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The attenuation of learning impairments induced after exposure to
CO or trimethyltin in mice by sigma (o) receptor ligands involves

both o, and o, sites
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1 Sigma (o) receptor ligands were previously reported to alleviate learning and memory
impairments on several pharmacological and pathological rodent models of amnesia. Such effect
was demonstrated as involving the o, subtype of o receptor.

2 In this study, we characterized the pharmacological effect mediated by ¢ ligands on two lesional
models of amnesia in mice: (1) the hypoxia-related learning and memory impairment model induced
by repeated exposure to carbon monoxide (CO) gas; and (2) the intoxication with trimethyltin
(I mg kg™").

3 The selective o, ligand PRE-084 (1 mg kg™') or the non-selective a,/0, compounds DTG
(0.1 mg kg="), BD1008 (3 mg kg~!), and haloperidol (0.1 mg kg=') reversed significantly the
spontaneous alternation deficits observed 7 days after exposure to CO or 14 days after intoxication
with trimethyltin.

4 The selective o, receptor antagonist NE-100 (I mg kg~') was ineffective by itself, but blocked
completely the PRE-084 effects, partially the DTG effects, and did not affect the effects induced by
BD1008 or haloperidol.

5 A similar pharmacological profile was observed in the step-down type passive avoidance test
performed 8 days after exposure to CO.

6 These results show that, in contrast to the previously reported amnesia models, the impairments
induced after exposure to CO or intoxication with trimethyltin could be alleviated not only by o,
receptor agonists but also by o, agonists. The particular pattern of neurodegeneration observed in

these lesional models may explain these differences.
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Abbreviations:

BD1008, N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(1-pyrrolidinyl)ethylamine; CO, carbon monoxide; DTG,

1,3-di(2-tolyl)guanidine; NE-100; N,N-dipropyl-2-(4-methoxy-3-(2-phenylethoxy)phenyl)ethylamine; NMDA, N-
methyl-D-aspartate; PRE-084, 2-(4-morpholino)ethyl-1-phenylcyclohexane-1-carboxylate hydrochloride; SAM,

senescence-accelerated mouse

Introduction

The ligand specificity and autoradiographic distribution of
sigma (o) sites in both the central nervous system and
peripheral tissues suggested that they belong to a unique
receptor family. Binding strategies, using in vitro in in vivo
bioassays, provided evidence for the existence of at least two
subtypes of ¢ sites, denoted ¢, and o, (Quirion et al., 1992).
The g, protein was recently purified and its cDNA was cloned
in several species (Hanner et al., 1996; Kekuda et al., 1996;
Seth et al., 1997; 1998; Pan et al., 1998). The amino-acid
sequences are structurally unrelated to known mammalian
proteins, but shared some homology with a fungal sterol Cs-C;
isomerase (Hanner et al., 1996). Little is however known about
the nature of the o, site. The major role of g, receptors is likely
to exert a potent neuromodulation on different neurotrans-
mitter systems, including potentiation of several N-methyl-D-
aspartate (NMDA) receptor-mediated responses (Monnet et
al., 1990; 1992; Roman et al., 1991) and modulation of
cholinergic systems (Siniscalchi ez al., 1987; Matsuno et al.,
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1992). The cellular mechanism remains to be determined, but
recent evidences clearly suggest a direct effect of ¢, ligands on
intracellular Ca?* fluxes (Su et al., 1998). Such physiologic
effects led to major behavioural consequences. Among others,
selective o, receptor ligands attenuated several behavioural
deficits induced in rodents after stress (Kamei et al., 1996a, b;
1997; Song et al., 1997), or in models of depression (Matsuno
et al., 1996) and amnesia (for review, see Maurice & Lockhart,
1997). Indeed, o, receptor agonists, such as DTG, (+)-SKF-
10047 (+)-pentazocine, PRE-084, or SA4503 attenuated the
learning and memory impairments induced by selective
blockade of the NMDA receptor activation with dizocilpine
(Maurice et al, 1994a, b, d; Ohno & Watanabe, 1995; Maurice
& Privat, 1997; Zou et al., 1998), or by antagonism of the
muscarinic acetylcholine receptor with scopolamine (Earley et
al., 1991; Matsuno et al., 1993; 1994; 1997). Beside these results
concerning pharmacological amnesia models, o, receptor
agonists were also efficient in reversing the deficits observed
in models more directly linked to pathology. This was shown
in mice exposed to CO gas, in the senescence-accelerated
mouse (SAM) model of age-related deficits, or in mice
administered centrally with f3,5 35-amyloid peptide (Maurice et
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al., 1994b; 1996; 1998). Moreover, due to the recent cloning of
the protein and the availability of molecular biology tools, the
implication of the ¢, receptor in learning the memory processes
could be firmly established using an in vivo antisense strategy
(Maurice et al., 1997).

Recently, Couture & Debonnel (1998) reported that,
similarly to o, receptor ligands, ¢, agonists, such as Lu 28-
1798, BD1008 or ibogaine, are also able to potentiate the
neuronal response to NMDA, in the CA; region of the rat
dorsal hippocampus. These effects were insensitive to the o,
receptor antagonists haloperidol or NE-100 and to progester-
one. Since the anti-amnesic effects of ¢, receptor agonists could
be considered as relevant to this cellular physiological
mechanism, such results questioned about the putative anti-
amnesic effects of o, agonists. As regards the different
pharmacological models of amnesia, the major involvement
of g, receptor is now widely accepted, mainly because more or
less selective ¢, receptor antagonists, such as haloperidol,
BMY-14802 or NE-100, block efficiently the anti-amnesic
effects of the agonists (Early ez al., 1991; Matsuno et al., 1993;
1994; 1997; Maurice et al., 1994a, b, d; Ohno & Watanabe,
1995; Maurice & Lockhart, 1997; Maurice & Privat, 1997; Zou
et al, 1998). It appeared however of interest to re-examine the ¢
receptor pharmacology in lesional models of amnesia that
involve the neurotoxicity of excitatory amino acids, such as the
deficits in mice exposed to CO gas or intoxicated with
trimethyltin. Repetitive exposures to CO gas in a hypoxia-
related model, that induces in mice a long-lasting but delayed
amnesia measured 1 week after exposure. The hippocampal
cholinergic system appears markedly affected by the hypoxic
toxicity (Nabeshima et al., 1991). Histological studies have
shown that seven days after exposure to CO, there was a
moderate neuronal loss in the CA; region of the hippocampal
formation which was augmented by increasing the severity of
the CO exposure (Ishimaru et al., 1991). On the other hand,
p.o. as well as i.p. administrations of trimethyltin in rodents
induce progressive neurodegeneration in limbic structures,
particularly the pyramidal cells of CA, and CA, (Hagan et al.,
1988; Segal, 1988), together with severe behavioural impair-
ments, such as learning deficits in water-maze or passive
avoidance acquisition (Walsh et al., 1982a, b; Woodruff &
Baisden, 1994). DTG and (+)-SKF-10047 were previously
reported to attenuate, in a BMY-14802-sensitive manner, the
deficits of spontaneous alternation and passive avoidance in
mice exposed to CO (Maurice et al., 1994c¢). In this study, we
thus characterized the anti-amnesic effects of selective o,
agonists, o; antagonists and non-selective ¢,/g, ligands on the
learning deficits in mice exposed to CO or intoxicated with
trimethyltin.

