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Rat Hippocampal Neurons Are Critically Involved in Physiological
Improvement of Memory Processes Induced by Cholecystokinin-B

Receptor Stimulation
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The involvement in memory processes of the neuropeptide
cholecystokinin (CCK) through its interaction with the CCK-B
receptors was studied. The two-trial recognition memory task
was used. Control animals showed recognition memory after a
2 hr time interval but not after a 6 hr time interval between the
two trials. The improving effect of a selective CCK-B agonist,
BC 264, intraperitoneally administered (0.3 pg/kg) in the re-
trieval phase of the task (6 hr time interval), was also observed
after its injection (1 pmol/0.5 wl) in the dorsal subiculum/CA1 of
the hippocampus but not in the caudate/putamen nucleus or in
the prefrontal cortex of rats. The CCK-B antagonist L-365,260
injected (10 ng/0.5 wl) into this region of the hippocampus
abolished the improving effect of BC 264 injected intraperito-
neally. Furthermore, L-365,260 injected in the hippocampus
suppressed the recognition of the novel arm normally found in

the controls (2 hr time interval) when it was injected before the
acquisition or the retrieval phase of the task. In addition, an
increase of the extracellular levels of CCK-like immunoreactivity
in the hippocampus of rats during the acquisition and retention
phase of the task was observed. Finally, CCK-B receptor-
deficient mice have an impairment of performance in the mem-
ory task (2 hr time interval).

Together, these results support the physiological involvement
of the CCKergic system through its interaction with CCK-B
receptors in the hippocampus to improve performance of ro-
dents in the spatial recognition memory test.
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The sulfated octapeptide cholecystokinin (CCKg) exerts its ef-
fects through two G-protein-coupled receptors (Wank et al.,
1992; Lee et al., 1993): CCK-B receptors are found essentially in
the CNS and CCK-A receptors are highly concentrated in the
gastrointestinal tract but are also found in particular brain struc-
tures (Hill et al., 1987; Mercer and Beart, 1997).

Modulation of memory processes by the CCKergic system has
been demonstrated in studies using, in most of them, active and
passive avoidance tests (Katsuura and Itoh, 1986; for review, see
Itoh and Lal, 1990; Daugé and Léna, 1998). However, the role of
each receptor type and the physiological involvement of the
CCKergic system in memory processes remain poorly under-
stood. We have shown recently that systemic administration of
selective CCK-B agonists, such as BC 264 (Charpentier et al.,
1988), pBC 264 (Corringer et al., 1992), or RB400 (Million et al.,
1997), improved the cognitive performances of rats measured in
the spontaneous alternation test and a spatial two-trial memory
task (Ladurelle et al., 1997; Million et al., 1997; Léna et al., 1999;
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Taghzouti et al., 1999). These effects were dependent on the
dopaminergic (DAergic) system in the anterior part of the nu-
cleus accumbens (N.Acc.) (Ladurelle et al., 1997).

However, the systemic effects of BC 264 could not result from
a direct interaction between CCK-B receptors and DAergic ter-
minals in the N.Acc., because opposite behavioral and biochem-
ical responses were observed when this compound was locally
injected in the anterior N.Acc. (Daugé et al., 1992; Ladurelle et
al., 1993). This means that stimulation of CCK-B receptors local-
ized in cerebral structures other than the N.Acc. could be respon-
sible of the effects occurring at this level. The neurons of the
N.Acc. receive an intense DAergic innervation from the ventral
tegmental area and glutamatergic projections from the hippocam-
pus, the prefrontal cortex, and the amygdala (Groenewegen et al.,
1991). Interestingly, anatomical data showed that CCKergic ter-
minals establish direct synaptic contact with glutamatergic neu-
rons of the hippocampus that project to the N.Acc. (Totterdell and
Smith, 1986), and BC 264 was shown to increase the glutamate and
aspartate release and the firing rate of the CAl neurons of the
hippocampus of rats (Daugé et al., 1990; Migaud et al., 1994).

The present study was therefore designed to define the role of
brain structures, in particular the hippocampus and the prefrontal
cortex, in the effects of BC 264 in a two-trial memory task in rats.
This was achieved by local injection of BC 264 or the selective
CCK-B antagonist L-365,260 (Chang and Lotti, 1986) in these
structures. Furthermore, the physiological involvement of the
CCKergic system in a spatial memory task was investigated using
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local injection of L-365,260 in the hippocampus of rats, by behav-
ioral analysis of mice with a deletion of CCK-B receptors (Nagata
et al., 1996) and by quantification of the extracellular levels of
CCK-like immunoreactivity (CCK-LIR) in the hippocampus by
microdialysis in rat submitted or not to the memory task.

