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Abstract

Cholecystokinin (CCK), through the CCK-2 receptor, exerts complex effects on anxiety. While
CCK agonists are panicogenic, CCK-2 antagonists fail to alleviate human anxiety. Preclinical
studies with CCK-2 antagonists are also inconsistent because their anxiolytic effects largely
depend on the behavioral paradigm and antecedent stress. The controversy might be accounted by
the neuromodulatory role for CCK in anxiety which is ill-defined. If this is its actual role, blocking
CCK-2 will have carry-over effects on the anxiety baseline over time. To test this hypothesis, the
consequences of acute administration of the CCK-2 antagonist Ly225.910 (0.1 mg Kg™1) was
evaluated in the temporal expression of aversion toward exploration-conflicting tasks. Ly225.910
effects were evaluated in rats exposed to the elevated plus-maze (EPM) twice, an approach-
avoidance anxiety-like test. While LY225.910-treated rats had less anxiety than vehicle-treated
rats, the difference was reversed during the EPM retest 24 hours later without drug. Moreover,
Ly225.910 effects in stress-induced cognitive impairment was measured giving the novel-object
discrimination (NOD) test to rats not habituated to the exploration apparatus to elicit neophobia.
After a first encounter with objects (“old”), Ly225.910-treated rats did not recognize the “novel”
object introduced 6 hours later. Ly225.910-exposed rats did not discriminate the new location of
the “novel object” when it was repositioned in the arena 24 hours later. Ly225.910-treated rats also
failed to explore objects. In line with its neuromodulatory role, aversive carry-over effects of
Ly225.910 suggest that CCK-2 activation by endogenous CCK, rather than triggering anxiety, may
return the anxiety state to its normal level.
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1. INTRODUCTION

Cholecystokinin is a member of a sulfated peptide family, whose small CCK-8 and CCK-4
forms are potent neurotransmitters (Dockray, 1980). Two CCK receptor types, CCK-1 and
CCK-2, are expressed at relatively low and high levels respectively in the brain (Innis and
Snyder, 1980). Meanwhile the CCK-2 binds sulfated and non-sulfated forms of CCK-8, as
well as CCK-4, the CCK1 is highly specific for the sulfated octapeptide of CCK. The
CCK-2 (formerly CCK-B) type has traditionally been linked with the expression of anxiety-
like behaviors in rodents (Singh et al., 1991; VVan Megen et al., 1996; Chen et al., 2006), and
the neurobiology of panic attacks in humans (Bradwejn et al., 1990; reviewed in Zwanzger
etal., 2012). Although an array of potent, selective CCK-2 receptor antagonists have been
developed, no clinical trials so far have demonstrated their effectiveness in alleviating
anxiety and panic attacks in humans (Kramer et al., 1995; Rodgers et al., 1995; Harro,
2006). Reconciling this body of evidence may profit from a fuller understanding of the
precise role of CCK in anxiety.

The CCK system is recruited only under conditions of high frequency neuronal firing
(Rotzinger and Vaccarino, 2003). Based on this finding, a recent refinement of the
hypothesis suggests that endogenous CCK may “modulate” specific affective states related
to anxiety, rather than trigger anxiety itself (Adamec et al., 1997; Becker et al., 2001; Hebb
et al., 2003; Panksepp et al., 2004; Kellner et al., 2000; Eser et al., 2008). For example,
activation of CCK mediates the anticipatory states before the development of anxiety in rats
(Becker et al., 2001; Panksepp et al., 2004; Panksepp et al., 2007) and humans (Philipp et
al., 1992; Aluoja et al., 1997; Brawman-Mintzer et al., 1997; Benedetti et al., 2006). Even of
greater importance, the presumed “neuromodulatory role” for CCK in anxiety still remains
ill-defined. If that is the actual role of endogenous CCK, the blockade of its main receptor in
the brain (CCK-2R, for instance, avoidance-approach conflicting situations may condition
subsequent emotional responses when repeatedly exposed to the same situation.