Methods
Animals

Male mice (ddY strain, Nihon SLC, Shizuoka, Japan or Swiss
strain, Breeding centre of the Faculty of Pharmacy, Mon-
tpellier, France), aged 5—6 weeks and weighing 30—35 g, at
the beginning of the experiments, were used. Animals were
housed in plastic cages, with free access to laboratory chow
and water, except during behavioural experiments, and kept in
a regulated environment (23+1°C, 50% humidity), under a
12 h light/dark cycle (light on at 08 00 h). Experiments were
carried out between 10 00 and 18 00 h, in a soundproof and
air-regulated experimental room. The use of laboratory
animals and experimental protocols followed the guidelines

approved by the Animal Care and Use Committee at Nagoya
University (Nagoya, Japan) and by INSERM (Paris, France).

Drugs and administration procedures

2-(4-Morpholino)ethyl-1-phenylcyclohexane-1-carboxylate hy-
drochloride (PRE-084) was provided by Dr T.-P. Su (Unit on
Pathobiology, Intramural Research Division, NIDA, NIH,
Baltimore, MD, U.S.A.); 1,3-di(2-tolyl)guanidine (DTG) and
trimethyltin chloride were from RBI (Natick, MA, U.S.A));
N,N-dipropyl-2-(4-methoxy-3-(2-phenylethoxy)phenyl)ethyla-
mine (NE-100) was from Taisho Pharmaceutical (Tokyo,
Japan); haloperidol was from Dainippon Pharmaceutical
(Osaka, Japan); spiperone was from Sigma (St-Louis, MO,
U.S.A.); N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(1-pyrro-
lidinyl)ethylamine (BD1008) was a gift from Dr W.D. Bowen
(Laboratory of Medicinal Chemistry, NIDDK, NIH, Bethes-
da, MD, U.S.A.). DTG was prepared as a microsuspension in
Cremophor EL (Sigma) 10% in saline solution by ultrasonic
vibration. Other compounds were dissolved in saline. Drugs
were injected subcutaneously (s.c.) or intraperitoneally (i.p.), in
a volume of 100 ul per 20 g of body weight. The drug doses
and administration routes were selected according to our
previous studies (Maurice et al., 1994c, d; 1998; Maurice &
Privat, 1997) or unpublished data for BD1008.

Exposure to CO

Exposure to CO was carried out as previously described
(Ishimaru et al., 1991; 1992; Nabeshima et al., 1991; Maurice et
al, 1994b). Mice were placed in a transparent plastic vessel
(3 cm radius, 10 cm high), with a pipe feeding into it. CO gas
was disseminated at the rate of 25 ml min~!, and mice were
exposed until they began grasping, i.e., between 50 and 70 s.
This was done three times, with 1 h between each exposure.
The animals were kept on a hot plate (Natsume KN-205D,
Japan or SILAB, Montpellier, France) immediately after the
first exposure and up to 2 h after the third, to maintain their
body temperature at 38°C and to avoid the hypothermia
induced by CO, which lessens the damages induced by hypoxia
(Ishimaru et al., 1991; 1992). Animals were then examined for
spontaneous alternation behaviour, 7 days after exposure to
CO, and for passive avoidance behaviour, 8 days after
exposure to CO.

Intoxication with trimethyltin

Trimethyltin chloride was dissolved in saline and administered
i.p. In preliminary experiments, the LDs, dose was estimated in
Swiss mice at 1.7 mg kg~' i.p. (not shown), which appeared
much lower than in rats: 12.6 mg kg=' (Brown et al., 1979).
Mice received a single injection of trimethyltin at 1 mg kg~',
or saline for controls, and the spontaneous alternation

behaviour was examined after 14 days.
Spontaneous alternation performances

Spatial working memory performances were assessed by
recording spontaneous alternation behaviour in the Y-maze
(Maurice et al., 1994a, b; 1996). 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. The series of arm entries, including possible returns
into the same arm, was checked visually. An alternation was
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defined as entries into all three arms on consecutive occasions.
The number 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. The drugs were administered 30 min
before the session, i.e., 7 days after CO exposure or 14 days
after trimethyltin intoxication.