MATERIALS AND METHODS
Subjects

Male Wistar rats (Charles River, Saint-Aubin les Elbeuf, France) weigh-
ing 180-200 gm at the time of surgery were used. They were housed in
groups of four in a temperature-controlled (22 * 1°C) and humidity-
controlled (50 = 5%) environment and had access to food and water ad
libitum. Each animal was handled daily for 3 d before the experiments.

CCK-B/gastrin receptor-deficient mice were provided from the origi-
nal background 129sv/C57BL6 mice (Nagata et al., 1996). Breeding and
genotype analysis have been done by Transgenic Alliance (L’Arbresle,
France). Twenty-five CCK-B receptor-deficient mice (13 males and 12
females) and 26 mice (13 males and 13 females) of 129sv/C57BL6 genetic
background (3 months old) were used. They were housed at least 1 week
before the experiments in the laboratory in a temperature-controlled
(22 £ 1°C) and humidity-controlled (50 = 5%) environment and had
access to food and water ad libitum.

The animals were treated as approved by the local committee and in
accordance with the NIH Guidelines for the Care and Use of Laboratory
Animals (1985).

Surgery

Rats were anesthetized by an intraperitoneal injection of chloral hydrate
(400 mg/kg), mounted in a stereotaxic apparatus (Unimécanique), and
implanted bilaterally with 25-gauge stainless steel cannula guides (0.6
mm in external diameter) for local injection experiments. Unilateral
stainless steel cannula guides of 20-gauge were used for microdialysis
experiments. In both cases, cannulas were positioned 1.5 mm above the
structures. The coordinates, taken from the atlas of Paxinos and Watson
(1986) were as follows: (1) +1.6 mm anterior to the interaural; +3.8 mm
lateral to the midline; and —1.8 mm under the skull surface for the dorsal
subiculum/CAL1 of the hippocampus; (2) +0.1 mm anterior from bregma;
+2.7 mm lateral to the midline; and —4 mm under the skull surface for
the caudate/putamen nucleus; (3) +3 mm anterior from bregma; +0.6
mm lateral to the midline; and —3.7 mm under the skull surface for the
prelimbic/infralimbic cortex. Cannulas were secured to the skull with
stainless steel screws and dental cement. Animals were used for experi-
ments after a recovery period of 7 d.

Microinfusion procedure

Drugs and control solutions were injected bilaterally through the cannula
guide. A volume of 0.5 ul/side over 2 min was administered using a
Precinorm pump through 30.5-gauge stainless steel needles attached to a
10 wl microsyringe (Hamilton) by polyethylene tubing. The stainless steel
needles were 1.5 mm longer than the cannula guide and were left in situ
for 30 sec to allow diffusion of the drug.

Behavioral experiments

The memory task used (two-trial memory task in mice and rats), based
on the exploration of novelty, was first described by Dellu et al. (1992,
1997). Experiments with rats were performed in a wooden Y maze (40
cm long, 15 cm wide, and 35 cm high) covered with black vinyl and
illuminated by a 30 lux light. The floor of the maze was covered with
sawdust, which was mixed after each animal was tested. The behavior of
the animals was observed with a video camera connected to a computer
outside the testing sound-attenuated room. Numerous visual cues were
placed on the walls and were kept constant during the experiments.
Experiments with mice were performed as described above with rats,
except the dimensions of the wooden Y maze were different (25 cm long,
8 cm wide, and 15 cm high).

The test consisted of two trials, separated by different time intervals.
During the first trial (acquisition phase), one arm of the Y maze was
closed, and the animals explored the other two arms. During the second
trial (retrieval phase), the rats had access to the three arms. The time
spent in each arm of the maze and the total number of arm visits were
measured. The results are expressed as percentage of time spent in the
novel arm. The animals were placed in the same arm of the maze at the
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beginning of each trial, but the position of the closed arm was alternated
to the left or to the right of this arm, respectively, for half of the animals
of each group tested.

In some local injection experiments with rats, the first and second
trials, which lasted 3 and 2 min, respectively, were separated by a 6 hr
time interval for which the control rats did not recognize the novel arm
and explored the three arms equally (33.3% of visit duration in each
arm). The time interval of 6 hr allowed the memory-improving effect of
the drug to be studied, assessed by an increase in the exploration of the
novel arm.

