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Enhanced Cortical Extracellular Levels of Cholecystokinin-Like
Material in a Model of Anticipation of Social Defeat in the Rat
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The involvement of cholecystokinin (CCK) in the mechanisms of
stress and/or anxiety was assessed by in vivo microdialysis in
rats subjected to a social stress paradigm. During the initial 30
min period of each conditioning session, a male Sprague Daw-
ley rat (intruder) was placed in a protective cage inside the cage
of a male Tryon Maze Dull rat (resident), allowing unrestricted
visual, olfactory, and auditory contacts but precluding close
physical contact between them. During the following 15 min
period, both the protective cage and the resident were removed
(nondefeated intruders) or only the protective cage was re-
moved allowing the resident to attack the intruder (defeated
rats). This procedure was repeated once daily for 4 d. On the
fifth day, a guide cannula was implanted into the prefrontal
cortex of intruders. During a single 30 min test session, per-
formed 4 d later, intruders were subjected to only the 30 min

protected confrontation to the resident. Anxiety-like behavior
(immobility, ultrasonic vocalizations, and defensive postures),
associated with an increase (approximately +100% above
baseline) in cortical outflow of CCK-like material (CCKLM), were
observed in defeated intruders. Pretreatment with diazepam (5
mg/kg, i.p.), but not buspirone (0.5-2 mg/kg, i.p.), prevented
both the anxiety-related behavior and CCKLM overflow. The
selective CCK-B receptor antagonist CI-988 (2 mg/kg, i.p.)
reduced the anxiety-like behavior without affecting the increase
in CCKLM outflow. These data indicate that anticipation of
social defeat induces a marked activation of cortical CCKergic
neurons associated with anxiety-related behaviors in rats.

Key words: CCK; in vivo microdialysis; frontal cortex; antici-
pation of social defeat; anxiolytics; stress; anxiety

A large body of evidence supports the proposal that cholecysto-
kinin (CCK) plays an important role in the neurobiological mech-
anisms of stress and/or anxiety. To date, two types of specific
receptors, named CCK-A and CCK-B, are known to mediate the
actions of this neuropeptide. Although CCK-A receptors are
found primarily in the periphery, they are also present in a few
brain areas (area postrema, interpeduncular nucleus, and nucleus
of the solitary tract). On the other hand, CCK-B receptors are
almost exclusively expressed in the CNS (Noble et al., 1999).
Sulfated CCK-8 (CCK-8S) and other CCK-B receptor agonists,
such as the tetrapeptide CCK-4, possess anxiogenic-like proper-
ties in various species (van Megen et al., 1996). In humans,
administration of CCK-4 has been reported to provoke attacks in
panic subjects (Bradwejn et al., 1990) and healthy volunteers (de
Montigny, 1989). Conversely, selective CCK-B receptor antago-
nists produced anxiolytic-like effects in various animal paradigms
(such as plus-maze and social interaction) (van Megen et al.,
1996; Shlick et al., 1997; Daugé and Léna, 1998) and prevented
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CCK-4 from inducing panic attacks in humans (Bradwejn et al.,
1994).

CCK-containing neurons are widely distributed throughout the
brain, especially in corticolimbic structures such as the frontal
cortex (Beinfeld et al., 1981; Marley et al., 1984; Iadarola et al.,
1989). Increases in the tissue concentrations of CCK and the
density of CCK receptors have been consistently reported in the
cerebral cortex of rats subjected to anxiogenic situations (Siegel et
al., 1984; Brodin et al., 1989; Harro et al., 1990, 1992; Vasar et al.,
1993). Additionally, cortical extracellular CCK concentrations
increased in rats subjected to stressful or anxiogenic-like stimuli
(Nevo et al., 1996; Becker et al., 1999). However, the experimen-
tal paradigms used in these studies did not permit the assessment
of a causal link between increased cortical CCK outflow and
behavior. The aim of the present study was to fill in this gap by
quantifying both the cortical CCK release and the behavior of
rats subjected to a relevant stressful paradigm.

Social defeat, which results from exposure of a male rat to
social agonistic encounters, is a situation frequently met in the
natural habitat (Koolhaas et al., 1997). Convergent data have
demonstrated that a social-aggressive encounter induces physi-
ological evidence of stress, including elevations in plasma ACTH
and corticosterone levels, increased heart rate and body temper-
ature, and altered activity of neurochemically identified systems
in brain (Miczek et al., 1991; Albonetti and Farabollini, 1994;
Tornatzky and Miczek, 1994; Tidey and Miczek, 1996; Keeney
and Hogg, 1999). Thus, this procedure can be considered as an
appropriate model for the analysis of changes associated with social
stress in rats.