Step-down type passive avoidance test

Long-term memory was examined using the step-down type of
passive avoidance task (Ishimaru ez al., 1991; 1992; Nabeshima
et al., 1991, Maurice et al, 1994b; 1996). The apparatus
consisted in a transparent acrylic cage (30 x 30 x 40 cm high)
with a gridfloor, inserted in a soundproof outer box
(35%35%x90 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 at the centre of the gridfloor.
Intermittent electric shock (1 Hz, 500 ms, 45V DC) were
delivered to the gridfloor using a pulse stimulator (Nihon
Kohden SEN-3301, Japan) connected to an isolator (Nihon
Kohden SS-201J). The test consistent in two training sessions,
at 90 min time interval, and in a retention session, carried out
24 h after the first training. During training sessions, each
mouse was placed on the platform. When it stepped down and
placed its four paws on the gridfloor, shocks were delivered for
15 s. Step-down latency and the numbers of vocalizations and
flinching reactions were measured. Shock sensitivity was
evaluated by summing these two numbers. Mice that showed
latencies ranging from 3-30 s, i.e., more than 95% of the
animals, were used for the second training and retention test.
Animals, which did not step down within 60 s during the
second session, were considered as remembering the task and
taken off, without receiving electric shocks any more. The
retention test was performed in a similar manner as training,
except that the shocks were not applied to the gridfloor. Each
mouse was placed again on the platform, and the latency was
recorded, with an upper cut-off time of 300 s. Two parametric
measures of retention were analysed: the latency and the
number of animals reaching the avoidance criterion, defined as
reached if the latency measured during the retention test was

greater than 3 fold the latency showed by the animal during the
second training session and, at least, greater than 60 s.
Basically, median step-down latency could be considered as a
qualitative index of memory capacities, whereas the percentage
of animals to criterion could be considered as a quantitative
index (Maurice et al., 1996; 1998). The drugs were
administered 30 min before the first training, and once,
injections not being repeated before the second training, or
the retention test.

Statistical analyses

Results are expressed as means+s.e.mean, excepting step-
down latency, which are expressed in terms of medians and
interquartile ranges. None of the vehicle used in this study, i.e.,
saline solution, DMSO 5% in saline, or cremophor EL 10% in
saline, administered 30 min before the Y-maze session or the
first passive avoidance training, affected the behaviours
showed either by control animals or by CO-exposed ones
(data not shown). For clarity, results are thus presented vs the
untreated non-CO- or CO-exposed animals. Data from the
spontaneous alternation test were analysed using the Student’s
t-test or the Dunnett’s multiple comparison tests after a one-
way analysis of variance (F values). SDL did not show a
normal distribution, since cut-off times were set. They were
analysed using the Mann-Whitney’s test or the Kruskal-Wallis
non-parametric analysis of variance (KW wvalues), group
comparisons being made with the Dunn’s non-parametric
multiple comparisons test. The percentages of animals to
criterion were analysed by using the y> test. The levels for
statistical significance were P<0.01, P<0.05.

Results

Effect of o receptor ligands against the spontaneous
alternation deficits in mice exposed to CO

Mice exposed to CO showed a progressive deterioration of

working memory, which could be measured on spontaneous
behaviour, 7 days after CO exposure, using the Y-maze test.
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Figure 1 Effects of ¢ receptor ligands on the spontaneous alternation impairments in CO-exposed mice. Mice were exposed three
consecutive times to CO (25 ml min~"', 50—70 s) at 38°C, and alternation performances were examined 7 days after exposure. PRE-
084 (1 mg kg~ !, s.c.), DTG (0.1 mg kg™, s.c.), BD1008 (3 mg kg~ !, s.c.), haloperidol (0.1 mg kg~ ", i.p.), spiperone (0.1 mg kg ™",
i.p.), and NE-100 (1 mg kg™ ', i.p.) were administered 30 min before the session. The number of animals per group is indicated
below each column. Hal: haloperidol; Spi: spiperone; Sal: saline. *P <0.05, **P<0.01 vs the control group; "P<0.01 vs the
untreated CO-exposed group; °P<0.05, “°P<0.01; Dunnett’s test.
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Untreated mice not exposed to CO (n=21) exhibited an
alternation percentage of 69.2+1.2% (Figure 1) and
performed 29+ 1 arm entries during the 8 min session in
the maze. Untreated mice exposed to CO (n=28) showed a
significantly ~ decreased percentage  of  alternation
(53.6+0.9%; P<0.01, Student’s t-test; Figure 1), together
with a mild increase in the number of arm entries (35+1,
P<0.01).

The o receptor ligands significantly affected the sponta-
neous alternation deficits shown by mice exposed to CO
(F11.174=13.04, P<0.01, Figure 1). First, treatment with the
selective g, receptor agonist PRE-084 (Table 1) or the non-
selective o/, ligands DTG, BD1008, or haloperidol (Table 1)
allowed significant attenuations of the alternation deficits
(Figure 1). Spiperone, a drug presenting the same pharmaco-
logical profile as haloperidol except for ¢ receptor subtypes
(Table 1), failed to affect the alternation deficits in mice
exposed to CO. The selective o, receptor antagonist NE-100
(Table 1) also failed to affect the alternation deficits observed
after exposure to CO, in the 0.1-3 mg kg~' dose range
(shown in Figure 1 for 1 mg kg=").

The co-administration of NE-100, at 1 mg kg™, together
with the efficient ligands differentially affected their effects.
NE-100 allowed a complete reversion of the PRE-084 effect
(P<0.01 vs the PRE-084-treated CO-exposed group, Figure
1). The antagonist also significantly affected the DTG effect

(P<0.05 vs the DTG-treated CO-exposed group, Figure 1).
Finally, the effects of BD1008 and haloperidol were unaffected
by NE-100. The DTG, BD1008, or haloperidol effects were not
affected further by using a higher dose of NE-100 (3 mg kg™,
data not shown).

Effect of o receptor ligands against the spontaneous
alternation deficits in mice intoxicated with trimethyltin

Mice intoxicated with trimethyltin showed progressive work-
ing memory, which could be quantified 14 days after the acute
administration of trimethyltin. The spontaneous alternation
behaviour was markedly affected in mice intoxicated with
trimethyltin (54.5+1.4%, n=16, Figure 2) as compared to
saline treated animals (69.8 +1.5%, n=14, P<0.01, Student’s
t-test, Figure 2). The number of arm explored during the 8 min
session was not affected by the treatment, since the intoxicated
group performed 26+2 arm entries as compared with 29 +2
for the control group (P>0.05).