In the other experiments, the trials were separated by a 2 hr time
interval for which the control rats spent more time exploring the novel
arm. This time interval allowed the memory-impairment effect of the
drug to be studied.

For microdialysis experiments, the two trials lasted 30 min because the
samples were collected every 30 min. During the intertrial interval, rats
were put back in the microdialysis box. The trials were separated by a 2
hr time interval. This time interval allowed changes in levels of CCK-
LIR to be linked to the cognitive process.

For mutant and wild-type mice, the task is the same as the previously
described one for the rats. The first and second trials, which lasted 3 and
2 min, respectively, were separated by a 2 hr time interval for which
control mice recognized and spent more time in the novel arm.

Experimental procedure for local injections in the two-trial
memory task in rats

Dorsal subiculum/CA1I of the hippocampus. In the dorsal subiculum/CA1l
of the hippocampus, four series of experiments were done.

The first consisted of a local injection of the CCK-B antagonist
L-365,260 15 min after the intraperitoneal injection of the CCK-B
agonist BC 264. The agonist was administered 30 min before the second
trial (i.e., the retrieval phase) after a 6 hr intertrial interval. The follow-
ing groups were studied: (1) control, 0.5% cyclodextrin locally plus saline
intraperitoneally (n = 12); (2) CCK-B antagonist group, 10 ng/0.5 ul
L-365,260 plus saline intraperitoneally (n = 13); (3) CCK-B agonist
group, 0.5% cyclodextrin locally plus 0.3 ug/kg BC 264, i.p. (n = 12); and
(4) CCK-B agonist and antagonist group, 10 ng/0.5 ul L-354,260 plus 0.3
ng/kg BC 264 (n = 13).

The second series of experiment corresponding to local injection of
BC 264 in the dorsal subiculum/CA1 of the hippocampus required three
experiments. Local injections of BC 264 were made 15 min before the
second trial of the memory task after a 6 hr intertrial interval. In the first,
two doses were tested: 10 fmol (n = 6) and 1 pmol (n = 4) (control group,
n = 5). In the second experiment, BC 264 was tested at two doses: 100
fmol (n = 9) and 1 pmol (n = 6) (control group, n = 5). In the third
experiment, two doses were tested: 500 fmol (z = 9) and 1 pmol (n = 5)
(control group, n = 8). Results were pooled because there was no
statistical difference between control groups and between the same doses
in the three experiments.

The third series consisted of performing local injection of L-365,260 in
the dorsal subiculum/CA1 of the hippocampus 15 min before the first
trial of the two-trial memory task (2 hr intertrial interval): control, 0.5%
cyclodextrin (n = 8); 10 ng/0.5 ul L-365,260 (n = 9).

The fourth series consisted of performing local injection of L-365,260
in the dorsal subiculum/CA1 of the hippocampus 15 min before the
second trial of the two-trial memory task after a 2 hr intertrial interval:
control, 0.5% cyclodextrin (n = 9); 10 ng/0.5 ul L-365,260 (n = 10).

Caudate/putamen nucleus. In the caudate/putamen nucleus, BC 264 was
tested at one dose: 1 pmol, n = 11; control group, n = 12. It was injected
15 min before the second trial of the two-trial memory task after a 6 hr
inter-trial interval.

Prefrontal cortex. In the prefrontal cortex, BC 264 was tested at four
doses: 100 fmol (n = 9), 1 pmol (n = 9), 10 pmol (n = 8), or 100 pmol
(n = 8) (control group, n = 10). BC 264 was injected 15 min before the
second trial of the two-trial memory task after a 6 hr intertrial interval.

Brain dialysis procedure

The dialysis probes, constructed according to the method of Robinson
and Whishaw (1988), consisted of a 2.5 mm long semipermeable poly-
acrilonitrile AN69 membrane with a molecular size cutoff of 40,000 Da
and an external diameter of 0.3 mm (a generous gift from HOSPAL,
Lyon, France), connected to a perfusion system as described previously
by Daugé et al. (1996).
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The probes were inserted into chronically implanted cannula guides
and positioned so that active membrane crossed the structure studied and
were maintained in position by a locking screw. This was performed
14-15 hr before the experiments, and the rats were put into individual
black boxes (40 X 40 X 40 cm) with access to food and water ad libitum
to habituate the animals to the new environment and to the connection
system of dialysis. After the 14-15 hr postimplantation period, the
microdialysis probes were connected to a microsyringe pump (Preci-
norm) via a channel liquid swivel. The perfusion was achieved at the flow
rate of 2 ul/min with a dialysis buffer (120 mm NaCl, 5 mm KCI, 1.8 mm
CaCl,, 1.2 mm MgCl,, 0.01% BSA, and 0.2 mm PBS, pH 7.4).