The present paradigm was designed to study concomitantly the
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conditioned behavioral and biochemical consequences of the an-
ticipation of social defeat. This was achieved by repeatedly sub-
jecting experimental intruder rats to the threats by an aggressive
conspecific resident, before being physically attacked and de-
feated. The effects of clinically efficient or putative anxiolytics on
both behavioral parameters and cortical CCK release were exam-
ined under these experimental conditions.

MATERIALS AND METHODS
Animals

Male Sprague Dawley rats (Centre d’Elevage R. Janvier, Le Genest-St-
Isle, France), weighing 250-300 gm, served as the experimental “intrud-
er” animals. They were placed in individual cages (45 X 25 X 17 cm) for
10 d before the beginning of the experiments. Male Tryon Maze Dull S3
(TMD) rats (University of Limburg, Maastricht, The Netherlands),
weighing 500-600 gm, served as “resident” rats in agonistic encounters.
They were housed singly from weaning (at 3 weeks of age) in appropriate
cages (45 X 45 X 17 cm). TMD rats are known as being spontaneously
territorially aggressive animals and thereby dominant against intruders
(Koolhaas et al., 1990). Ten TMD rats were used for the whole series of
experiments performed in these studies. All animals were kept under
controlled environmental conditions (22 * 1°C, 60% relative humidity,
12 hr light/dark cycle, food and water ad libitum). Procedures involving
animals and their care were all conducted in conformity with the insti-
tutional guidelines that are in compliance with national and international
laws and policies (council directive #87-848 from the Ministere de
I’Agriculture et de la Forét, Service Vétérinaire de la Santé et de la
Protection Animale).

Social defeat

Procedure. The behavioral procedure consisted of four daily conditioning
sessions and one test session that involved the same pairs of residents and
intruders. The 45 min conditioning sessions were divided into two
consecutive periods. During period I (30 min), intruders were placed
singly in a protective cage without cover (25 X 25 X 30 cm) inside the
resident home cage. The resident home cage had no cover and was
surrounded by a 100-cm-high wire-mesh enclosure (45 X 45 cm). The
protective cage allowed unrestricted visual, auditory, and olfactory con-
tacts with the resident but precluded close physical contact (Fig. 1).
During period II (15 min), the protective cage was removed. After the
fourth conditioning session, i.e., the fifth day, intruders were implanted
with a guide cannula (see below). Four days later, the experimental
intruders implanted with the microdialysis probe (see below) were sub-
jected to a single test session that consisted of a 30 min protected
confrontation only.

Intruder rats were divided into two groups. During period II of each
session, the resident was either present, allowing physical confrontation
with the intruder (defeated intruders), or removed, while the intruder
had access to the entire resident home cage (nondefeated intruders).
Therefore, the nondefeated intruders were never physically attacked and
defeated by the resident.

Behavioral quantification. The duration of immobility and 22 kHz
ultrasonic vocalizations (USV) and the total number of rearings, wall-
climbings (i.e., ascending the protective wire-mesh partition), and defen-
sive—submissive postures (i.e., upright posture) were directly observed
during period I of the four conditioning sessions and during the test
session. USV were detected using a Batbox III (CEBA, Le Verdier,
France), and behaviors were measured by two experienced observers
who were blind to the treatment conditions.

Behavioral data were analyzed by two-way (subjects, sessions or sub-
jects, drugs) ANOVAs followed, as appropriate, by pairwise compari-
sons using the Dunn’s ¢ test with the error variance term from ANOVAs.

Microdialysis

To estimate the in vitro recovery of CCK-like material (CCKLM),
dialysis membrane was immersed at room temperature in an artificial
CSF (aCSF) containing 0.25 or 0.50 ng/ml CCK-8S (Bachem, Buben-
dorf, Switzerland) and continuously perfused with aCSF at 3.0 ul/min.
Two fractions (corresponding to 90 ul each, 30 min) were collected for
each probe at each concentration of CCK-8S. The collected fractions, as
well as 90 ul aliquots of the original solutions, were assayed for their
CCKLM content by the radioimmunoassay (RIA) procedure described
below. The relative recovery of a probe was calculated as the percentage
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Figure 1. Social defeat stress procedure. 4, Conditioning sessions. Dur-
ing period I (30 min), the intruder was placed in a protective cage inside
the home cage of resident. The protective cage allowed unrestricted
visual, auditory, and olfactory contacts with the resident but precluded
close physical contact. Then the protective cage was removed, allowing
the resident to attack the intruder (period II, 15 min). B, The experimen-
tal procedure consisted of four daily conditioning sessions (D/-D4) and
one test session (D9) that involved the same pairs of residents and
intruders. A microdialysis guide cannula was implanted on day 5. On day
9 in the course of the microdialysis study, intruders were subjected to a
single test session that consisted of a 30 min protected confrontation to
resident (period I only).

of CCKLM quantified in the microdialysates over that present in the
original solution. For the two CCK-8S concentrations tested, this ratio
was constant: 8.2 = 0.4% (mean * SEM; n = 22). When the bath
concentration of CCK-8S was changed from 0.25 to 0.50 ng/ml, equilib-
rium was reached within the 30 min collection period after this change.