To this purpose, the effects of acute administration of Ly225.910, a potent and selective
CCK-2 receptor antagonist, was first evaluated based on the performance of the elevated-
plus-maze (EPM) test during the test (anxiety state) and retest (anxiety sensitization)
sessions (Bertoglio and Carobrez, 2000). To measure whether the development of anxiety
causes impairments in memory consolidation, rats were forced to explore and recognize
novel objects according to the recognition paradigm (Ennaceur and Delacour, 1988) without
habituation to the exploration apparatus to elicit neophobic responses. In both behavioral
paradigms, pharmacological effects of Ly225.910 were determined acutely while its carry-
over effects determined once the antagonism were cleared.
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2. METHODS

2.1. Animals

Male Sprague—Dawley rats from Charles River (Wilmington, MA, USA), weighing 250-300
g at the beginning of the experiment, were housed in groups of three per cage on a 12-h
light/dark cycle (lights on at 7 a.m.), with access to food and water ad /ibitum. Behavioral
testing was conducted during the light hours in a different room from where the rats had
been housed. In all experiments, behavior was videotaped for later analysis by an observer
blind to the conditions. Animals were treated in accordance with the National Institutes of
Health guide for the care and use of Laboratory animals (NIH Publications No. 8023,
revised 1978) and in accordance with the University of Michigan Committee on the Use and
Care of Animals.

2.2. Elevated Plus-Maze (EPM) Test

The EPM test derives from the innate aversion of rodents to open spaces, whereby animals
that spend less time exploring open arms are thought to behave more anxious (reviewed in
Carobrez and Bertoglio, 2005). The apparatus was constructed of black-painted Plexiglas
with four arms (45 cm long and 12 cm wide) arranged in a cross and elevated 70 cm from
the floor. Two opposite arms were enclosed by 40-cm-high walls. The other two arms were
open, with rims at the edge to prevent rats from falling off. A source of dim light (70 lux)
was placed above the center of the maze. Each rat was placed in the central square of the
maze facing one of the closed arms and was allowed to freely explore the maze for 5 min.
After the completion of the first trial (Test) rats were returned to their home cages and
remained there until the performance of the second trial (Retest) that was conducted 24h
later. Recorded behavioral parameters included the percent of time spent in open arms and
the percent of entries made into open arms. An entry into any arm was defined as four paws
placed on it with forward motion. The maze was thoroughly cleaned with 70% ethanol
between each test session.

2.3. Novel-object discrimination (NOD) test

The method was originally described by Ennaceur and Delacour (1988). The test consisted
of acquisition (sample) and recognition (choice) phases, but in contrast to the traditional
method, rats were not previously habituated to the exploration arena to promote neophobic
responses to small objects (Besheer and Bevins, 2000). There was an additional choice
phase where the previously introduced novel object was shifted to a new position to regain
novelty. The NOD arena consisted of a squared Open Field (OF) test (Belzung and Griebel,
2001) apparatus made of white Plexiglas® (base dimensions 1 m2; height 40 cm). The OF
arena and the experimental room were illuminated with a bright white light (~75 lux at floor
level). The objects to be discriminated were (A) a cane (7 cm base x 13 cm high) and (B) a
Lego® block (8 cm base x 15 cm high). Objects were arranged diagonally in opposite
corners 25 cm from the edges (Fig.1). These objects were not known to have any ethological
significance for the rats and they had never been associated with reinforcement.