The o receptor ligands significantly affected the sponta-
neous alternation deficits showed by mice intoxicated with
trimethyltin (F;;153=9.12, P<0.01, Figure 2). The treatment
with the selective o, receptor agonist PRE-084 or the non-
selective o,/0, ligands DTG, BD1008, or haloperidol allowed
significant attenuations of the alternation deficits (Figure 2).
Spiperone and the o, receptor antagonist NE-100 failed to

Table 1 Pharmacological profile of ¢ receptor ligands
g, sites
K; (nm) Radiotracer
PRE-084* 22 (+)-[’H]-SKF-10047
DTGt 59.8 (+)-[*H]-pentazocine
BD1008+ 2.1 (+)-[*H]-pentazocine
Haloperidolt 2.3 (+)-F H]-pentazocine
Spiperone}” 1100 (+)-[*H]-SKF-10047
NE-100" 1.5 (+)-[*H]-pentazocine

g, sites Selectivity
K; (nm) Radiotracer (05/0; ratio)

13091 PH]-DTG 6319

12.8 [’H]-DTG 0.2

8.1 PH]-DTG 3.9

12.0 [’H]-DTG 5.2

670 [H]-DTG 0.6
84.6 H]-DTG 55

*McCann et al., 1994; tHellewell et al., 1994; iTam & Cook, 1984; #Weber et al., 1986; " Chaki et al., 1994.
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Figure 2 Effects of ¢ receptor ligands on the spontaneous alternation impairments in trimethyltin-intoxicated mice. Mice received
an acute i.p. injection of trimethyltin (1 mg kg~ '), 14 days before the test. PRE-084 (1 mg kg~ ', s.c.), DTG (0.1 mg kg~ ", s.c)),

BD1008 (3 mg kg™,

administered 30 min before the session. The number of animals
spiperone; Sal: saline. *P<0.05, **P <0.01 vs the control group;

intoxicated group; “°P<0.01; Dunnett’s test.
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er group is indicated below each column. Hal: haloperidol; Spi:

!, ip.), and NE-100 (1 mgkg™', ip.) were

<0.05, #P<0.01 vs the untreated CO-exposed or trimethyltin-
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Figure 3 Effects of ¢ receptor ligands on the passive avoidance deficits in CO-exposed mice: (a) step-down latency and (b)
percentage of animals to criterion. Mice were exposed three consecutive times to CO (25 ml min~", 50—70 s) at 38°C, and animals
were trained for passive avoidance behaviour 8 days after exposure. Retention was examined 24 h after the training. PRE-084

(1 mgkg™!, s.c.), DTG (0.1 mg kg~ ", s.c.), BD1008 (3 mg kg™,

s.c.), haloperidol (0.1 mg kg™', i.p.), spiperone (0.1 mg kg™,

i.p.), and NE-100 (I mg kg™!, i.p.) were administered 30 min before training. The number of animals per group is indicated below
each column in (b). Hal: haloperidol; Spi: spiperone; *P<0.05, **P<0.01 vs the control group; *P<0.05, **P<0.01 vs the
untreated CO-exposed group; °P<0.05; Dunn’s test in (a) and y* test in (b).

affect the alternation deficits induced by administration of
trimethyltin (Figure 2).

The co-administration of NE-100 together with PRE-084
allowed a complete blockade of its effect (P<0.01, Figure 2).
However, NE-100, at 1 mg kg~' (Figure 2) or at 3 mg kg™'
(data not shown), failed to significantly affect the attenuations
induced by DTG, BD1008, or haloperidol.

Effect of & receptor ligands against the passive avoidance
deficits in mice exposed to CO

Exposure to CO did not affect the mouse behaviour during the
passive avoidance training sessions. Control animals not
exposed to CO stepped down 4 s [interquartile range: 3—6 s]
after the beginning of training and showed a shock sensitivity,
measured by summing the number of vocalisations and
flinching reactions of the animals during the electric shocks,
of 19+2. Similarly, animals exposed to CO showed a step-
down latency of 4 s [3—5 s] (P>0.05, Mann-Whitney’s test),
and a shock sensitivity of 19+1 (P>0.05, Student’s z-test).

However, during the retention test performed after 24 h,
significant differences were observed between both groups. The
control animals showed a step-down latency of 226 s [152—
300 s], with an avoidance criterion of 91% (n=21), whereas
the animals exposed to CO showed a latency of 35 s [18—96 s]
(n=27, P<0.01), and an avoidance criterion of 34.6%
(P<0.01, Figure 3).

During the passive avoidance training sessions, none of the
treatments with the ¢ receptor ligands affected either the step-
down latencies (in the 3—7 s range, KW =13.04, P>0.05) or
the sensitivity to the shocks (in the 16—21 range, F;; ;,3=1.01,
P>0.05), as compared to control or untreated animals
exposed to CO. Differences were however observed during the
retention test, both in terms of step-down latencies
(KW =4494, P<0.01, Figure 3a) or in the percentages of
animals to criterion (Figure 3b). The treatment with PRE-084
or DTG allowed a significant reversion of the deficits observed
after CO, as measured using both parameters. The treatment
with BD1008 or haloperidol induced a significant attenuation
of the decrease in latency in mice exposed to CO (Figure 3a).
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The increase in the percentage of animals to criterion did not
however appear significant (Figure 3b). Spiperone did not
affect both parameters. NE-100, in the 0.1-3 mg kg~' dose
range, did not affect both parameters, as compared to mice
exposed to CO (the 1 mg kg™' dose effect being shown on
Figure 3).

The co-administration of NE-100 with PRE-084 completely
blocked its attenuating effect on both parameters (P <0.05 vs
the PRE-084-treated CO-exposed group each, Figure 3a and
b). Co-administration of NE-100 with DTG tended to
attenuate the DTG effect on step-down latencies, but in a
non-significant manner (Figure 3a). The percentage of animals
to criterion was significantly decreased in  the
(NE—100+ DTG)-treated group as compared to the group
treated with DTG alone (P <0.05, Figure 3b). The increased
latencies in CO exposed animals treated with BD1008 or
haloperidol were not affected by the NE-100 co-administra-
tion.