After 2 hr of perfusion, samples were collected every 30 min in tubes
maintained in dry ice. The samples were maintained at —80°C until the
quantification of CCK-like material. Two experiments were made. The
first consisted of collecting the samples of control rats left for 4 hr 30 min
in their box. The second was to collect the samples of rats submitted to
the two-trial task after a 2 hr time interval, as described above, except
that the duration of the two trials was 30 min to be in synchronization
with the dialysis sample collection (30 min). The first four samples of
microdialysis were used to calculate the basal efflux of CCK-LIR before
the two-trial memory task.

Radioimmunoassay dosage of CCK-LIR

The quantification of CCK-LIR in the dialysates was performed as
described previously by Daugé et al. (1999). The C-terminal antibody
8007 (a generous gift from Professor J. Rehfeld, Copenhagen, Denmark)
(1:7.5 X 10 ~5) was incubated at 4°C for 4 d with CCKj standards or with
dialysis samples and '**I CCKg in the RIA buffer (20 mm barbital buffer,
0.6 mM thiomersal, and 0.11% BSA v/v; the final pH was adjusted to 8.4).
Bound and free fractions were separated by adsorbing the free '*I CCKg
onto active dextran T70-coated charcoal, 4 gm/l and 40 gm/l, respec-
tively, in the RIA buffer containing 10% filtered horse serum. Radioac-
tivity in the bound fraction was measured by a gamma counter (Kontron
Elektronik, Eching, Germany). Under these conditions, 0.5 pg of CCK-
LIR can be detected in the dialysates. The percentages of cross reactivity
of CCK antibodies were 50.5% for CCKgNS, CCK,S, and CCK,NS and
0.001% for CCKs and CCK,.

Drugs

L-365,260 (3R-(+)-N-(2,3-dihydro-1methyl-2-oxo-5-phenyl-1H-1,4-benzo-
diazepin-3yl)-N'-(3-methyl phenyl) urea) (Chang and Lotti, 1986), a
generous gift of Rhone-Poulenc Rorer (Antony, France), was dissolved
in cyclodextrin (0.5%). BC 264 (Boc-Tyr(SO;H)-gNle-mGly-Trp-
(NMe)Nle-Asp-Phe-NH, ) (Charpentier et al., 1988), synthesized in the
laboratory, was dissolved in NaCl (0.9%). '*I CCKg was provided by
Amersham (Les Ulis, France).

Histological control

Rats were killed with an overdose of chloral hydrate. The brains were
removed and frozen in isopentane solution at —40°C, and 30 wm slices
were cut with a microtome. The position of the cannula or the probes was
estimated according to the atlas of Paxinos and Watson (1986). Figure 1
shows a schematic representation of the injection needle locations (A4, the
prelimbic/infralimbic cortex; B, the caudate/putamen nucleus; C, the
dorsal subiculum/CA1 of the hippocampus). For microdialysis experi-
ments, only the data of rats having probes that traversed 70% of the
dorsal subiculum/CA1l of the hippocampus were retained for
calculations.

Statistical analysis

For microdialysis experiment, data were analyzed by one-way ANOVA,
followed by a pairwise comparison with Dunnett’s test.

For behavioral studies with mice and rats, a one-way ANOVA, fol-
lowed by Dunnett’s test or Duncan test, was used.

The dose—effect curves of BC 264 obtained after local injection in the
dorsal subiculum/CA1 of the hippocampus required three experiments,
but data were pooled because no significant difference was obtained
between the values of control animals and between the same doses in the
different experiments.
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Figure 1.

Schematic representation of the injection needles located in
the prelimbic/infralimbic cortex (A4), the caudate/putamen nucleus (B),
and the dorsal subiculum/CA1 of the hippocampus (C).