Rats were exposed to a sample phase and two choice phases distributed over 24 h (Fig.1).
For the sample (familiarization) phase, rats were placed in a corner and exposed to two
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identical copies of the same sample (“old™) object (Al and A2) for a limited period of time
(5 min). Rats received IP injections (1ml Kg-1) of either vehicle or LY225.910 immediately
after the completion of the sample phase and were returned to their home cages. After a
memory retention interval of 6 hours, rats were put back into the open arena (Choice 1-
object recognition) in which one of the “old” objects were substituted by an exact copy (A3)
and the other by a new (“novel”) object (B1) to assess memory retention. Rats were re-
exposed 18 hours later (24h after the sample phase) to copies of the “novel object” (B2) and
“old object” (A4) occupying switched positions in the same diagonal of the OF to regain
novelty in the new location (Choice 2-location recognition). Positions of the objects were
counter-balanced between rats to avoid bias. All objects and OF were thoroughly wiped with
70% alcohol.

“Exploration of an object” was defined as directing the nose to the object at a distance of
less than 2 cm and /or touching it with the nose. Turning around or sitting on the object was
not considered exploration. The time spent exploring each of the objects was used as the
basic measure to determine object recognition. A discrimination index (D) for each rat was
reckoned during the choice phases. D-index was defined as the ratio of the amount of time
exploring the “novel object” (N) minus the time exploring the old object (O) over the total
time exploring both objects according to the formula D= (N-O) / (N+0). A D-value above 0
indicates “novel object” discrimination, and equal to O (or below 0) no object discrimination.
Animals that failed exploration of objects were excluded from the NOD analysis.

2.4. Drug administration

The selective CCK-2 antagonist Ly225.910, which is a potent CCK2 receptor antagonist
(1C50 = 9.3 nM for inhibition of 125]-labeled CCK-8 sulfate binding at mouse brain
membranes) (Yu et al., 1991; Suman-Chauhan et al., 1996); was purchased from Tocris
(Ellisville, Missouri). It was prepared fresh at 0.1 mg per ml in 0.9% NaCl plus DMSO (5%)
and administered at 1 ml/Kg intraperitoneal (IP) at the dose of 0.1 mg/Kg, which is reported
to be effective in ameliorating heightened states of anxiety as measured in the EPM test
(Farook et al., 2004). It was used just one dose of antagonist given the excellent selectivity
of Ly225.910 for CCK-2 (ICs5q = 1.4 nM) over CCK-1 (ICsq >10,000 nM) receptors (Yu et
al. 1991). Two independent cohorts of rats were used for each behavioral test. In the EPM
cohort, 25 rats received Ly225.910 while the other 25 rats were given vehicle 30 min before
the first EPM test. Rats were divided into two groups afterwards: half of the sample (12
vehicle-treated rats and 13 Ly225.910-treated rats) received saline injections 30 min before
the EPM retest, whereas the rest (13 vehicle-treated rats and 12 Ly225.910-treated rats)
remained unstressed. A total of 32 rats were used in the NOD test series, half of them
received Ly225.910 and the other half received vehicle immediately after the completion of
the sample (object familiarization) phase.

2.5. Statistics

Statistical analyses were carried out using SPSS®16 for Windows. Differences in the
exploration of the EPM were evaluated using repeated measures two-way repeated ANOVA
with the interaction of Treatment (Ly225.910 vs. vehicle) and Injection (saline injection vs.
no injection) as between-subjects factor, and Trial (test vs. retest) as within-subject factor.
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Paired #test were used to compare EPM performance across trials. Independent-samples #
test were conducted when any factor or interaction reached statistical significance.
Additionally, a #test a priori analysis was made to check treatment effects during the first
EPM trial. NOD data were analyzed by unpaired #test (comparing vehicle-treated with
Ly225.910-treated rats) and by one-sample #test comparing performance with chance levels
(test value 0.0). The alpha value was set at p < 0.05.

