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HIGGINS, G. A., T. L. SILLS, D. M. TOMKINS, E. M. SELLERS AND F. JI. VACCARINO. Evidence for the con-
tribution of CCKjy receptor mechanisms to individual differences in amphetamine-induced locomotion. PHARMACOL
BIOCHEM BEHAYV 48(4) 1019-1024, 1994. — Recent evidence shows that rats exhibit individual differences in their locomo-
tor response to amphetamine (AMP). Moreover, evidence has accumulated showing that high-AMP responders exhibit more
mesolimbic dopaminergic (DAergic) activation in response to AMP treatment than low-AMP responders. Cholecystokinin
(CCK) is a peptide that is colocalised with mesolimbic DA and exerts complex modulatory actions on DA function. Two CCK
receptor subtypes have been identified and selective antagonists have been developed. To examine the possible contribution of
endogenous CCK mechanisms to individual differences in responsivity to AMP treatment, male Wistar rats were divided into
low- and high-AMP responders based on a median split of their locomotor response to AMP and the effects of the selective
CCK antagonists L365-260 (CCKy; 0.01, 0.1, 0.5 mg/kg; n = 16) and devazepide (CCK,; 0.001, 0.01, 0.1 mg/kg; n = 23)
were determined. Results showed that 1.365-260 (0.1 mg/kg) potentiated AMP-induced hyperactivity in low-AMP responders
but did not affect AMP-induced hyperactivity in high-AMP responders. Devazepide was without effect in both groups of
animals. This pattern of results suggests that CCKg, but not CCK,, receptor mechanisms contribute to interindividual

variation in responsivity to AMP.
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THE peptide cholecystokinin (CCK) exerts important neuro-
modulatory effects in both the CNS and periphery (47). Cur-
rent research suggests that these effects are mediated via two
distinct receptor subtypes, termed CCK, (alimentary) and
CCKg (brain) (14,15,27). As the nomenclature suggests, it is
the CCK , receptor that is the predominant form in the periph-
ery, although there is a limited distribution of this subtype
within the CNS (14,15). The CCKj receptor, on the other
hand, is widely distributed throughout most brain regions of
various mammalian species (14,15). Selective agonists and an-
tagonists have been developed for both receptor subtypes,

with perhaps the most widely used antagonists presently being
the substituted benzodiazepines, devazepide (formerly MK329,
L364-718) (3,7) and L.365-260 (24), which show approximately
one hundredfold selectivity for CCK, and CCKj receptors,
respectively (3,7,15,24).

Based on the observation that CCK and dopamine (DA)
are colocalised within certain neurons comprising the A10
mesolimbic pathway (17,18,24,36,37), there has been exten-
sive research examining the interaction between these neuro-
transmitters at both the biochemical (1,9,25,42-44) and be-
havioral (4-6,11,23,29,38,40,45,46) level. It has been shown
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from such studies that CCK serves both a facilitatory and
suppressant role on DA function within the mesolimbic sys-
tem, and in particular within the nucleus accumbens (Acc).
For instance, CCK injected into the medio-caudal region of
the Acc has been reported to potentiate behaviors associated
with activation of Acc DA systems (5,6,23,29,38) and to stim-
ulate DA release from brain slices prepared from this region
(25,42). Pharmacological evidence is beginning to converge,
and it suggests that this facilitatory role for CCK is mediated
via the CCK, receptor subtype (4,23,25,29,42). In contrast,
injections of CCK into more rostral areas of the Acc appear
to inhibit DA- and amphetamine-induced hyperactivity (4,5,
38,46) and to reduce DA release from rostral Acc brain slice
preparations (1,25). Moreover, evidence suggests that these
suppressant effects of CCK are mediated via the CCKj sub-
type (1,4,25).

It is well established that d-amphetamine (AMP) produces
an increase in locomotor behavior and that this effect is medi-
ated by an enhancement of DA release from neurons of the
mesolimbic pathway. More specifically, the Acc has been
identified as the critical terminal region for the mediation of
this response [see (22,39) and refs. therein]. The role of DA in
AMP-induced locomotor activity recently has been extended
to account for individual differences in this behavior. It has
been demonstrated that rats showing a high level of locomotor
activation to AMP have higher levels of Acc DA than animals
showing lower levels of activation (30,31).