Discussion

It has now been widely described that selective o receptor
agonists, selective for the o, subtype, attenuate the learning
and memory deficits observed in mice or rats in several
pharmacological models. These anti-amnesic effects could be
blocked by the o, receptor antagonists BMY-14802, NE-100 or
haloperidol, a non-selective o,/0, ligand which act at o,
receptors as an antagonist (Matsuno et al., 1997; Maurice &
Privat, 1997). We here extended the study of the o
pharmacology to two lesional models of amnesia, different
from the previously described pharmacological models. First,
the successive exposure of mice to CO gas induce, after 5—7
days, delayed amnesia in the Y-maze and passive avoidance
tests and delayed neuronal death, that remains restricted to the
CA, area of the hippocampal formation (Nabeshima 1991;
Maurice et al., 1994c). The model could be regarded as an
interesting amnesia model related to a direct hypoxic insult,
and involving the neurotoxicity of excitatory amino acids
(Ishimaru et al., 1992). Moreover, the ¢ ligands DTG and (+)-
SKF-10047 were previously reported to reverse the CO-
induced learning deficits (Maurice et al., 1994c). The
involvement of o, receptors was clearly evidenced by the
observations that (—)-SKF-10047 was inactive and that BMY-
14802 blocked the DTG effect. However, DTG, which is a
non-selective g,/0, agonist, allowed a complete reversion of the
CO-induced deficits, although the drug, used in the same
conditions, only partially attenuated the dizocilpine-induced
deficits (Maurice et al., 1994b). Second, trimethyltin adminis-
tration in rats or mice produces important damage in selective
neuronal populations from the limbic structures in the brain
(Brown et al., 1979; Chang & Dyer, 1983; Hagan et al., 1988).
In particular, Chang & Dyer (1983) reported that administra-
tion of 6 mg kg~' trimethyltin in rats induced necrotic changes
in the CA, and CA;. area of the hippocampus, the
neurodegeneration becoming maximal 21 days after intoxica-
tion. The neurodegeneration process is likely to involve
elevated glutamate and the hyperactivation of NMDA
receptors (Naalsund & Fonnum, 1986). Consequently, in-
toxicated animals show marked learning and memory
impairments, as observed for example by Walsh et al.
(1982a, b) using the radial-arm maze and passive avoidance
tests in rats. In this study, we clearly evidenced spontaneous
alternation deficits in mice, 14 days after acute intoxication.
The pharmacology of the anti-amnesic effects induced by
several ¢ ligands was thus characterized in these two lesional

models. In Table 1, the relative K, values of the different
compounds are presented for the o, sites, labelled using (+)-
[PH]SKF-10047 or (+)-[*H]-pentazocine, and the o, sites,
labelled using [PH]-DTG. The most selective drug in this study
appears to be PRE-084. The drug is a selective o, receptor
agonist, that already showed marked anti-amnesic effects
against the dizocilpine-induced deficits, the age-related
disorders in SAM, or the deficits observed in mice adminis-
tered centrally with f,sis-amyloid peptide (Maurice et al.,
1994d; 1996; 1998). In both the CO and trimethyltin amnesia
models, PRE-084 allowed highly significant reversions of the
short-term and long-term memory deficits, that appeared fully
blocked by NE-100, confirming the involvement of o,
receptors.

In the CO model, the non-selective a,/a, receptor agonist
DTG showed an anti-amnesic effect partially sensitive to NE-
100, whereas in the trimethyltin model, NE-100 failed to affect
the effect of DTG. It can thus be concluded that the drug may
exert its anti-amnesic effect in these models through the
concomitant involvement of ¢, and, mainly, ¢, receptors.
Haloperidol is a drug that presents a high affinity for either the
g, or g, site (Hellewell et al., 1994; Table 1). The drug behaves
as a potent g, receptor antagonist in several physiological and
behavioural tests, in particular regarding the anti-amnesic
effects mediated by ¢, ligands (Matsuno et al., 1997; Maurice
& Privat, 1997; Maurice et al., 1998). On the other hand, it
induces a marked dystonia after local injection in the rat red
nucleus, behaving thus as a potent ¢, agonist (Matsumoto et
al., 1990). In the CO and trimethyltin models, the drug induced
marked anti-amnesic effects on both tests. Since spiperone did
not allow such anti-amnesic effect, it is likely that the effect of
haloperidol involves an interaction with ¢ sites and more
precisely o, sites, since it appeared insensitive to the effect of
NE-100.

As reported in Table 1, BD1008 is considered as a high
affinity ligand for both the ¢, and o, sites, and as very selective
towards binding to other receptors (Hellewell et al., 1994).
However, the drug behaved as a weak antagonist in some
physiological tests describing the ¢, pharmacology, such as the
NMDA-evoked [*H]-noradrenaline release from rat hippo-
campal slices (Monnet et al., 1996) or the NMDA-evoked [*H]-
dopamine release from rat striatal slices (Gonzales-Alvear &
Werling, 1994). BD1008 weakly antagonized the effects of (+)-
pentazocine or DTG, but dose-dependently antagonised the
effect of BD-737, suggesting that it acts on the same atypical ¢
receptor subtype as BD-737, distinct from both the ¢, and o,
sites (Monnet et al., 1996). In addition, Couture & Debonnel
(1998) reported that BD1008, such as Lu 28-179, is able to
potentiate the NMDA-induced electric activity of the rat
dorsal hippocampal neurones in a NE-100- and progesterone-
insensitive manner. In their model, o, receptor agonists, such
as (+)-pentazocine, BD737, or igmesine, among others, induce
a marked potentiation of the neuronal response to NMDA.
The non-selective o,/0, ligand DTG also potentiated the
neuronal responses to NMDA, but at higher doses induced an
epileptoid activity (Bergeron et al., 1995), that appeared due to
the co-activation of both the ¢, and o, receptors (Couture &
Debonnel, 1998). The observation that BD1008 and Lu 28-179
were able to potentiate the neuronal response to NMDA
without generating an epileptoid activity suggested that both
compounds behaved as o, agonists devoid of o, receptor
agonist activity. Our results are in agreement with such
observation, since the anti-amnesic effect induced by BD1008
appeared completely insensitive to the effect of NE-100,
indicating that the drug behaved only as a g, receptor agonist.
The question remains to determine whether BD1008 also act as



T. Maurice et al

Anti-amnesic effects of ¢, and o> ligands 341

a weak antagonist on the BD737-related o site, as suggested by
Monnet et al. (1996). The effect of the BD737 related drugs
should be examined at the behavioural level. Furthermore, the
results presented here, together with the previous reports by
Monnet et al. (1996) and Couture & Debonnel (1998), strongly
suggest that the classical classification of ¢ receptors as ¢; and
g, subtypes is likely to become inadequate. Indeed, the K; value
reported in Table 1 for o, sites may in fact correspond to
different subtypes and the high affinity of BD1008 for (+)-*H-
pentazocine-labelled sites may rather reflect its affinity for the
BD737-related site. This site, being less sensitive to haloper-
idol, may represent a subtype different from the o, receptor
(Monnet et al., 1996).