3. RESULTS

Figure 1 displays the behavior of Ly225.910-treated rats compared to vehicle-treated rats in
response to the two-trial (test-retest) EPM. A priori comparison conducted on the EPM test
showed that Ly225.910-treated rats showed a greater percentage of both open-arm time (#
(50) -2.39, p=0.021; Fig.1a,b) and of open-arm entries (¢ (50) -3.20, p= 0.002; Fig.2c,d)
than vehicle-treated counterparts as expected by the assumed anxiolytic effects of acute
CCK-2 antagonism. The two-way repeated ANOVA revealed a significant within-subjects
treatment effect in both the percent of open-arm time (AH1,46) = 5.43, p=0.024) and in the
percent of open-arm entries (A1,46) = 7.48, p=0.009). Only Ly225.910-treated rats
consistently reduced open-arm exploration across trials (percent of open-arm time: #(23)
2.21, p=0.038, Fig.2a; percent of open-arm entries: #(23) 2.63, p=0.015, Fig.2c). As to
between-groups differences, there was only a significant Treatment x Injection interaction
for the percent of open-arm entries (A1,46) = 4.96, p=0.031; Fig.2c and Fig.2d). When
facing the EPM retest, vehicle-treated rats entered the open-arm more than their Ly225.910-
treated counterparts, but only when rats did not receive saline injections upon the second
EPM session (£(20) 3.37, p=0.005, Fig.2c). Stress (injections) upon EPM retest eliminated
these differences (Fig. 1b and Fig. 1d).

To evaluate whether aversive carry-over effects of acute Ly225.910 could impair cognitive
function (attention and memory), rats were evaluated for object-recognition under neophobic
conditions since rats were not previously habituated to the exploration apparatus. The NOD
test is based on the spontaneous tendency of rodents to spend more time exploring a new
(“novel™) object when it is paired with a familiar (“old”) one (Fig.1). The choice to explore a
novel object requires judgment of the previous occurrence of objects made on the basis of
their relative familiarity (recognition). Discrimination ratios (Fig.3a) did not differ between
groups either in Choice 1 (object recognition, #(25) 0.88, p = 0.931) or in Choice 2 (location
recognition, #(26) 1.831, p = 0.079). However, while vehicle-treated showed significant
object discrimination (Choice 1: £(14) 2.572, p = 0.022) and location discrimination (Choice
2: t(14) 3.006, p = 0.009), Ly229.910-treated rats could discriminate nothing (Choice 1: ¢
(11) 1.314, p = 0.216; Choice 2: £(12) —0.101, p=0.921). Interestingly, the proportion of
animals that failed to explore the objects (Fig.3b) in the Ly225.910-treated group was
significantly greater as compared to the vehicle-treated group (Choice 1: p< 0.001; p<
0.001 Fishefs Exact Test), perhaps due to the higher anxiety levels.

4. DISCUSSION

There is now a substantial literature indicating that a single prior un-drugged exposure to the
EPM usually results in increased open arm avoidance on subsequent trials, perhaps

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2021 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ballaz et al.

Page 6

indicating increased anxiety. By example, the anxiolytic efficacy of benzodiazepines is
either markedly reduced or completely abolished by prior un-drugged test experience
(Bourin, 2019). Rats exposed to the treatment with the CCK-2 receptor antagonist
Ly225.910 are more prone to develop anticipatory anxiety to oncoming approach-avoidance
conflicts. Anxiolytic-like effects rendered by Ly225.910 in the EPM test shifted to
heightened anxiety during the retest. This finding is in agreement with the fact that stress-
induced enhancement of fear conditioning activates the amygdala cholecystokinin system in
a rat model of post-traumatic stress disorder (Feng et al., 2014). In addition, Ly225.910-
exposed rats neither recognized a novel object nor explored objects because of the
interference of anxiety in cognitive function. Carry-over effects of Ly225.910 suggest that
one of the neuromodulatory roles for endogenous CCK may consist of the long-term
reestablishment of anxiety baseline after experiencing incidental (unconditioned) stress.

