glutamatergic neurotransmission by o ligands in the
hippocampus remains to be determined, but our results indi-
cate that it may mediate the effect on the NMDA-dependent
MnNemonic processes.

An important issue remains to determine whether o ligands
modulate both the nicotinic cholinergic systems and the
NMDA systems in a similar manner. We reported here that,
at the same dosage that affected the MK-801-induced impair-
ment of learning, PRE-084 did not affect the amnesia induced
by scopolamine, but was able to attenuate the amnesia in-
duced by mecamylamine. It was previously reported that ¢
ligands could attenuate the scopolamine-induced amnesia in
the rat, but at higher doses than we used in this study (2). The
effect of ¢ ligands on the muscarinic systems may therefore be
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unrelated to the attenuation we reported in this study, and
may involve complex and indirect interactions, that remain to
be examined (2). On the other hand, the modulation of the
nicotinic systems could directly or indirectly involve the regu-
lation of the NMDA receptor activation. Several studies re-
ported that the NMDA system regulates acetylcholine release
from septal, cortical, striatal or nucleus accumbens slices
(9,12,31). In particular, MK-801 induced a dose-dependent
inhibition of acetylcholine release. On the other hand, a direct
interaction could be evoked. For example, (+)-SKF-10,047
was shown to increase acetylcholine release from guinea-pig
cortical slices (30) and from rat frontal cortex in vivo (14,15).
JO-1784 potentiated the KCl-evoked [*Hlacetylcholine release
from rat hippocampal slices in vitro and high affinity [*H]cho-
line uptake from mouse hippocampal synaptosomes in vivo
(10). These effects involved o sites since they were stereoselec-
tive and reversed by haloperidol. Finally, Paul et al. (24) re-
ported that ¢ ligands were able to inhibit the nicotinic recep-
tor-mediated catecholamine release in adrenal chromaffin
cells in vitro, through an interaction that may closely involve
the receptor-associated ionophore. Even if these results appear
to account for opposite biological effects, it seems that ¢ li-
gands may directly modulate the nicotinic cholinergic receptor
in a similar manner to that operating in the NMDA receptor
complex. The exact regulatory mechanisms between o sites
and these two different receptor complexes enhance the possi-
ble interest in the action of ¢ ligands on cognitive functions.
In conclusion, this study showed that the PCP derivative
PRE-084 efficiently attenuated MK-801-induced impairment
of learning in mice, by selectively acting at ¢ sites. This effect
illustrates the functional phasic facilitation by ¢ ligands on the
NMDA receptor activation previously described in electro-
physiology and superfusion studies in the hippocampus.
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