The results presented here suggest strongly that in particular
amnesia models, not only o, receptor ligands show marked
anti-amnesic effects, but also o, site agonists. The exact nature
of this o, site remains to be clarified. Matsumoto and co-
workers (1990) showed that it is involved in motor and posture
control. Our results reveal that it may also be involved in
cognitive functions. Another point is that our results are in
agreement with the recent report by Couture & Debonnel
(1998), who used an in vivo electrophysiology technique to
demonstrate that, similarly to o, receptor agonists, the o,
receptor agonists are able to potentiate the neuronal response
to NMDA in the rat hippocampus. This point strongly
strengthens the idea that this physiological potentiation
mediated by ¢ ligands may be involved in the mechanism of

References

BERGERON, R., DE MONTIGNY, C. & DEBONNEL, G. (1995).
Biphasic effects of sigma ligands on the neuronal response to
N-methyl-p-aspartate. Naunyn Schmiedebergs Arch. Pharmacol.,
351, 252-260.

BROWN, A.W., ALDRIDGE, W.N., STREET, B.W. & VERSCHOYLE,
R.D. (1979). The behavioural and neuropathologic sequelae of
intoxication by trimethyltin compounds in the rat. Am. J.
Pathol., 97, 59 -82.

CHAKI, S,. TANAKA, M., MURAMATSU, M. & OTOMO, S. (1994).
NE-100, a novel potent ¢ ligand, preferentially binds to g,
binding sites in guinea-pig brain. Eur. J. Pharmacol., 251, R1—
R2.

CHANG, L.W. & DYER, R.S. (1983). A time-course study of
trimethyltin induced neuropathology in rats. Neurobehav.
Toxicol. Teratol., 5, 443 —459.

COUTURE, S. & DEBONNEL, G. (1998). Modulation of the neuronal
response to N-methyl-D-aspartate by selective sigma, ligands.
Synapse, 29, 62-171.

EARLEY, B., BURKE, M., LEONARD, B.E., GOURET, C.J. & JUNIEN,
J.-L. (1991). Evidence for an anti-amnesic effect of JO-1784 in the
rat: a potent and selective ligand for the sigma receptor. Brain
Res., 546, 282—-286.

GONZALES-ALVEAR, G.M. & WERLING, L.L. (1994). Regulation of
[*H]-dopamine release from rat striatal slices by sigma receptor
ligands. J. Pharmacol. Exp. Ther., 271, 212-219.

HAGAN, JJ., JANSEN, JHM. & BROEKKAMP, C.L.E. (1988).
Selective behavioural impairment after acute intoxication with
trimethyltin (TMT) in rats. Neurotoxicology, 9, 53—74.

HANNER, M., MOEBIUS, F.F., FLANDORFER, A., KNAUS, H.G.,
STRIESSNIG, J., KEMPNER, E. & GLOSSMAN, H. (1996).
Purification, molecular cloning, and expression of the mamma-
lian sigma,-binding site. Proc. Natl. Acad. Sci. U.S.A., 93,8072 —
8077.

HELLEWELL, S.B., BRUCE, A., FEINSTEIN, G., ORRINGER, J.,
WILLIAMS, W. & BOWEN, W.D. (1994). Rat liver and kidney
contain high densities of ¢, and o, receptors: characterization by
ligand binding and photoaffinity labeling. Eur. J. Pharmacol.,
268, 9-18.

ISHIMARU, H., KATOH, A., SUZUKI, H., FUKUTA, T., KAMEYAMA,
T. & NABESHIMA, T. (1992). Effect of N-methyl-D-aspartate
receptor antagonists on carbon monoxide-induced brain damage
in mice. J. Pharmacol. Exp. Ther., 261, 349 —352.

their anti-amnesic effect, as previously proposed (Maurice et
al., 1994b; Maurice & Lockhart, 1997). It remains to determine
why the o, site ligands show such anti-amnesic effect in these
particular models as compared to pharmacological amnesia
models. The particular pattern of neurodegeneration, almost
similar between CO exposure and trimethyltin intoxication,
may be involved. Future experiments, using a specific o,
receptor polyclonal antibody prepared in the laboratory, will
allow to quantify the susceptibility of ¢ sites to the insults in
the different hippocampal areas (CA,-CA,, dentate gyrus), in
order to determine the importance of the distribution of the
different sites in this structure.

This paper is dedicated to the memory of Dr Christine Levallois.
The authors acknowledge a joint research program between the
Institut National de la Santé et de la Recherche Médicale
(INSERM, Paris, France) and the Japanese Society for the
Promotion of Science (JSPS, Tokyo, Japan) 1996/1998. Thanks
are due to Drs M. Hiramatsu and M. Hasegawa (Nagoya Japan) for
their appreciated help; to Dr F. Monnet (INSERM U. 33, Le
Kremlin-Bicétre, France) for helpful discussions; to Drs T.-P. Su
(NIDA. NIH, Baltimore, MA, U.S.A.), W.D. Bowen (NIDDK,
NIH, Bethesda, MA, U.S.A.) and to Taisho Pharmaceutical
(Tokyo, Japan) for providing selective ¢ ligands. This study was
supported by INSERM (France) and by grants-in-aid for science
research from the Ministry of Education, Science and Culture of
Japan (No. 0845702 & 10044260).

ISHIMARU, H., NABESHIMA, T., KATOH, A., SUZUKI, H., FUKUTA,
T. & KAMEYAMA, T. (1991). Effect of successive carbon
monoxide exposures on delayed neuronal death in mice under
the maintenance of normal body temperature. Biochem. Biophys.
Res. Commun., 179, 836—840.