The efficacy of CCK-2 receptor antagonists as anxiolytic in preclinical models has been
questioned (Griebel et al., 1997) since it may inhibit the interference of prior stress rather
than ameliorate the present anxiety state (Kdks et al., 2000; Wang et al. 2011). The rationale
of the present study was to reverse this cause-effect relationship, that is, the carry-over
effects of a single anxiolytic dose of Ly225.920 in the baseline of anxiety. The EPM task is a
robust anxiety-like test based on the rat’s innate avoidance of aversive novel environments
which induces a shift in the type of anxiety (i.e., anxiety sensitization) on retest (Bertoglio
and Carobrez, 2000) likely due to aversive learning (File, 1993). Rats treated with a single
dose of Ly225.910 explored open arms more intensively than their vehicle counterparts
which gives support to the contention that blocking the CCK-2 receptor may have
anxiolytic-like effects (Farook et al., 2004; Rezayat et al., 2005; Wang et al., 2005) in the
EPM test (Wilson et al., 1998; Li et al., 2013). Aversion towards open arms is influenced by
single or multiple pre-exposures to the maze (File, 1993; Treit et al., 1993; Bertoglio and
Carobrez, 2000). Indeed, stressful stimuli present upon initial exposure to the EPM render
an elevation of plasma corticosterone on retest (Albrechet-Souza et al., 2007), which means
that rodents may learn about the potentially dangerous areas of the maze (Bertoglio &
Carobrez, 2004). Interestingly, only rats exposed to the Ly225.910 treatment showed a
significant shift in emotional states from an unconditioned (EPM test) to a learned (EPM
retest) aversive response toward the open arms (Bertoglio and Carobrez, 2000) upon retest.

It could be argued that Ly225.910 effects across trials were the result of either floor effects
in the vehicle-treated group or of the lack of anxiolytic effects in the Ly225.910-treated
group once the CCK-2R antagonist was cleared. However it was not the case as rats exposed
to Ly225.910 showed evidence of greater open arms avoidance than vehicle-treated rats
when both groups remained undisturbed (no saline injections) upon retest (Fig.1a,c). In the
EPM retest, open arms avoidance of undisturbed Ly225.910-treated rats was similar to that
caused by prior stress (saline injections) in vehicle-treated rats (Hogg, 1996). CCK-2R
antagonists tend to augment the anxiogenic effects of NMDA in the rat EPM test (Vasar et
al., 1993). Accordingly, carry-over Ly225.910 effects across EPM trials may denote trans-
synaptic activations of excitatory amino acids (Hokfelt et al., 2002) long after drug has
cleared.
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The NOD paradigm was chosen to elucidate the interference of anxiety with cognitive
functions (Vargas et al., 2015). Although the NOD test captures memory alterations, it will
also produce mild stress (Moore et al, 2013; Aguilar et al., 2018) if the task is conducted
under neophobic (no habituation) conditions (Besheer and Bevins, 2000). Exposure to
Ly225.910 impaired object discrimination in rats, an effect that was not delay-dependent
(King et al., 2004) as rats naive to the antagonist were able to discriminate between objects
even when the “novel object” was repositioned in Choice 2. Poor NOD performance of
Ly225.910-exposed rats was likely to be due to their heightened anxiety because a
significant number of these rats did not explore objects (Fig. 3b). Carry-over effects of acute
Ly225.910 in NOD is in agreement with the role played by CCK in the cognitive processes
related to fear control (Chen et al., 2006) and with previous reports of repeated exploration-
conflict tasks (Ballaz et al., 2007). Anticipatory fear induced by the forced exposure to an
unfamiliar setting (Belzung and Griebel, 2001) accounts for the aversive carry-over effects.
Learning had been studied in this context in order to evaluate the influence of memory in
test-retest. It has been shown that the use of amnesic agents such as scopolamine did not
modify the test-retest observed when administering chlordiazepoxide in the elevated plus-
maze (Calzavara et al. 2005). Atropine sulfate, a muscarinic cholinergic receptor antagonist
known for its amnesic properties, did not significantly raise the number of punished
crossings in retest mice in the four plate test (FPT) (Ripoll et al., 2005). In contrast, other
studies concluded that test—retest implies an aversive learning in trial 1 that is transferred to
trial 2 (Vargas et al., 2006).

