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Abstract

CBI is the most abundant metabotropic receptor of the brain, being found in areas classically involved in learning and memory
and present at higher density at presynaptic terminals. Different sets of evidence support the idea that endogenous ligands (endoc-
annabinoids) to the CBI1 receptors act as modulators of neurotransmission. In hippocampus, endocannabinoids seem to act as retro-
grade messengers mediating down-regulation of GABA release. Previous reports have described a cognitive impairment effect of
cannabinoid agonists, or facilitation by antagonists. The scope of the present study is to investigate the effect of intrahippocampal
administration of the CB1-selective antagonist, AM251, in two behavioral tasks. One hundred and twelve male Wistar rats with
bilateral cannulae implanted in the CA1 region of the dorsal hippocampus were trained in a step-down inhibitory avoidance task
(IA, footshock, 0.5 mA) or an open field habituation task (OF). Immediately, after training, animals received an infusion of 0.55, 5.5,
and 55.5 ng/side of AM251 (Tocris), or its vehicle (DMSO/saline), via these cannulae. Our results show that AM251 disrupted mem-
ory consolidation of the IA task, but not the OF task, an effect that seems to be purely mnemonic since the drug showed no motor
performance effects. Only the intermediate dose (5.5 ng/side) of AM251 was effective in IA and the absence of effect with the larger
dose may be the consequence of non-specific binding. The fact that OF was not affected raises the possibility that this endogenous
system requires some degree of aversiveness to be recruited. We propose that increased levels of endogenous cannabinoids in the hip-
pocampus, following a training session, contribute to facilitate memory consolidation, a process that may have been disrupted with
AM?251.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction learning and memory, such as the hippocampus, cortex,
basal ganglia, and cerebellum (Davies, Pertwee, &

CBI is the most abundant metabotropic receptor of Riedel, 2002; Wilson & Nicoll, 2002). Extensive evidence
the brain, being found in areas classically involved in shows cannabinoid receptors to be negatively coupled to
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adenylate cyclase through G, proteins, leading to a
reduction in cAMP production (Ameri, 1999). CB1 has
been shown to act via this G protein upon the usually
presynaptic N-type voltage-dependent calcium channels
(Ameri, 1999; Mackie, Lai, Westenbroek, & Mitchell,
1995; Wilson & Nicoll, 2002), suggesting a role for
cannabinoids in the modulation of CNS neurotrans-
mission. Furthermore, in hippocampal preparations,
cannabinoids acting via CB1 receptors were shown to
inhibit the release of glutamate, acetylcholine, and
noradrenaline (Davies et al., 2002). In studying DSI
(depolarization-induced suppression of inhibition),
endocannabinoids, such as N-arachidonylethanol-
amine (anandamide) and 2-arachidonylglycerol (2-AG)
(Pertwee & Ross, 2002) are proposed as retrograde mes-
sengers mediating down-regulation of GABA release,
both in the hippocampus and in the cerebellum (Kreit-
zer & Regehr, 2001; Wilson & Nicoll, 2002). LTP, a phe-
nomenon itself reinforced by DSI, was shown to be
indirectly modulated by endocannabinoids that reduce
presynaptic neurotransmitter release, suppressing the
postsynaptic membrane depolarization necessary to
activate NMDA receptors (Carlson, Wang, & Alger,
2002; Wilson & Nicoll, 2002).

This presynaptic inhibition of neurotransmitter
release by cannabinoids is reinforced by the fact that
CBI receptors are present at higher density at the pre-
synaptic terminal relative to the soma (Wilson & Nicoll,
2002) and that they can amplify the inhibition of volt-
age-dependent calcium channels by reducing the dura-
tion of the action potential by the activation of two
different types of potassium channels (Ameri, 1999;
Mackie et al., 1995).