In light of the DA-CCK interaction found within the Acc,
it is possible that endogenous CCK contributes to the expres-
sion of AMP-induced behaviors and, possibly, to the mani-
festation of individual differences in responsivity to AMP
treatment. To examine this possibility, the present study inves-
tigated the effects of the CCK antagonists devazepide and
1.365-260 on a behavior that requires the integrity of Acc DA
function, namely, AMP-induced hyperactivity. This study is
especially warranted because the recent microdialysis studies
of Hurd et al. (21) show enhanced DA and CCK release within
the rat Acc following AMP pretreatment. This further sug-
gests a potential involvement of endogenous CCK systems in
some of the behavioral effects to AMP.

The present study assessed the effects of devazepide and
1L365-260 on the locomotor activity elicited by a relatively low
dose of AMP (0.25 mg/kg) administered to rats. The doses of
CCK antagonists used in these studies were based on pre-
viously published work (13). A within-subjects design was
used for these studies in view of the marked individual differ-
ences between rats in their locomotor response to systemic
injections of AMP (19,30-32).

METHOD

Animals and Housing

Male Wistar rats (Charles River, Quebec, Canada) weigh-
ing approximately 300 g at the start of the study were used.
Rats were individually housed in wire mash cages in a temper-
ature- and light-controlled environment (lights on 0700-1900
h). All subjects had ad lib access to food (Purina rat chow)
and water except during testing. Activity testing was con-
ducted between 1000 and 1300 h. A 7-day period was allowed
between arrival and commencement of behavioral testing.

Locomotor Activity Apparatus

The locomotor activity system consisted of 16 cages, each
measuring 20 X 25 X 36 cm with a wire mesh floor. Two
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infrared photocell beams were situated across the long axis of
the cage 2 cm above the floor. The locomotor activity mea-
surements were based on the total beam interruptions that
were collected and totaled every 5 min on an IBM personal
computer located in an adjacent room.

Locomotor Testing Procedure

Initially, the rats were placed in a designated locomotor
activity cage for two 3-h periods on consecutive days to habit-
uate them to the apparatus. The following day each rat then
entered a six-cycle protocol with each cycle 3 h in duration
and conducted at 72-h intervals. On the first and last cycle,
each rat received a vehicle injectionatf = 0.5hand¢ = 1 h;
locomotor activity was then monitored for the subsequent 2 h.
During the middle four cycles, each rat was injected with ei-
ther one of three doses of CCK antagonist or saline vehicle at
t = 0.5 h always followed by AMP (0.25 mg/kg)at¢ = 1h.
Again, locomotor activity was recorded for the subsequent 2
h. The order of treatments was counterbalanced according to
a4 X 4 Latin square design.

One possible confound in the present repeated-measures
design using AMP is that of sensitization [see Kalivas and
Stewart (22) for recent review]. To control for this, 10 rats
were administered the identical protocol to that above with
the exception that saline was administered in the place of the
CCK antagonists.

Drugs and Injections

Amphetamine sulphate (Bureau of Dangerous Drugs, Ot-
tawa, Canada) was dissolved in saline; the final drug concen-
tration refers to the salt. Devazepide and L365-260 (Merck
Sharpe and Dohme, Harlow, UK) were initially mixed with a
small (one-tenth of final volume) volume of solvent that was
composed of acetonitrate : methanol : water in the ratio 1 : 1 :
2. This solution was then brought up to final volume with
saline and sonicated for 5 min. The CCK antagonist vehicle
was a 1: 10 dilution of solvent in saline. It is important to
note that, at this concentration, no irritation around the injec-
tion site was noted following repeated (six times) solvent injec-
tion. However, at lower dilution levels (i.e., 1 : 2, 1:5), there
were signs of tissue necrosis and irritation following repeated
injections of this solvent. All drugs were injected SC in a dose
volume of 2 ml/kg. Both CCK antagonists or their vehicle
were always administered 30 min prior to AMP.