Twenty-four hours after the fourth conditioning session, intruders
were anesthetized with chloral hydrate (375 mg/kg, i.p.) and positioned
in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). The skull
was exposed, and a 1 mm diameter hole was drilled for the descent of a
stainless steel guide cannula (CMA/12; outer diameter, 0.7 mm; CMA
Microdialysis, Stockholm, Sweden) with a “dummy probe.” Descent was
made down to the following coordinates for the tip of the guide cannula
just above the frontal cortex: anteroposterior, +2.7 mm from bregma;
lateral, —1.7 mm from bregma; height, —0.8 mm from the skull (Paxinos
and Watson, 1986). The cannula was then secured with dental cement to
the skull, and the skin was sutured. Animals were allowed to recover
from the surgery in individual cages for 4 d before the microdialysis
experiment.

The day before the experiment, rats were placed in a Plexiglas micro-
dialysis bowl (35 c¢cm in diameter) with access to food and water ad
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libitum. The next morning, the dummy probe was removed, and a
microdialysis probe (CMA/12; cutoff, 20,000 Da; outer diameter, 0.5
mm; 2 mm in length; CM A Microdialysis) was introduced into the guide
cannula so as to protrude by 2 mm into the frontal cortex (Nevo et al.,
1996). The probe was continuously perfused at a flow rate of 3.0 ul/min
with aCSF (in mm: 146 NaCl, 3.0 KCI, 1.2 CaCl,, 1.0 MgCl,, 1.9
Na,HPO,, and 0.1 NaH,PO,, final pH 7.4) supplemented with bovine
serum albumin (BSA) [0.025% w/v (Sigma, St. Louis, MO)] and pepti-
dase inhibitors [0.03% w/v, bacitracin (Janssen, Geel, Belgium) and 0.1%
w/v, polypep (Sigma)]. To allow dialysis to reach steady state around the
membrane probe, perfusion was performed for 90 min (washout period)
before collection of the first fraction (Nevo et al., 1996). In all experi-
ments, 11 fractions of 90 ul (each corresponding to 30 min of perfusion)
were collected at 0°C and then immediately frozen at —30°C until the
determination of their CCKLM content using the RIA procedure de-
scribed below.

During the microdialysis procedure, 118 min after collection of the
first fraction, i.e., 2 min before collecting the fifth fraction, intruders
(either defeated or nondefeated) were subjected to the behavioral test
session. Each rat was gently moved to the protective cage placed inside
the usual resident home cage for the 30 min test session and then back to
the microdialysis bowl. This was done without having to detach the
swivel arm. Thus, during the microdialysis procedure, intruders were
threatened, but not defeated, by the resident.

At the end of the experiment, animals were deeply anesthetized with
chloral hydrate and decapitated. Brains were removed and immediately
frozen in isopentane cooled by dry ice. Placement of microdialysis probes
was verified by histological examination. When the probe was incorrectly
placed, the corresponding results were discarded (in only 2 of the 73
intruders used in the studies).

Drugs and treatments. The benzodiazepine receptor agonist diazepam
(5 mg/kg; Hoffmann-La Roche, Basel, Switzerland), the selective CCK-B
receptor antagonist CI-988 [2 mg/kg; Parke-Davis, Ann Arbor, MI
(Hughes et al., 1990)], or the 5-HT, 5 receptor agonist buspirone [0.5, 1.0,
and 2.0 mg/kg; Bristol-Myers Squibb, Wallingford, CT) (Hamon, 1997)],
were administered intraperitoneally to the intruder 30 min before its
protected introduction into the resident home cage. The benzodiazepine
receptor antagonist flumazenil [10 mg/kg, i.p.; Hoffmann-La Roche
(Hunkeler et al., 1981)] was injected 5 min before the administration of
diazepam. Buspirone was diluted in saline (0.9% w/v NaCl). Diazepam,
flumazenil, and CI-988 were prepared as a suspension in acacia gum in
distilled water. Intruders that received vehicle (3 ml/kg) were treated
according to the same protocol.