Beyond its role similar to an excitatory neurotransmitter in anxiety (Vasar et al., 1993; Li et
al., 2013), the tone of CCK activation is likely to contribute to emotional stability in humans
(\Verbanck et al., 1984; Harro et al., 1992). In rodents, elevated CCK expression in cortical
areas relevant to emotionality and cognition mediates the anticipation to stress as it occurs
(Becker et al., 2001; Panksepp et al., 2007). The fact that mean panic attack frequency in
panic-disorder patients under chronic treatment with a potent CCK-2 antagonist was even
greater than the placebo group (Kramer et al., 1995) gives support to the notion that some
CCKergic tone is required for mood stability. In this vein, this research demonstrates that the
down-regulation of the CCK-2 receptor is related to greater anxiety in the rat long term
(Wunderlich et al., 2000). Although the use of another CCK-2 antagonist (e.g., CI1-988) or a
higher dose of Ly225.910 would have strengthened the study, despite the lack of data
concerning to the half-life of Ly225.910, these limitations do not preclude that the adaptive
role of CCK in anxiety (Ladurelle et al., 1995; Hokfelt et al., 2002) applies to this study.
Interestingly, this study put the focus on the long-term consequences of the CCK-2R
antagonism in anxiety which has been neglected and requires further research.

5. CONCLUSION

In summary, the present research shows that the activation of the CCK-2 receptor by
endogenous CCK may normalize levels of anxiety long term (Bourin 1998). It also sheds
some light on the so-called “neuromodulatory” role for CCK in anxiety.
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Highlights

. Cholecystokinin (CCK) through the CCK-2 receptor play a complex role in
anxiety

. Acute CCK-2 receptor antagonist Ly225.910 is anxiolytic in the elevated

plus-maze

. Ly225.910 carry-over effects elicits aversion during the elevated plus-maze
retest

. Ly225.910 alters object recognition and reduces object exploration due to
anxiety

. CCK through CCK-2 receptor may return anxiety to baseline at long-term
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Acquisition

Sample

6h

Treatment

Object recognition

Choice 1

(vehicle or Ly225.910)

Fig.1.

18h

Page 13

Location recognition

Choice 2

NOD test series layout. The test consisted of 5 min object acquisition, 6 h latency, 5 min
object recognition, 18 h latency, and 5 min object location. Note that the empty circles
represent two identical copies of the same “old” object that becomes the familiar object in
Choice 1 when a new (“novel”) object (black circles) is introduced in the arena. The “novel
object” switched positions with the “old object” to regain novelty in the new location.
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Fig.2.

Cagrry-over effects of Ly225.910 (0.1mg Kg™1) on the two-trial elevated plus-maze
performance. Anxiety-like indices are the following: (a, b) Percent of time in open arms
(OAT) and (c, d). Percent of entries into open arms (OAE). Results are displayed as mean +
SEM. * p< 0.05, ** p< 0.01, compared with vehicle-treated counterpart, *# p < compared
to the same group on test (two-way (Treatment x Injection) repeated ANOVA followed by #
test analysis, V= 12-25).
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Ly225.910
g

B Fail toexplore | ### [ M Fail to explore

[ Explore objects |

CHOICE 2

vehicle
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(N=1) ‘

B Fail toexplore | ###
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|_[J Explore objects
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Effects of Ly225.910 (0.1mg Kg™1) on the object-recognition (NOD) task. The figure
portrays (a) the discrimination index in the two 5-min choice (1-object recognition and 2-
location recognition) sessions and (b) the proportion of animals that failed to explore
objects. The data are in mean £ SEM; * p< 0.05; ** p< 0.01 compared to no discrimination
(One-sample ttest, NA=11-15); ### p< 0.001 compared to Ly225.910-treated group (Fishefs
Exact Test, N=16).
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