KAMEI H., KAMEYAMA, T. & NABESHIMA, T. (1996a). (+)-SKF-
10,047 and dextrometorphan ameliorate conditioned fear stress
through the activation of phenytoin-regulated o, sites. Eur. J.
Pharmacol., 299, 21 —-28.

KAMEI, H., KAMEYAMA, T. & NABESHIMA, T. (1996b). (+)-SKF-
10,047 and dextrometorphan ameliorate conditioned fear stress
via dopaminergic systems linked to phenytoin-regulated o, sites.
Eur. J. Pharmacol., 309, 149 —156.

KAMEI H., NODA, Y., KAMEYAMA, T. & NABESHIMA, T. (1997).
Role of (+)-SKF-10,047-sensitive sub-population of ¢, receptors
in amelioration of fear stress in rat: association with mesolimbic
dopaminergic systems. Eur. J. Pharmacol., 319, 165—172.

KEKUDA, R., PRASAD, P.D., FEI, Y.-J., LEIBACH, F.H. & GANA-
PATHY, V. (1996). Cloning and functional expression of the
human type 1 sigma receptor (hSigmaR1). Biochem. Biophys.
Res. Commun., 229, 553 —558.

MATSUMOTO, R.R., HEMSTREET, M.K., LAI, N.L., THURKAUF, A.,
DE COSTA, B.R., RICE, K.C., HELLEWELL, S.B., BOWEN, W.D. &
WALKER, J.M. (1990). Drug specificity of pharmacological
dystonia. Pharmacol., Biochem. Behav., 36, 151 —155.

MATSUNO, K., KOBAYASHI, T., TANAKA, M.K. & MITA, S. (1996).
o1 Receptor subtype is involved in the relief of behavioural
despair in the mouse forced swimming test. Eur. J. Pharmacol.,
312, 267-271.

MATSUNO, K., MATSUNAGA, K. & MITA, S., (1992). Increase of
extracellular acetylcholine level in rat frontal cortex induced by
(+)N-allylnormetazocine as measured by brain microdialysis.
Brain Res., 575, 315-319.

MATSUNO, K., SENDA, T., KOBAYASHI, T., OKAMOTO, K.
NAKATA, K. & MITA, S. (1997). SA4503, a novel cognitive
enhancer, with o, receptor agonistic properties. Behav. Brain
Res., 83,221 -224.

MATSUNO, K., SENDA, T., MATSUNAGA, K. & MITA, S. (1994).
Ameliorating effects of ¢ receptor ligands on the impairment of
passive avoidance tasks in mice: Involvement in the central
acetylcholinergic system. Eur. J. Pharmacol., 261, 43 —51.



342 T. Maurice et al

Anti-amnesic effects of o; and ¢, ligands

MATSUNO, K., SENDA, T., MATSUNAGA, K., MITA, S. & KANETO,
H. (1993). Similar ameliorating effects of benzomorphans and 5-
HT, antagonists and drug-induced impairment of passive
avoidance response in mice: comparison with acetylcholinester-
ase inhibitors. Psychopharmacology, 112, 134—141.

MAURICE, T., HIRAMATSU, M., ITOH, J., KAMEYAMA, T., HASE-
GAWA, T. & NABESHIMA, T. (1994a). Low dose of 1,3-di(2-
tolyl)guanidine (DTG) attenuates MK-801-induced spatial
working memory impairment in mice. Psychopharmacology,
114, 520-522.

MAURICE, T., HIRAMATSU, M., ITOH, J., KAMEYAMA, T., HASE-
GAWA, T. & NABESHIMA, T. (1994b). Behavioral evidence for a
modulating role of ¢ ligands in memory processes. 1. Attenuation
of dizocilpine (MK-801)-induced amnesia. Brain. Res., 647, 44 —
56.

MAURICE, T., HIRAMATSU, M., KAMEYAMA, T., HASEGAWA, T. &
NABESHIMA, T. (1994c). Behavioral evidence for a modulating
role of ¢ ligands in memory processes. II. Reversion of carbon
monoxide-induced amnesia. Brain Res., 647, 57 —64.

MAURICE, T. & LOCKHART, B.P. (1997). Neuroprotective and anti-
amnesic potentials of sigma (o) receptor ligands. Prog. Neuro-
Psychopharmacol. Biol. Psychiat., 21, 69—102.

MAURICE, T., PHAN, V.-L., URANI, A., PATEY, G. & PRIVAT, A.
(1997). Inactivation of the ¢, receptor by in vivo antisens
oligodeoxynucleotide strategy in the mouse confirmed its
implication in memory processes. Soc. Neurosci. Abstr., 23, 2318.

MAURICE, T. & PRIVAT, A. (1997). SA4503, a novel cognitive
enhancer with o receptor agonist properties, facilitates NMDA
receptor-dependent learning in mice. Eur. J. Pharmacol., 328, 9 —

MAURICE, T., ROMAN, F., SU, T.-P. & PRIVAT, A. (1996). Beneficial
effects of ¢ agonists on age-related learning impairment in
senescence-accelerated mouse (SAM). Brain Res., 733, 219—-230.

MAURICE, T.,SU, T.-P., PARISH, D.W., NABESHIMA, T. & PRIVAT, A.
(1994d). PRE-084, a ¢ selective PCP derivative, attenuates MK-
801-induced impairment of learning in mice. Pharmacol.
Biochem. Behav., 49, 859 —869.

MAURICE, T., SU, T.-P. & PRIVAT, A. (1998). Sigma, (o) receptor
agonists and neurosteroids attenuate f,s.35-amyloid peptide-
induced amnesia in mice through a common mechanism.
Neuroscience, 83, 413 —428.

MCCANN, D.J., WEISSMAN, A.D. & SU, T.-P. (1994). Sigma-1 and
sigma-2 sites in rat brain: comparison of regional, ontogenetic,
and subcellular patterns. Synapse, 17, 182—189.