CCKLM radioimmunoassay. The buffer used for preparing ['*I]hu-
man gastrin solution (2000 Ci/mmol; CIS Bio International, Gif-sur-
Yvette, France) and charcoal suspension was 50 mm barbital-HCI, pH
8.5, containing 1 gm/1 sodium azide and 10 mm MgCl,. The anti-CCK-8
antiserum was obtained in a rabbit injected repeatedly with CCK-8
coupled to thyroglobulin by glutaraldehyde (Studler et al., 1981). For the
measurement of CCKLM in microdialysates, 90 ul fractions were incu-
bated with 100 ul of an anti-CCK antiserum solution [in barbital-HCI
buffer containing 3.75 gm/lI BSA; 1/1,500,000 final dilution (Benoliel et
al., 1992)] and 50 ul of barbital-HCI buffer. After a 48 hr incubation at
4°C, 50 ul of the ['*I]gastrin tracer solution (corresponding to 2000—
2500 cpm) was added, and incubation proceeded for an additional 20-24
hr. The assay was stopped by adsorbing the free tracer onto active
dextran T70-coated charcoal (4 and 40 gm/l, respectively, in the barbital-
HCI buffer containing 10% horse serum; 1 ml of the suspension per
tube). The tubes were immediately centrifuged at 6000 X g for 10 min at
4°C, and the radioactivity in the supernatants was estimated by gamma
spectrometry. Standard curves were prepared from RIAs of standard
solutions of 0.5-50 pg/tube of authentic CCK-8S in 50 ul of the barbital-
HCI buffer supplemented with BSA. These aliquots were mixed with 90
ul of aCSF and 100 ul of the antiserum dilution, and RIAs then
proceeded as described above. The detection limit of the assay was 0.75
pg of CCK-8S per tube, and half displacement of [ '**I]gastrin bound to
antibodies was obtained with ~10 pg of the peptide.

Under these RIA conditions, the cross-reactivity was 233% with non-
sulfated CCK-8, 204% with gastrin, 31% with CCK-7S, 26% with non-
sulfated CCK-7, 25% with CCK-5, 11% with CCK-33, and 1% with
CCK-4, and was undetectable with rat a-calcitonin gene-related peptide
(up to 2.5 pg/tube) compared with 100% for synthetic CCK-8S.

The CCKLM content of each fraction was expressed as CCK equiva-
lents, i.e., the amount of authentic CCK-8S producing the same displace-
ment of the radioiodinated tracer bound to anti-CCK antibodies as the
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endogenous material. These values were not corrected for probe recov-
ery calculated from in vitro experiments with authentic CCK-8S. The
effects of treatments were assessed by expressing the levels of CCKLM in
each fraction collected after the treatment as a percentage of the mean
levels of the peptide in the first three fractions collected immediately
after the washout period. CCKLM in each fraction was compared with
baseline level using paired Student’s ¢ test (two-tailed). Comparison
between treated versus control groups for each fraction was made using
one-way (drug) ANOVA followed, as appropriate, by the Dunn’s ¢ test
with the error variance term from ANOVA.

RESULTS

Motor and social behavior of intruders during the four
conditioning sessions of repeated defeat

During period I of the first conditioning session, i.e., before the
first defeat episode, the intruders displayed high levels of activity
as indicated by numerous rearings, wall-climbings, and short
immobility duration (Fig. 24). USV and defensive—submissive
postures were absent. During period II, when the protective cage
was removed, intruders were immediately attacked and defeated
by the residents. Defeat was indicated by full submissive posture,
with the intruder laying motionless on its back with ventral
surface exposed to the resident. The submissive postures seemed
to reduce or suppress the resident aggressive behavior. Indeed, a
total of three to four attacks (<10 sec each) only occurred during
the 15 min period II, and intruders were only exceptionally
wounded. These animals (only 3 of the 73 intruders used in these
studies) were not included in the data reported herein.

During period I of the next three conditioning sessions (days
2-4), the defeated intruders were significantly less active (reduc-
tion of rearings and wall-climbings) than on the first session. In
addition, they displayed defensive—submissive postures and emit-
ted USV. These behaviors developed progressively over the suc-
cessive sessions. The values of immobility, USV, and rearings
measured during the fourth session were significantly different
from those recorded during the second session.

In contrast, in nondefeated intruders, none of the behavioral
parameters significantly varied during the four conditioning ses-
sions (data not shown). In particular, on the fourth session, these
animals displayed a lower level of immobility, a larger number of
rearings and wall-climbings compared with defeated intruders,
and no defensive—submissive postures or USV. Indeed, the val-
ues of all these parameters were not significantly different from
those measured on the first conditioning session in the to-be
defeated intruders.