Analysis of Data

All data are expressed as mean + SEM. Locomotor activ-
ity data were statistically analyzed with a repeated-measures
one (treatment)- or two (treatment X time)-factor analysis of
variance (ANOVA) followed by post hoc Tukeys or contrast
tests where appropriate. The accepted level of significance was
p < 0.01.

RESULTS

Amphetamine (0.25 mg/kg, SC) produced a reliable in-
crease in locomotor activity under the present experimental
conditions (Figs. 1A and 2A). There was no significant differ-
ence with respect to saline pretreatment at test sessions 1 and
6; consequently, the data were collapsed across these two ses-
sions to yield the saline score. Moreover, the locomotor re-
sponse to AMP did not change across the test sessions, F(3,
27) = 0.512, NS.

In accordance with previous research (19,30,31), we ob-
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FIG. 1. Effect of L365-260 on AMP-induced hyperactivity in low
and high responders (see text for details). (A) Effect of L365-260
(open bars) or vehicle (shaded bar) pretreatment on AMP-induced
hyperactivity (0.25 mg/kg) recorded during the 2-h test session. %p
< 0.01 vs. low vehicle/AMP (V) group (Tukey’s test). Saline (stippled
bar) group represents the mean locomotor activity score recorded on
the first and sixth cycle where the rats only received saline injections.
+p = 0.01 vs. respective saline measure in low-AMP group (un-
paired #-test). (B) Temporal analysis of the effect of L365-260 at 0.01
mg/kg (@), 0.1 mg/kg (A), 1 mg/kg (#), and vehicle (OJ) pretreat-
ment on AMP-induced hyperactivity in low and high responders. % p
< 0.0S vs. vehicle pretreatment (contrast test).

served marked individual differences in the magnitude of loco-
motor change following AMP pretreatment. We therefore
performed a median split of the animals on the basis of their
AMP response following saline pretreatment. Thus, two
groups were established, a low-AMP group and a high-AMP
group. In the case of L365-260, the high-AMP group (n = 8)
had a mean response across the 2-h test session of 1032 + 44
and the low-AMP group (n = 8) had a mean response of 611
+ 52. In the low group, ANOVA revealed a significant effect
of treatment, F(3, 21) = 5.1, p < 0.01, with post hoc testing
indicating a significant potentiation of the AMP response fol-
lowing pretreatment with 0.1 mg/kg L365-260 (Fig. 1A). Fur-
ther analysis revealed a significant main effect of time, F(5,
168) = 25.2, p < 0.01, and treatment, F(3, 168) = 5.5,
p < 0.01, whereas the treatment X time interaction was of
borderline significance, F(15, 168) = 1.7, p = 0.056. Con-
trast tests between means indicated that at the 0.1-mg/kg
dose, L365-260 potentiated the AMP response at time bins
40-100 min (Fig. 1B). In the high-AMP group, there was no
significant effect of treatment, F(3, 21) = 0.5, NS, a finding
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confirmed by subsequent analysis of the temporal data where
a main effect of time, F(5, 168) = 13.8, p < 0.01, but not
treatment, F(3, 168) = 0.5, NS, was recorded.

For devazepide, the high-AMP responders (# = 11) had a
mean locomotor score of 1044 + 142 and the low-AMP re-
sponders (n = 11) had a mean locomotor score of 533 + 46.
Following devazepide (0.001-0.1 mg/kg) pretreatment there
was no effect against the AMP response in low- and high-AMP
responders [low, F(3,40) = 0.3, NS; high, F(3,40) = 0.4,NS;
Fig. 2A]. Further analysis revealed a significant main effect of
time in both the low- and high-AMP responders [F(5, 200) =
33.2, p < 0.001, and F(5, 200) = 43.8, p < 0.001, respec-
tively]. However, there was no significant effect of treatment
[F(3, 200) = 0.2, NS, and F(3, 200) = 0.4, NS] or treatment
X time interaction [F(15, 200) = 0.5 and F(15, 200) = 0.5)in
either the low or high responders (Fig. 2B).