In the hippocampus, CBI1 receptors seem to be
located basically in the presynaptic portions of the
GABAergic axon terminals, mostly on CCK-releasing
basket cells, explaining the inhibition of GABA release
by CBI1 agonists (Katona et al., 1999; Wilson & Nicoll,
2002). Most behavioral studies of the CB1 employing
pharmacological manipulations in animal models, how-
ever, involve systemic, not intracerebral treatments; for
example, systemic pretraining administration of natural
agonists A>THC or anandamide, or synthetic agonists
like WIN55,212-2, CP55940 or HU-210, are known for
their learning impairment effect, particularly in hippo-
campus-dependent tasks such as the 8-arm radial maze,
spatial alternation in a T-maze, or a delayed matching/
non-matching to position task with lever presentation
(Davies et al., 2002; Lichtman, Dimen, & Martin, 1995;
Wilson & Nicoll, 2002); by the other side, systemic pre-
training administration of the antagonist SR141716A in
the inhibitory avoidance task in mice have not shown
any per se effect upon memory (Mazzola, Micale, &
Drago, 2003). In this last task, i.c.v., but not i.p. post-
training administration of A>-THC have impaired mem-
ory consolidation (Mishima et al., 2001).

Except for a late spatial memory improvement in rats
(Lichtman, 2000) and a facilitatory action in an olfac-
tory social recognition task (Wilson & Nicoll, 2002),
both under systemic treatments, the antagonist
SR141716A is usually reported as without effect by itself
(Da Silva & Takahashi, 2002; Davies et al., 2002). Inter-
esting results in the water maze task show the absence of
effect of cannabinoids once mice have learned the posi-
tion of the platform, i.e., the endocannabinoid system
seems not to be involved in memory retrieval (Da Silva
& Takahashi, 2002; Varvel, Hamm, Martin, & Lichtman,
2001). Recently, CB1 receptors were shown to be
required for memory extinction, but not for memory
acquisition or consolidation, in an auditory fear-condi-
tioning test (Marsicano et al., 2002).

This scenario suggests that the endogenous cannabi-
noid system could be activated in a learning situation to
modulate the synaptic plasticity underlying a cognitive
process; if this is true, the administration of a selective
antagonist should interfere negatively with any endoge-
nous role of this system. Considering the importance of
CB1 system in the hippocampus (Herkenham et al.,
1991), and the fact that this brain structure is also deeply
involved in the memory processing of different behav-
ioral tasks (Izquierdo & Medina, 1995; Squire, 1992), we
decided to study the effect of post-training intrahippo-
campal administration of AM251, a CBl-selective
antagonist, in rats trained in inhibitory avoidance and
the open field habituation tasks, both known to be medi-
ated by different brain structures, including the hippo-
campus (Izquierdo et al., 1993).

2. Materials and methods

One hundred and twelve (112) male Wistar rats (age
2-3 months, weight 210-300 g) from our breeding colony
were used in this experiment. Animals were housed in
plastic cages, 4-5 to a cage, under a 12 h light/dark cycle
and at a constant temperature of 24+ 1°C, with water
and food ad libitum. All animals were anesthetized by a
mixture of ketamine and xilazine (i.p., 75 and 10mg/kg,
respectively) and bilaterally implanted with a 27-gauge
guide cannulae aimed at AP —4.2mm (from bregma),
LL£3.0mm, DV 1.8 mm, just 1.0mm above area CA1l
of the dorsal hippocampus (according to Paxinos &
Watson, 1998).

Once recovered from surgery (48 h), the animals were
submitted to a training session in the step-down inhibi-
tory avoidance (IA) or the open field habituation (OF)
task; 24 h later they were tested for the corresponding
task (Izquierdo et al., 1992). This task was carried out in
an automatically operated, brightly illuminated box, in
which the left extreme of the grid (42.0 x 25.0cm grid
of parallel 0.1cm caliber stainless steel bars spaced
1.0cm apart) was covered by a 7.0cm wide, 5.0 cm high
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formica-covered platform. Animals were placed on the
platform and their latency to step-down placing their
four paws on the grid was measured. In the training ses-
sion, immediately upon stepping down, the animals
received a 0.5mA, 3.0s scrambled footshock. In the test
session no footshock was given, and a ceiling of 180s
was imposed on the step-down latency. At the time of
infusion, right after training, 30-gauge cannulae were
fitted into the guide cannulae. The tip of the infusion
cannulae protruded 1.0mm beyond that of the guide
cannulae and was, therefore, aimed at the pyramidal cell
layer of CA1l in the dorsal hippocampus (Fig. 1), with
the 0.5 ul volume being administered at a 20 ul/h rate.
The animals were divided into groups receiving bilateral
infusions of 0.5 ul, either of AM251 (Tocris: 2, 20, and
200 uM solutions, resulting in concentrations of 0.55, 5.5,
and 55.5ng per side/hemistructure injected), or of its
vehicle (phosphate buffered saline with 8% dimethylsulf-
oxide) administered immediately after training. The
selected doses cover a range consistent with the final
concentrations in ex vivo/cell culture studies (Wilson &
Nicoll, 2001).