Motor and social behavior of intruders during the
microdialysis test session

Compared with behavioral parameters quantified during period I
of the fourth conditioning session, there were no significant vari-
ations in those recorded during the microdialysis (fifth) test
session (Fig. 2, compare A4, B). During the 30 min observation
period, this behavior consisted primarily of immobility (session 4,
23.81 = 0.99 min vs session 5, 25.73 * 1.51 min; means * SEM;
n = 8 NS), USV (25.21 = 0.74 vs 24.77 = 1.01 min; NS),
defensive—submissive postures (13.75 * 1.53 vs 9.40 = 1.57; NS),
rearings (5.57 = 1.16 vs 540 = 1.21; NS), and wall-climbings
(0.39 = 0.24 vs 0.00 = 0.00; NS). These five behavioral parameters
recorded during the test session were significantly different from
those quantified in nondefeated intruders (n = 6): immobility,
425 = 1.35 min; numbers of rearings, 17.21 = 2.82; wall-
climbings, 16.63 = 1.14; no USV and no submissive—defensive
postures (Fig. 2B). The latter values were not significantly differ-
ent from those measured in the same animals on the fourth
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Figure 2. A, Behavioral responses of defeated rats during four consecutive conditioning sessions of social stress. Comparison with nondefeated
intruders. Behavior of intruders was quantified during the 30 min period I of each conditioning session, when they were placed in a protective cage inside
the home cage of residents (i.e., before removing the protective cage for 15 min, period II). The duration of immobility and USV and the number of
defensive—submissive postures, rearings, and wall-climbings were measured for the entire period I (30 min). No significant changes were noted between
the successive sessions for nondefeated intruders; only the data corresponding to the fourth session [(4)] are shown. Data are the means = SEM of
parameters recorded in eight defeated and six nondefeated intruders. *p < 0.01 versus defeated intruders on day 1; #p < 0.05 versus defeated intruders
on day 2; fp < 0.01 versus nondefeated intruders on day 4. B, Effects of a 30 min protected exposure to resident rats during the microdialysis test session
on the behavioral responses of defeated or nondefeated intruders. During the microdialysis experiment, i.e., on the ninth day of the protocol illustrated
in Figure 1B, behavior of intruders was recorded for the 30 min protected exposure to residents. The five parameters were quantified as described above.
Each bar is the mean = SEM of data obtained in eight defeated and six nondefeated intruders. *p < 0.01 versus nondefeated intruders.

conditioning session and on the first day in both the to-be de-
feated and nondefeated intruders.

Extracellular cortical levels of CCKLM in intruders
The spontaneous CCKLM outflow (i.e., fractions 1-3 measured
120-30 min before exposure to resident) in defeated intruders
was not significantly different from that measured in nondefeated
intruders (1.35 £ 0.13 pg of CCK equivalents per fraction;
mean = SEM; n = 8; vs 1.39 = 0.08; n = 6, respectively) (Fig. 3).
When defeated intruders were placed into the protective cage
inside the home cage of the resident, a significant elevation of
CCKLM extracellular levels was observed in the corresponding
(fifth) microdialysate fraction (+99 * 12%; p < 0.001; n = 8).
Subsequently, CCKLM levels returned to basal values and re-
mained stable until the end of the experiment. In nondefeated
intruders, introduction into the home cage of the resident did not
significantly modify cortical CCKLM outflow.

Effects of diazepam, buspirone, or CI-988 on behavior
and extracellular CCKLM levels

Behavior
Injection of saline or suspension of acacia gum in distilled water,
30 min before the 30 min protected confrontation, did not signif-
icantly affect the behavior of both defeated and nondefeated
intruders compared with noninjected intruders (Table 1, Fig. 2B).
In nondefeated intruders, diazepam (5 mg/kg, i.p.) significantly
decreased the number of rearings and wall-climbings and length-
ened immobility time. These effects were completely prevented by

flumazenil (10 mg/kg, i.p., 5 min before diazepam), which, on its
own, significantly affected none of the five behavioral parameters
measured (data not shown). Similarly, CI-988 (2 mg/kg, i.p.)
(Table 1) and buspirone at three different doses (0.5, 1.0 and 2.0
mg/kg, i.p., 30 min before the protected confrontation) (data not
shown) did not significantly change these parameters.

In defeated intruders, diazepam significantly reduced the du-
ration of USV and the number of submissive—defensive postures,
whereas the numbers of wall-climbings and rearings were in-
creased when compared with acacia gum-injected intruders.
These effects were completely prevented by flumazenil (Table 1),
which, on its own, affected none of the five behavioral parameters
quantified in the defeated intruders (data not shown). The
CCK-B receptor antagonist CI-988 significantly reduced the time
spent immobile and vocalizing, as well as the number of defen-
sive—submissive postures, and enhanced rearings and wall-
climbings (Table 1). Indeed, for defeated intruders treated with
diazepam or CI-988, the values of all the measured parameters
were not significantly different from those recorded in their non-
defeated counterparts (except the duration of vocalization in
CI-988-treated animals) (Table 1). In contrast, buspirone (0.5,
1.0, and 2.0 mg/kg, i.p.) did not significantly alter any of the five
behavioral parameters in defeated intruders (data not shown).