RESULTS

Behavioral effects of CCK agonist and antagonist
compounds locally injected in the dorsal subiculum/
CA1 of the hippocampus in rats

Effects of BC 264 with and without L-365,260 in the two-trial
memory task after a 6 hr intertrial interval

BC 264, intraperitoneally administered in rat at the dose of 0.3
png/kg 30 min before the second trial (retrieval phase) of the
two-trial memory test, increased the time spent in the novel arm,
improving performance of rats as expected from previous ex-
periments (Léna et al., 1999). Local injection in the dorsal
subiculum/CA1 of the hippocampus of the CCK-B antagonist
L-365,260 at the dose of 10 ng/0.5 ul did not modify the time
spent in the novel arm. However, its administration 15 min after
the injection of BC 264 significantly suppressed the enhancement
of the time spent in the novel arm produced 30 min after the
intraperitoneal injection of 0.3 ug/kg of BC 264 (F (46, = 2.94;
p = 0.04) (Fig. 2), showing that the effect of BC 264, intraperi-
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Figure 2. Effect of the CCK-B antagonist L-365,260 (10 ng/0.5 ul) locally
injected into the dorsal subiculum/CA1 of the hippocampus on the im-
provement of the performance of rats in the two-trial memory test
produced by the intraperitoneal injection of the CCK-B agonist BC 264
(0.3 pg/kg). L-365,260 was injected 15 min after BC 264. BC 264 was
injected 30 min before the second trial (retrieval phase) of the task after
a 6 hr time interval. L-365,260 was dissolved in cyclodextrin (0.5%), and
BC 264 was dissolved in saline. C, Control; rats received 0.5 ul/side of
cyclodextrin (0.5%) in the dorsal subiculum /CA1 of the hippocampus plus
1 ml/kg saline intraperitoneally. Results are expressed as mean = SEM of
the percentage of time spent in the novel arm. *p < 0.05 versus control
group; *p < 0.05 versus BC 264 group; Duncan test.

toneally injected, was dependent on the CCK-B receptor stimu-
lation in the hippocampus. Both compounds were injected before
the second trial of the task (retrieval phase). L-365,260 and BC
264 did not change the total number of visits in the three arms of
the maze (data not shown).

Effects of BC 264 in the two-trial memory task after a 6 hr
intertrial interval

Figure 34 shows that, 15 min after local injection in the dorsal
subiculum/CAL1 of the hippocampus of 1 pmol of BC 264, rats
spent significantly more time in the novel arm during the second
trial compared with the control group (F, 5,y = 3.148; p = 0.01).
This indicates that BC 264 improved performance of rats. The
other doses (0.01, 0.1, and 0.5 pmol) tested did not significantly
modify the time spent in the novel arm compared with the control
group. BC 264 did not change the total number of arms visits
(data not shown).

Effects of local injection of L-365,260 in the two-trial memory
task after a 2 hr intertrial interval
In Figure 44, control rats spent more time in the novel arm than
in the others after a 2 hr intertrial interval. The injection of
L-365,260 at the dose of 10 ng/0.5 wl in the dorsal subiculum/CA1
of the hippocampus 15 min before the first trial of the two-trial
memory task (acquisition phase) induced a decrease in the time
spent in the novel arm compared with the control group (F( 5, =
17.453; p = 0.0008) (Fig. 44). The total number of arm visits were
not changed compared with the control group (data not shown).

The injection of L.-365,260 at the dose of 10 ng/0.5 wl 15 min
before the second trial (retrieval phase) significantly decreased
the time spent in the novel arm compared with the control group
(Fa17y = 5.825; p = 0.02) (Fig. 4B). The total number of visits
were not changed compared with the control group (data not
shown).

The rats treated with L-365,260 did not recognize the novel
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Figure 3. Effects of BC 264 locally injected in the dorsal subiculum/CA1
of the hippocampus (A4), the caudate/putamen nucleus (B), and the
prelimbic/infralimbic cortex (C) in the two-trial memory task after a 6 hr
time interval. BC 264 was injected 15 min before the second trial (retriev-
al phase) of the test. Control group (C) was locally injected with saline
(0.5 ul/side); the BC 264 group was injected with 0.5 ul/side of BC 264 at
the doses of 0.01-1 pmol in the dorsal subiculum of the hippocampus, of
1 pmol in the caudate/putamen nucleus, and of 0.1-100 pmol in the
prelimbic/infralimbic cortex. Results are expressed as mean = SEM of the
percentage of time spent in the novel arm. *xp < 0.01 versus control
group; Dunnett’s test.

arm and explored the three arms equally; L-365,260 impaired
performance of rats.