Open field habituation was studied using a 50cm
high, 60 x 40cm plywood box with a frontal glass wall
and a linoleum floor divided in 12 equal rectangles. Ani-
mals were left there for 3 min both in the training and the
test session, and the number of rearings and crossings

Fig. 1. Drawing representing AP plane —4.3 mm adapted from the
atlas of Paxinos and Watson (1998) showing the extent of the area
reached by our infusions in the rat dorsal hippocampus (stippled areas
represent typical regions of accepted animals, as dyed by 2% methy-
lene blue/0.5 pl saline infused through the same cannulae).

between sectors were counted each time. The difference
in the number of rearings, or of crossings between rect-
angles, between the two sessions was considered a mea-
sure of retention of habituation to the open field: if the
animals had habituated to the field during the first ses-
sion, they should recognize it as familiar, and, in conse-
quence, the number of rearings and crossings should be
smaller in the second session (Rosat, Da-Silva, Zanatta,
Medina, & Izquierdo, 1992). The number of crossings in
the test session may also be used as a control for the pos-
sible motor and general performance effects of the drug
administered 24 h before.

Statistical analysis of the behavioral data (latencies to
step-down in IA and number of rearings and crossings in
OF) was limited to the animals with correct cannula
placements (Fig. 1)—97 out of 112 operated, as
described in Izquierdo et al. (1992). Since all the studied
variables, including the step-down latencies, passed a
normality test (Kolmogorov—Smirnov test with Lillief-
ors’ correction), differences among groups were evalu-
ated by a one-way ANOVA, and the differences
compared by Tukey’s pairwise HSD post hoc test.

3. Results and discussion
Results are shown in Figs. 2 and 3A and B. In the
inhibitory avoidance, comparisons among test latencies

were possible since there was no statistically significant
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Fig. 2. Effect of AM251 in the open field habituation task. Data
expressed as means += SEM of the number of rearings and crossings.
Data expressed as means = SEM of the number of rearings and cross-
ings. One-way ANOVA shows no statistically significant differences
between the groups’ means, either for the training session (rearings,
P =300, crossings, P =.520), or for the test session (rearings, P = .629,
crossings, P =.941). (A) Each of the three experimental groups, respec-
tively, vehicle, 0.55 and 5.5 ng/side treated groups, show a significant
difference between training and test session rearings (P <.001 in all
groups, Paired samples ¢ test) and crossings (P <.001 in all groups,
Paired samples ¢ test).
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Fig. 3. Effect of AM251 in the step-down inhibitory avoidance task.
Data expressed as means +SEM of step-down latencies. One-way
ANOVA shows no significant difference among training session laten-
cies (P =.155). (A) Each of the four experimental groups have shown a
significant difference between training and test session latencies
(P =.000, .046, .039, and .034, Paired samples 7 test); (B) Only the
5.5ng/side group of AM251 displayed a significant difference in the
test session latency compared to the control group (P =.020, Tukey
HSD test).

difference among the training session latencies (one-way
ANOVA, P=.155); test session latencies, however,
exhibited a significant difference (P =.017). A post hoc all
pairwise multiple comparison procedure demonstrated
that only the group treated with 5.5ng/side of AM251
was significantly different from the control (vehicle-
injected) group (P=.020, Tukey HSD test); groups
treated with the other doses were not different from the
control (P>.050). Each of the four experimental groups,
respectively, vehicle, 0.55, 5.5, and 55.5ng/side treated
groups, presented a significant difference between train-
ing and test session latencies (P=.000, .046, .039, and
.034, Paired samples 7 test), i.e., all groups learnt the task.