Extracellular cortical levels of CCKLM in intruders

In both nondefeated (data not shown) and defeated intruders,
neither saline, acacia gum, diazepam, buspirone, nor CI-988
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Figure 3. Effects of a 30 min protected exposure to residents on extra-
cellular cortical levels of CCKLM in defeated or nondefeated intruders.
Cortical CCKLM levels were measured for 120 min before, during
(fraction 5), and 180 min after the 30 min exposure (arrow) of defeated
(n = 8; W) or nondefeated (n = 6; []) intruders to residents. Data are the
means * SEM of CCKLM contents of collected fractions, expressed as
percentages of basal values, taken as the mean of fractions 1-3. Fraction
1 is the first fraction collected after a 90 min washout period after probe
insertion. *p < 0.001 with respect to basal values.

affected the extracellular cortical levels of CCKLM before the
protected confrontation to the resident (fraction 4) (Fig. 4).

In defeated intruders, acacia gum or saline did not modify
stress-induced CCKLM overflow (compare Figs. 3, 44,B). In
contrast, diazepam completely abolished the increase in CCKLM
contents in the fraction (fifth) collected during the 30 min pro-
tected confrontation to the resident (Fig. 44). As illustrated in
Figure 44, flumazenil pretreatment (inactive on its own) (data
not shown) prevented the effect of diazepam, and stress-induced
CCKLM overflow in defeated intruders treated with the combi-
nation of these two drugs did not significantly differ from that
measured in defeated intruders injected with the vehicle only.
Similarly, CCKLM overflow was unaltered in defeated intruders
treated with either CI-988 (Fig. 44) or buspirone (at 0.5, 1.0, and
2.0 mg/kg) (Fig. 4B) compared with vehicle-treated defeated
intruders.

DISCUSSION

The present study shows that the anticipation of social defeat
increased cortical CCKergic neurotransmission in rats. This effect
seems in relation to stress and/or anxiety because the protocol
used herein produced behaviors that could be related to this state.
Moreover, the increase of cortical extracellular levels, as well as
the anxiety-related behaviors, could be prevented by the potent
anxiolytic drug diazepam, whereas the CCK-B receptor antago-
nist CI-988 reduced the behaviors only. That the 5-HT, 4 receptor
agonist buspirone had no effect on behavioral responses and
CCKLM release associated with anticipation of social defeat
suggests that this drug did not possess anxiolytic properties in this
paradigm. All of these data show the existence of a close paral-
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Figure 4. Effects of diazepam (= flumazenil), buspirone, or CI-988 on
cortical CCKLM outflow in defeated intruders subjected to a 30 min
protected exposure to residents. A, Diazepam (5 mg/kg, i.p.; n = §; @),
CI-988 (2 mg/kg, ip.; n = 10; [J), or acacia gum (n = 7; W) was
administered (small filled arrow) 30 min before the 30 min protected
exposure to residents (corresponding to fraction 5; large filled arrow).
Flumazenil (10 mg/kg, i.p.; n = 6; O) was administered 5 min before
diazepam. B, Buspirone [0.5 mg/kg (n = 6; @), 1.0 mg/kg (n = 10; O), or
2.0 mg/kg (n = 6; [J)] or saline (n = 7; M) was injected intraperitoneally 30
min before the 30 min protected exposure to residents. Data are the
means £ SEM of CCKLM contents of collected fractions, expressed as
percentages of basal values, taken as the mean of fractions 1-3. Fraction 1
is the first sample collected after a 90 min wash-out period after probe
insertion. *p < 0.01; **p < 0.001 with respect to basal values (100%). fp <
0.05; ¥fp < 0.001 with respect to corresponding values for defeated intrud-
ers given acacia gum.

lelism between the activation of cortical CCKergic neurotrans-
mission and stress and/or anxiety-driven behavior in defeated
rats.

The experimental procedure used in the present study was
essentially based on that described by Miczek and his coworkers
(Tornatzky and Miczek, 1994; Tidey and Miczek, 1996), who
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Table 1. Effects of diazepam, flumazenil plus diazepam, or CI-988 on the behavioral responses of nondefeated (ND) or defeated (D) intruders
during a 30 min protected exposure to a resident, in the course of the microdialysis test session

Flumazenil (10 mg/kg)