MONNET, F.P., DEBONNEL, G. & DE MONTIGNY, C. (1992). In vivo
electrophysiological evidence for a selective modulation of N-
methyl-D-aspartate-induced neuronal activation in rat CA;
dorsal hippocampus by sigmal ligands. J. Pharmacol. Exp. Ther.,
261, 123-130.

MONNET, F.P., DEBONNEL, G., JUNIEN, J.L. & DE MONTIGNY, C.
(1990). N-methyl-D-aspartate-induced neuronal activation is
selectively modulated by sigmal receptors. Eur. J. Pharmacol.,
179, 441-445.

MONNET, F.P., DE COSTA, B.R. & BOWEN, W.D. (1996). Differentia-
tion of ¢ ligand-activated receptor subtypes that modulate
NMDA-evoked [*H]-noradrenaline release in rat hippocampal
slices. Brit. J. Pharmacol., 119, 65—-72.

NAALSUND, J.U. & FONNUM, F. (1986). The effect of trimethyltin on
three glutamatergic and GABAergic transmitters parameters in
vitro: high affinity uptake, release and receptor binding.
Neurotoxicol., 7, 53 —62.

NABESHIMA, K., KATOH, A., ISHIMARU, I., YONEDA, Y., OGITA,
K., MURASE, K., OHTSUKA, H., INARI, K., FUKUTA, T. &
KAMEYAMA, T. (1991). Carbon monoxide-induced delayed
amnesia, delayed neuronal death and change in acetylcholine
concentration in mice. J. Pharmacol. Exp. Ther. 256, 378 —384.

OHNO, M. & WATANABE, S. (1995). Intrahippocampal administra-
tion of (+)-SKF 10,047, a sigma ligand, reverses MK-801-
induced impairment of working memory in rats. Brain Res., 684,
237-242.

PAN, Y.-X., MEL J., XU, J., WAN, B.-L., ZUCKERMAN, A. &
PASTERNAK, G.W. (1988). Cloning and characterization of a
mouse o, receptor. J. Neurochem., 70, 2279 —2285.

QUIRION, R., BOWEN, W.D., ITZHAK, Y., JUNIEN, J.L., MUSAC-
CHIO, J.M., ROTHMAN, R.B., SU, T.P., TAM, S W. & TAYLOR, D.P.
(1992). A proposal for the classification of sigma binding sites.
Trends Pharmacol. Sci., 13, 85— 86.

ROMAN, F.J., PASCAUD, X., DUFFY, O. & JUNIEN, J.L. (1991).
Modulation by neuropeptide Y and peptide YY of NMDA effects
in hippocampal slices: Role of sigma receptors. In NMDA
Related Agents: Biochemistry, Pharmacology and Behavior. eds.
Kameyama, T., Nabeshima, T. & Domino, E.F., 211-218. Ann
Arbor: NPP Books.

SEGAL, M. (1988). Behavioral and physiological effects of trimethyl-
tin in the rat hippocampus. Neurotoxicology, 9, 481—490.

SETH, P., FEI, Y.-J., LI, HW., HUANG, W., LEIBACH, F.H. &
GANAPATHY, V. (1998). Cloning and functional characterization
of a o receptor from rat brain. J. Neurochem., 70, 922—931.

SETH, P. LEIBACH, F.H. & GANAPATHY, V. (1997). Cloning and
structural analysis of the cDNA and the gene encoding the
murine type 1 sigma receptor. Biochem. Biophys. Res. Commun.,
241, 535-540.

SINISCALCHI, A., CRISTOFORI, P. & VERATTI, E. (1987). Influence
of N-allylnormetazocine on acetylcholine release from brain
slices: Involvement of muscarinic receptors. Naunyn-Schmiede-
berg’s Arch. Pharmacol., 336, 425—429.

SONG, C., EARLEY, B. & LEONARD, B.E. (1997). Effect of chronic
pretreatment with the sigma ligand JO1784 on CRF-induced
changes in behaviour, neurotransmitter and immunological
function in the rat. Neuropsychobiology, 35, 200 —204.

SU, T.-P., HAYASHI, T. & MAURICE, T. (1998). G-Protein-linked L-
type Ca’" channels on plasma membrane and IP3 receptors on
endoplasmic reticulum in NG-108 cells are regulated by g,
receptors: Ca®* mobilization and o, receptor antisense studies.
Soc. Neurosci. Abstr., 24, 2055.

TAM, S.W. & COOK, L. (1984). Sigma o?iates and certain
antipsychotic drugs mutually inhibit (+)-["H]SKF-10,047 and
[PHlhaloperidol binding in guinea pig brain membranes. Proc.
Natl. Acad. Sci. U.S.A., 81, 5618 —5621.

WALSH, T.J., GALLAGHER, M., BOSTOCK, E. & DYER, R.S. (1982a).
Trimethyltin impairs retention of a passive avoidance task.
Neurobehav. Toxicol. Teratol. 4, 163—167.

WALSH, T.J., MILLER, D.B. & DYER, R.S. (1982b). Trimethyltin, a
selective limbic system neurotoxicant, impairs radial-arm maze
performance. Neurobehav. Toxicol. Teratol. 4, 177—183.

WEBER, E., SONDERS, M., QUARAM, M., MCLEAN, S., POU, S. &
KEANA, J.F.W. (1986). 1,3-Di(2-[5-*H]tolyl)guanidine: A selec-
tive ligand that labels sigma-type receptors for psychotomimetic
opiates and antipsychotic drugs. Proc. Natl. Acad. Sci. U.S.A.,
83, 8784 -8788.

WOODRUFF, M.L. & BAISDEN, R.H. (1994). Trimethyltin neurotoxi-
city in the rat as an analogous model of Alzheimer’s disease. In
Toxin-Induced Models of Neurological Disorders. Eds. Woodruff,
M.L. & Nonneman, A.J. pp 319-335. New York: Plenum Press.

ZOU, L.-B., YAMADA, K. & NABESHIMA, T. (1998). ¢ Receptor
ligands (+)-SKF-10,047 and SA4503 improve dizocilpine-
induced spatial memory deficits in rats. Eur. J. Pharmacol.,
355, 1-10.

( Received November 6, 1998
Revised February 1, 1999
Accepted February 18, 1999)