In the open field habituation task (Figs. 3A and B),
the one-way ANOVA test showed no statistically signifi-
cant differences between the groups’ means, either for
the training session (rearings, P=.300, crossings, P=
.520), or for the test session (rearings, P =.629, crossings,
P =.941). Each of the three experimental groups, respec-
tively, vehicle, 0.55 and 5.5ng/side treated groups, dem-
onstrated significant differences between training and
test session rearings (P<.001 in all groups, Paired

samples ¢ test) and crossings (P<.001 in all groups,
Paired samples ¢ test), i.e., all groups learnt the task.

Since there was no significant statistical differences
among the mean values of the test session crossings,
motor performance effects of both studied doses of
AM251, including the IA effective one (5.5ng/side),
injected 24 h before (Fig. 3B), may be discarded.

Our results show that the antagonist, AM251, when
administered into the rat hippocampus immediately
after training, disrupts memory consolidation of the TA
task (Fig. 2), but not the OF task (Figs. 3A and B). The
effect seems to be purely mnemonic since: (a) the drug
shows no motor performance effects in response to the
drug (Fig. 3A), which could favor a false positive for the
intermediate dose in the A test session, and (b) AM251
was administered immediately after training, when
acquisition had already finished and its effects could be
only attributed to an interference with the consolidation
process (McGaugh, 1966). In support of a specific effect
of AM251 upon hippocampal CB1 receptors, it should
be remembered that the amnestic effect took place with
the lower, more selective dose (5.5 ng/side), not with the
higher one (that may bind to non-specific targets into the
hippocampus).

The different response observed for the two behav-
ioral tasks requires explanation, particularly if we con-
sider that the OF habituation task conforms better to
the well-known role of the hippocampus in spatial-
related behavioral situations (Izquierdo & Medina, 1995;
Squire, 1992). However, there is no reason to suppose
that every single modulatory system in a brain structure
must conform to a “general pattern” of functioning, par-
ticularly a neuromodulatory system such as the endoc-
annabinoid system. In particular, our results suggest that
hippocampal endocannabinoids are not acting upon the
consolidation of the OF habituation task. Conversely, the
fact that IA is sensitive to AM251 administered immedi-
ately after training raises the possibility that this system
requires some degree of aversiveness or alertness in
order to be recruited. The release of endocanabinoids in
response to a tone presentation, previously paired with a
shock, has been demonstrated in the amygdala (Marsi-
cano et al., 2002).

The amnestic effect of this CB1 antagonist appears to
contrast with some reports in the literature, where cann-
abinoids are more frequently described to cause disrup-
tive effects on memory and cognition (Ameri, 1999).
Some of these effects were attributed to the high density
of CBI receptors in the hippocampus (Herkenham et al.,
1991), but most of these studies investigated only sys-
temic effects, usually i.p. (Davies et al., 2002; Mazzola
et al., 2003; Wilson & Nicoll, 2002), and the observed
effects cannot be attributed a priori to any specific brain
target structure. An exception to this was a study by
Lichtman et al. (1995) who reported memory deficits in
the 8-arm radial maze following an intrahippocampal
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injection of the agonist, CP55,940, but not of ananda-
mide. This finding is important for comparison with
ours, however, the scope of the investigation cited was
not to study declarative memory, as we have done, but
working memory, a different process (Bianchin, Mello e
Souza, Medina, & Izquierdo, 1999). Egashira, Mishima,
Iwasaki, and Fujiwara (2002) studying the injection of
A°-THC into the hippocampus, found an impairment of
the spatial memory of this same behavioral task, a find-
ing that contrasted with ours.