Diazepam plus CI-988
Acacia gum (5 mg/kg) diazepam (5 mg/kg) (2 mg/kg)
n="17 (n =28) (n =16) (n = 10)
Immobility (minutes) ND 4.23 = 0.90 21.83 = 1.75% 4.42 +0.30° 5.85 = 1.51
D 25.14 + 11377 25.40 = 0.57 24.09 = 1.09 6.89 = 1.86**
USV (minutes) ND 0 0.86 = 0.53 0 0
D 2535 = 1.08' 3.69 + 2.60** 2250 = 1.24" 747 = 1.60**"
Defensive—submissive postures
(numbers per 30 min) ND 0 0 0 0
D 10.00 = 1.537 0.67 = 0.33** 8.50 = 1.607 4.75 = 2.21*
Rearings (numbers per 30 min) ND 18.28 = 2.13 8.60 = 1.21* 19.33 = 2.408 19.61 = 2.30
D 4.05 + 0.447° 8.33 * 0.58* 4.25 +0.76" 23.81 = 4.40%*
Wall-climbings (numbers per
30 min) ND 17.62 = 1.86 3.22 +1.33* 17.67 = 1.20° 17.54 = 1.82
D 07 3.17 = 0.60* 0.25 = 0.257 15.60 = 1.62**

Behavior of nondefeated or defeated intruders was recorded in the course of the microdialysis experiment during the 30 min protected exposure to a resident, starting 30 min
after diazepam (5 mg/kg, i.p.), CI-988 (2 mg/kg, i.p.), or acacia gum injection. Flumazenil (10 mg/kg, i.p.) was injected 5 min before diazepam. The five behavioral parameters
were quantified as indicated in the legend to Figure 2. Data are the means + SEM of data obtained in n (6-10) rats.

p < 0.01 versus nondefeated intruders given acacia gum.
p < 0.05, ¥p < 0.01 versus nondefeated intruders given the same treatment.

“p < 0.05, ”*p < 0.01 defeated intruders treated with flumazenil plus diazepam versus defeated intruders given diazepam.

*p < 0.05, **p < 0.01 versus defeated intruders given acacia gum.

By < 0.01 nondefeated intruders treated with flumazenil plus diazepam versus nondefeated intruders given diazepam.

established that the paradigm consisting of confrontations be-
tween an intruder and a resident rat on 4 consecutive days
represents a social stress that offers the advantages of ecological
and ethological validity. The major difference that we introduced
in this paradigm is the timeline during the four conditioning
sessions. In the procedure described by Miczek and his cowork-
ers, intruders were placed in a protective cage after the defeat,
whereas, in the present study, the 30 min protected session always
preceded the defeat. Therefore, this procedure allowed us to
investigate the anticipation of the defeat (psychosocial stress).
During the first exposure of the intruder, in a protective cage,
to the resident, the intruder clearly displayed exploratory behav-
ior as evidenced by numerous rearings and wall-climbings. In
contrast, from the second session onward, rats defeated during
period II of the preceding session exhibited clear-cut changes in
behavior; rearings progressively declined and wall-climbings al-
most completely disappeared, whereas the immobility time pro-
gressively lengthened. In addition, the defeated intruders adopted
defensive—submissive postures and emitted USV for a long du-
ration. In rats subjected to the same protected confrontation, but
not to the physical defeat by the resident (nondefeated intruders),
none of the locomotor or social behaviors significantly changed
throughout the five successive social encounters. In defeated
intruders, the reduction of exploratory behavior cannot be ac-
counted for by habituation because it was not observed in non-
defeated intruders. During agonistic encounters with the resident
animals (period II), the defeated intruders emitted USV in con-
junction with defensive and submissive behavior (data not
shown). In contrast, no USV were recorded before the first
defeat. The appearance of USV in period I as soon as on the
second conditioning session emphasizes the importance of the
socially relevant context to generate USV. USV, particularly at
low frequency (20-30 kHz), are emitted in response to various
anxiogenic events, including social defeat (Sales, 1972; de Vry et
al., 1993; Vivian and Miczek, 1993; Tornatzky and Miczek, 1994).

In line with this interpretation, Blanchard et al. (1991) reported
that the presentation of a cat to a rat led the latter to produce
USV (22 kHz) that occurred over the same period as freezing. On
the other hand, previous studies (Vivian and Miczek, 1993; Tor-
natzky and Miczek, 1994) established that defensive—submissive
postures can be related to state of fear and/or anxiety.

The behavior exhibited by the defeated intruders during the
anticipation of defeat on the fifth experimental session did not
significantly differ from that noted on the fourth confrontation
session performed 4 d before. Indeed, on the microdialysis day,
the protected confrontation of the intruders to the resident re-
sulted in submissive—defensive postures, USV, and almost com-
plete suppression of motor or exploratory behavior. These behav-
iors were associated with a marked increase in extracellular
CCKLM levels in the frontal cortex. This effect lasted for the 30
min confrontation only, because CCKLM outflow returned to the
baseline value and remained stable thereafter, up to the end of
the experiment. In nondefeated intruders, neither behavior nor
extracellular CCKLM levels were affected by the protected con-
frontation to the residents. This strongly suggests that the behav-
ioral responses and the increase in cortical CCKLM outflow in
defeated intruders could be attributed to the anticipatory “fear”
of encountering an animal that had previously attacked and
defeated them.