Effects of BC 264 locally injected in the
caudate/putamen nucleus of rats in the two-trial
memory task after a 6 hr intertrial interval

BC 264 locally injected at the dose of 1 pmol 15 min before the
second trial of the memory task did not modify the time spent
in the novel arm compared with the control group (p = 0.42)
(Fig. 3B).

Effects of BC 264 locally injected in the
prelimbic/infralimbic cortex of rats in the two-trial
memory task after a 6 hr intertrial interval

BC 264 locally injected at the doses of 100 fmol, 1 pmol, 10 pmol,
or 100 pmol 15 min before the second trial of the memory task did
not significantly modify the time spent in the novel arm compared
with the control group (F4 59, = 0.432; p = 0.78) (Fig. 3C).

Microdialysis experiments in the dorsal subiculum/CA1
of the hippocampus of rats
The mean of the basal extracellular levels of CCK-LIR in control
rats was 0.63 = 0.03 pg/sample (n = 5). There was no significant
change in the levels of CCK-LIR according to the time (F(g 30y =
0.817; p = 0.604) (Fig. 54).

Microdialysis technique was performed with rats during the
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Figure 4. Effects of L-365,260 locally injected into the subiculum dorsal/
CA1 of the hippocampus before the first trial (acquisition phase) (A) and
before the second trial (retrieval phase) (B) of the two-trial memory task
after a 2 hr time interval. L-365,260 was dissolved in cyclodextrin (0.5%).
Control rats (C) received 0.5 ul/side of cyclodextrin (0.5%). The rats
were tested 15 min after L-365,260 or cyclodextrin (0.5%) injection.
Results are expressed as mean = SEM of the percentage of time spent in
the novel arm. *p < 0.05 versus control group; Dunnett’s test.

two-trial memory task after a 2 hr intertrial interval. Twelve of 14
rats spent more time in the novel arm during the second trial
(48 £ 4.2%). The microdialysis samples of these rats were there-
fore analyzed. There was a significant time effect in the extracel-
lular levels of CCK-LIR during the two-trial memory task
(Fa12,130) = 2.57; p = 0.004) (Fig. 5B). A significant increase in the
percentage between the basal levels and the levels obtained
during the first trial in the maze was obtained. This increase
lasted 1 hr, i.e., during the first trial, and 30 min after this trial
(retention phase). Then, the extracellular levels of CCK-LIR
returned to the basal values. There is no significant modification
of the extracellular levels of CCK-LIR during and after the
second trial.

Behavioral experiments with CCK-B

receptor-deficient mice

During the two-trial memory task after a 2 hr intertrial interval,

wild-type mice spent more time in the novel arm. In contrast,

mutant mice (n = 25) significantly spent less time in the novel

arm, indicating a decrease of performance (F(; 49y = 5.545; p =

0.02; n = 26) (Fig. 6B). There was no modification of the total

number of arm visits between the two groups (data not shown).
There was no significant difference between male and female in

both behavioral tests

DISCUSSION

The stimulation of CCK-B receptors by selective CCK-B agonists,
such as BC 264 injected by intraperitoneally route, induced an
improvement of the performance of both young and old rats in
the two-trial memory test, on both the retention and the retrieval
phases of the spatial recognition task (Léna et al, 1999;
Taghzouti et al., 1999). The aim of this study was to try to
characterize the brain structures that are responsible for the
improving effects of BC 264 on the retrieval phase in the two-trial
memory task and to study the physiological involvement of the
CCKergic system in the performance of rodents.

Locally injected into the dorsal subiculum/CA1l of the hip-

Sebret et al. «+ CCK-B Receptor Activation Improved Spatial Memory

>

1.2+
1.01
0.81
0.6 1
0.4
0.21

CCK-LI (pg/60pl)

11 12 13 14 15 16 Hours

300 1

200 1

CCK-LI (%)