In contrast, SR141716A, a frequently used CBI
antagonist, is almost always administered along with
other drugs, usually to check for the selectivity of ago-
nist-induced deficits (see Ameri, 1999; Davies et al., 2002;
Wilson & Nicoll, 2002). Injected alone, only when sys-
temically, it was found to cause memory improvement in
rats (Lichtman, 2000; Terranova et al., 1996; Wolff &
Leander, 2003) or no effect at all (Da Silva & Takahashi,
2002; Davies et al., 2002). Marsicano et al. (2002), how-
ever, reported that systemic SR141716A disrupted
extinction of aversive memories in mice.

We propose that increased levels of endogenous cann-
abinoids in the hippocampus, occurring immediately
after training, contribute to facilite memory consolida-
tion: the CB1 endogenous modulation acts to decrease
the activity of local (basically GABAergic) inhibitory
networks within the dorsal hippocampus, leading to
some decisive disinhibition of the output of the (for
instance) glutamatergic pyramidal neurons. CB1 antago-
nists, such as AM251, may disrupt this endogenous
modulatory system leading to the observed amnestic
effect, at least in the step-down inhibitory avoidance
task. This is fully consistent with the observation that
endocannabinoids might facilitate hippocampal long-
term potentiation through the suggested retrograde inhi-
bition of presynaptic GABA release (Carlson et al.,
2002). In this respect, it is important to consider the pos-
sibility that AM251 could be acting as an inverse ago-
nist, with its own metabolic effects, a possibility already
demonstrated for SR141716A (Landsman, Burkey,
Consroe, Roeske, & Yamamura, 1997): the similarity of
actions for these drugs is suggested by the fact that: (a)
the chemical structure of AM251 is almost identical to
that of SR141716A (Gatley, Gifford, Volkow, Lan, &
Makriyannis, 1996), and that (b) under certain circum-
stances both AM251 and SR 141716A inhibit G-protein
activity (Savinainen, Saario, Niemi, Jarvinen, & Laiti-
nen, 2003). This possibility, in principle, does not conflict
with our proposal that endogenous cannabinoids in the
hippocampus support memory consolidation by count-
erbalancing inhibitory actions within that structure, but
adds to the consequences of activating CB1 receptors in
the inverse direction, both suggesting the involvement of
the endocannabinoid system in cognitive processes.

This anatomical/functional hypothesis may be com-
plicated by the observation that many GABAergic

synapses seem to be insensitive to cannabinoids (Wilson
& Nicoll, 2002; Wilson, Kunos, & Nicoll, 2001), further-
more endogenous cannabinoids interfere with other
known modulatory hippocampal systems, such as the
cholinergic system (Christopoulos & Wilson, 2001), and
even with calcium homeostasis via NMDA (Hampson
et al., 1998) and/or VGCCs (Mackie et al., 1995; Wilson
& Nicoll, 2002). Finally, AM251 may be itself binding to
different targets, such as the putative “CB3” receptor,
postulated to explain the persistence of the effect of
SR 141716 or the agonists anandamide and WIN55212-2
(but not A°>-THC) in CBl-knockout mice (Breivogel,
Griffin, Di Marzo, & Martin, 2001), or the cannabinoid
modulatory site in the NMDA-glutamatergic receptor
(Hampson et al., 1998).

As related by Wilson and Nicoll (2002), it is prema-
ture to conclude that endocannabinoids promote learn-
ing, since studies with CBl-deficient, genetically
modified mice report both impairment and facilitation
of memory, as well as locomotor deficits. Investigations
with the CB1/“CB3” antagonist, SR141716, have dem-
onstrated no effect, or a facilitatory effect on memory
with evidence once more of hyperlocomotive effects of
the same drug (Breivogel et al., 2001). Considering our
amnestic effect with the antagonist AM251 into the hip-
pocampus we may suppose (despite the fact that this was
not directly addressed here) that the key to the well-
known amnestic (systemic) effect of cannabinoid CB1
agonists—including the effect observed with i.p. A>-THC
in the same aversive task here used (Miller, Drew, &
Joyce, 1973; Mishima et al., 2001)—may not reside in the
hippocampus, as usually suggested by different authors
(see review in Davies et al., 2002), but, perhaps, in some
sort of articulated action of different brain structures still
to be identified.
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