We have shown previously that exposure to other uncontrolla-
ble aversive stimuli, such as restraint stress, yohimbine adminis-
tration, or ether inhalation, induced an increase in cortical
CCKLM release in rats (Nevo et al., 1996; Becker et al., 1999). In
the present study, the fact that the enhanced CCKLM outflow
was observed during the anticipatory phase of a defeat episode
and was abolished by the established anxiolytic diazepam further
strengthens the anxiety-like interpretation of the situation. Fur-
thermore, diazepam treatment also produced a marked decrease
in the vocalization time and the number of defensive—submissive
postures and an increased number of rearings and wall-climbings.
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These effects were actually attributable to the stimulation of
benzodiazepine receptors because they were prevented by the
benzodiazepine receptor antagonist flumazenil at a dose (10
mg/kg, i.p.) that blocks diazepam-induced behaviors (Ida et al.,
1985; Rowlett and Woolverton, 1996; Matto et al., 1997). In line
with the present data, diazepam, reported to act on the motiva-
tional or threat intensity dimension, was already shown to reduce
vocalization in the Fear/Defense Test Battery (Blanchard et al.,
1990) and in a social stress paradigm in rats (Tornatzky and
Miczek, 1991). The fact that the increased time spent immobile in
defeated intruders was not reversed by diazepam might be ac-
counted for by the sedative effect of this benzodiazepine (Haefely
et al., 1981). Accordingly, immobility was clearly lengthened in
nondefeated intruders given diazepam, and this effect could be
prevented by flumazenil.

In contrast to diazepam, the 5-HT, , receptor agonist buspi-
rone, at doses (0.5-2.0 mg/kg, i.p.) known to possess anxiolytic
properties in some paradigms (Griebel, 1995), prevented neither
the behavioral manifestations nor the enhancement of cortical
extracellular CCKLM levels that accompanied the anticipation of
a defeat episode. The lack of effect of buspirone on both behav-
ioral and biochemical parameters indicated that the increased
release of CCK did not result from some excitatory influence of
5-HT acting at 5-HT, , receptors. We showed previously that
buspirone (1 mg/kg, i.p.) counteracted the increase in cortical
extracellular CCKLM levels induced by restraint stress or admin-
istration of the anxiogenic compound yohimbine (Becker et al.,
1999). This would indicate that the anxiolytic-like effects of
5-HT, 4 receptor agonists depend on the anxiogenic—stress pro-
cedure used and sustains the opinion that conflict paradigms are
less sensitive to the action of these compounds than uncondi-
tioned models (Griebel, 1995).

To investigate whether CCKLM overflow could be responsible,
at least partly, for the behavioral responses in defeated intruders
during the 30 min protected exposure to the resident, we at-
tempted to prevent these responses by blocking CCK receptors.
Although CI-988 has rather poor bioavailability and blood-brain
barrier permeability, we chose this antagonist because it possesses
a nanomolar affinity for CCK-B receptors and exhibits a good
selectivity for CCK-B over CCK-A receptors (Noble et al., 1999).
Indeed, numerous convergent studies previously demonstrated
that the anxiogenic effects of CCK are mediated through the
stimulation of CCK-B receptors (see references in the introduc-
tory remarks). The administration of CI-988 affected neither the
spontaneous outflow of CCKLM nor the stress-induced CCKLM
overflow in the frontal cortex of intruders, thereby suggesting that
CCK release from CCKergic terminals may not be controlled by
CCK autoreceptors. However, CI-988 markedly reduced all of the
anxiety-like behaviors in defeated intruders. Thus, among the five
parameters measured, only USV duration did not return to con-
trol values in CI-988-pretreated animals. Indeed, although still
longer than in nondefeated intruders, the duration of USV was
significantly reduced in CI-988-pretreated compared with non-
treated defeated intruders. At the dose used in our studies, 2
mg/kg intraperitoneally, CI-988 exerts clear-cut anxiolytic-like
effects in various paradigms (Singh et al., 1991; Izumi et al., 1996;
Adamec et al., 1997). Accordingly, the present results further
support the idea that the activation of cortical CCKergic neuro-
transmission closely paralleled stress- and/or anxiety-driven be-
haviors in rats. It can be reasonably assumed that CCK itself
contributed to these behaviors because they could be significantly
reduced by the blockade of the actions of the peptide by CI-988.
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In conclusion, the present study showed that anticipation of
social defeat produces an anxiety-like state that is associated with
an increase in cortical CCKergic neurotransmission. Further-
more, the latter event appeared to be probably involved in the
genesis of anxiety-like behaviors. The experimental paradigm
used herein should be suitable for both investigating the implica-
tion of other neuronal systems in anticipatory fear and assessing
the potential anxiolytic properties of drugs.
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