100 1

0 T T T T T T T
11 12 13 14 15 16 17 Hours
i

<.—-—>
basal inter- after
levels trial task
time
First second
trial trial

Figure 5. Microdialysis experiments in freely moving rats. 4, Determi-
nation of the extracellular basal levels of CCK-LIR in the subiculum
dorsal/CA1 of the hippocampus of rats (n = 5). The dialysis samples were
collected each 30 min for 4 hr 30 min. Results are expressed as mean *
SEM of CCK-LIR in picograms per sample. There was no significant
variation with time. B, Determination of the extracellular levels of CCK-
LIR in the dorsal subiculum of the hippocampus during the two-trial
memory task with a 2 hr time interval. Twelve of 14 rats spent more time
in the novel arm compared with the 2 familiar ones (48 = 4.2%). The
microdialysis samples of these 12 rats were therefore analyzed. The first
four samples were used to calculate the basal levels of CCK-LIR for each
rat. Data were then calculated as percentage of the average of the
extracellular basal levels before the test. Results are expressed as the
mean * SEM of the percentage of CCK-LIR in the sample versus basal
levels. *p < 0.05; Dunnett’s test.

pocampus in rats, BC 264 reproduced the same responses as those
obtained after intraperitoneal injection of the CCK-B agonist.
Furthermore, local injection of the selective CCK-B antagonist
L-365,260 into the same region of the hippocampus did not
produce an effect by itself but completely suppressed the improv-
ing effect of BC 264 intraperitoneally injected, showing a partic-
ipation of this structure in the improvement of performance
observed.

In contrast, neither the medial prefrontal cortex nor the
caudate/putamen nucleus of rats appeared directly involved in the
effects of BC 264, because the agonist did not produce modifica-
tion of the performance of rats on the retrieval phase, after its
local administration in these structures. These results are in
agreement with the fact that caudate/putamen nucleus did not
seem to mediate spatial memory (Packard et al., 1989; McDonald
and White, 1993). On the other hand, they do not exclude a
possible indirect participation of the medial prefrontal cortex in
BC 264 effects.
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Figure 6. Behavioral experiments with CCK-B receptor-deficient and
wild-type mice. Impairment of the performance of CCK-B receptor-
deficient mice was observed in the two-trial memory task after a 2 hr time
interval. Results are expressed as mean = SEM of the percentage of time
spent in the novel arm. *p < 0.05 versus wild-type group; Dunnett’s test.

The hippocampus is one of the brain structure that contains the
highest levels of CCK-LIR and CCK-B receptors (Zarbin et al.,
1983; Hill et al., 1987; Pélaprat et al., 1987). In this region, CCK
is colocalized with GABA in local circuit neurons (Gulyas et al.,
1993). The axons of the CCK-positive neurons were shown to
project predominantly to pyramidal neurons in the stratum pyra-
midale and on the proximal dendrites of these cells in CA1 and
CA3 fields (Freund and Buzsaki, 1996). Therefore, the CCKergic
system could exert some influence on the outputs from the hip-
pocampus to other brain structures. The N.Acc. could be one of
them because the CCKergic interneurons located in the subicu-
lum establish synaptic contacts with glutamatergic neurons pro-
jecting to the N.Acc. (Totterdell and Smith, 1986). Several in vitro
studies also suggest the existence of interactions between CCK-
ergic and glutamatergic systems in the hippocampus. Thus, CCKg
and selective CCK-B agonists, such as BC 264, increased the
firing rate of the hippocampal CA1l neurons (Boden and Hill,,
1988; Bohme et al., 1988; Daugé et al., 1990) and produced an
increase of basal or K" -evoked-dependent release of aspartate
and glutamate from rat hippocampal slices (Migaud et al., 1994;
Breukel et al., 1997). In addition, the CCKergic system interacts
with the GABAergic system in the hippocampus. Indeed, CCKg
induced GABA release by inhibiting a resting K™ conductance in
CA1 hippocampal interneurons (Perez de la Mora et al., 1993;
Miller et al.,, 1997). Furthermore, there are arguments that
GABAergic interneurons besides glutamate might have an active
role in information processing. It was argued that hippocampal
GABAergic interneurons have a potential role in providing spa-
tial and temporal conditions for modifications of synaptic weights
during hippocampus-dependent memory processes (for review,
see Paulsen and Moser, 1998).

On the other hand, BC 264 was also shown, after intraperito-
neal administration in rats, to increase the extracellular levels of
dopamine in the anterior N.Acc. (Ladurelle et al., 1997). Further-
more, its improving effect in the two-trial memory test was
completely suppressed by peripheral injection or local injection in
this part of the N.Acc. of the selective D2-like antagonist
sulpiride (Ladurelle et al., 1997; 1. Léna, H. Dhotel, C. Garbay,
B. P. Roques, and V. Daugé, unpublished observations). How-
ever, BC 264 very probably did not directly act in this structure to
produce this effect, because local injection of BC 264 in the
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anterior N.Acc. decreased the dopamine release and produced
opposite behavioral responses (Daugé et al., 1992; Ladurelle et
al., 1993).

Therefore, one hypothesis to account for the intraperitoneal
effects of BC 264 could be that this agonist, acting on the CCK-B
receptors located in the dorsal subiculum/CA1 of the hippocam-
pus, stimulates the glutamatergic projections to the anterior
N.Acc., resulting in a local increase in dopamine release. How-
ever, more complex and indirect pathways could also occur to
explain both the action of BC 264 in the hippocampus and the
increase of dopamine release obtained in the anterior N.Acc. For
example, the increase of dopamine release in the anterior N.Acc.
could be generated from the hippocampus, which sends informa-
tion to the prefrontal cortex, and by a subsequent activation of
glutamatergic efferents from the prefrontal cortex to the N.Acc.
Accordingly, it was shown that the subiculum—prefrontal cortex—
N.Acc. network is involved in a spatial memory task (Floresco et
al., 1996, 1997). Another possibility could be the involvement
of the hippocampus—N.Acc.—dorsomedial thalamus nucleus—
prefrontal cortex—N.Acc. network (for review, see Gray, 1994).
Whatever the case, it was reported that glutamate, locally injected
or released after stimulation of cortical or hippocampal afferents,
increased the release of DA in the N.Acc. (Imperato et al., 1990;
Taber and Fibiger, 1995). Furthermore, the performance of rat in
a spatial memory task was abolished after lesion of the hippocam-
pus and was dependent on a concomitant activation of DA trans-
mission in the N.Acc. (Burns et al., 1993; Floresco et al., 1996,
1997).

In the second part of this work, the physiological role of the
CCKergic system in the two-trial memory test was analyzed with
a 2 hr intertrial interval in which the rats recognized and spent
more time in the novel arm than in the two others. In a first
experiment, stable basal extracellular levels of CCK-LIR were
detected in the dorsal subiculum/CAl of the hippocampus of
control rats. Interestingly, an increase of the extracellular levels of
CCK-LIR was observed during the first exposure of the rats to the
task (30 min) and during the 30 min period after this first trial
that corresponds to the retention period. Then, the extracellular
levels of CCK-LIR slightly decreased to the basal values before
the second trial. During and after the second trial, there is a slight
increase of released CCK-LIR, but it was not statistically signif-
icant. During microdialysis experiments, the animals recognized
the novel arm because the number and the duration of visits of
the novel arm were significantly higher than those of the other
familiar arms, showing that the microdialysis technique did not
perturb these behavioral responses. The fact that BC 264 im-
proved the performance of rats during the retrieval phase of the
task after its injection in the dorsal subiculum/CA1 of the hip-
pocampus and that there was not a significant increase of CCK-
LIR during this phase could mean that the effect of BC 264 does
not correspond to a physiological response. However, the lack of
significant increase of the extracellular levels of CCK-LIR during
the retrieval phase could be attributable to the too low sensitivity
of the technique (the samples corresponded to a 30 min period of
collected dialysate to detecte a basal level of CCK-LIR). To
elucidate this point, we performed experiments with the CCK-B
antagonist L.-365,260. Indeed, its local administration in the dor-
sal subiculum/CAl of the hippocampus, before the first trial or
before the second trial, completely suppressed the preferential
visit of the novel arm in the 2 hr intertrial interval protocol,
indicating that a phasic release of CCK very likely occurred
during these both phases of the task. This does not seem to be the



7236 J. Neurosci., August 15, 1999, 19(16):7230-7237

case in the 6 hr intertrial interval protocol, because L-365,260 had
no effect by itself when the control rats did not recognize the
novel arm (6 hr time interval).

Together, these results are in favor of a physiological partici-
pation of the CCKergic system of the dorsal subiculum/CAl of
the hippocampus in this spatial recognition memory task.

Finally, the CCK-B receptor-deficient mice represent an inter-
esting model to investigate the physiological significance of the
receptor in vivo. In this study, the impairment of the performance
in the two-trial memory task of deficient mice compared with the
wild type clearly showed a critical role of CCK-B receptors in this
memory process.

In conclusion, these data showed the involvement of the hip-
pocampus in the improving effect of BC 264 on memory processes
in rats, emphasized the role of the dorsal subiculum/CAl in
spatial recognition memory, and support a physiological role of
the CCKergic system by the interaction of CCK on its CCK-B
receptors in spatial memory.
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