Of final note, comparison of the locomotor response fol-
lowing saline pretreatment revealed differences between the
low- and high-AMP groups in both the L365-260 study [i.e., low
vehicle = 364 + 26; high vehicle = 547 + 56; #(14)
2.96, p = 0.01] and the devazepide study (i.e., low vehicle
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FIG. 2. Effect of devazepide on AMP-induced hyperactivity in low
and high responders (see text for details). (A) Effect of devazepide
(open bars) or vehicle (shaded bar) pretreatment on AMP-induced
hyperactivity (0.25 mg/kg) recorded during the 2-h test session. Saline
(stippled bar) group represents the mean locomotor activity score re-
corded on the first and sixth cycle where the rats only received saline
injections. +p < 0.01 vs. respective saline measure in low-AMP
group (unpaired ¢-test). (B) Temporal analysis of the effect of deva-
zepide at 0.001 mg/kg (@), 0.01 mg/kg (A), 0.1 mg/kg (), and
vehicle ((J) pretreatment on AMP-induced hyperactivity in low and
high responders.
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280 + 16;highvehicle = 349 + 18;#20) = 2.96,p < 0.01].
In other words, animals from the high-AMP group showed a
greater locomotor response following saline injection relative
to their low-AMP counterparts (Figs. 1A and 2A).

DISCUSSION

In this study, we examined the effect of the CCK, antago-
nist, devazepide, and the CCK; antagonist, 1L365-260, on
AMP-induced hyperactivity. In accordance with previous re-
search, marked individual differences were seen between rats
in their response to AMP. Based on previous research indicat-
ing that low and high responders differ in the level of DA
function (31), we performed a median split of each group
according to their response to AMP. It was found that al-
though L365-260 had no effect in high-AMP responders, in
the low group there was a marked potentiation of the hyperac-
tivity. It was curious to note that this potentiation seemed
biphasic, with enhancement at 0.1 mg/kg but not at 1 mg/
kg L365-260. 1.365-260 did not effect locomotor activity in
vehicle-pretreated rats, implying that the ineffectiveness of the
1-mg/kg dose in the AMP interaction study was not due to
motoric impairment.

In a recent study in monkeys, Boyce et al. (2) also reported
a steep dose-response curve for L365-260 effects on DA-
mediated hyperlocomotion. Boyce et al. treated monkeys with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to in-
duce a parkinsonian syndrome. They subsequently adminis-
tered the DA agonists L-DOPA and (+)-PHNO to the MPTP
monkeys and found a substantial increase in locomotor activ-
ity. Importantly, L-DOPA-induced hyperlocomotion was po-
tentiated by pretreatment with 1.0 mg/kg L365-260, whereas
10 mg/kg 1.365-260 potentiated (+)-PHNO-induced hyperac-
tivity. At no other dose was there an enhancement of the hyper-
activity induced by the DA agonists. As well, devazepide was
without effect under all conditions. Endogenous CCK, at the
CCKj receptor, may function to inhibit DA-mediated motor
activity. This is in line with previous studies (5,38,46) showing
that CCK antagonizes DA- and AMP-induced hyperactivity.

It is noteworthy that biphasic dose-response relationships
have also been recorded for the inhibitory effects of CCK-8 or
CCK-8S against apomorphine- and AMP-induced hyperactiv-
ity following Acc injection (45,46). Precisely what processes
underlie this response profile are presently unclear, but it does
suggest a functional complexity between Acc DA and CCK
systems.

In contrast to L365-260, the CCK, receptor antagonist de-
vazepide failed to significantly affect AMP-induced locomeo-
tor activation in both low and high responders. These results
suggest a relatively unimportant role for CCK, receptors in
the regulation of the motor response to AMP, and imply some
specificity to the L365-260 response. Though the CCK, recep-
tor subtype may not contribute to the mechanism(s) regulating
responsiveness to AMP treatment, this receptor subtype, but
not the CCKj subtype, has been shown to be critical to the
expression of CCK-induced hypolocomotion. Thus, it has
been shown that devazepide, but not L365-260, will block the
hypolocomotion induced by both systemic and central CCK
administration (16,28,35,41).
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It is important to note that two important consequences
of chronic AMP treatment that could have compromised a
repeated-measures approach are sensitization [see Kalivas and
Stewart (22) for recent review] and conditioning (12,26) to the
hyperactivity. However, using a low AMP dose (0.25 mg/kg)
administered at 72-h intervals, we failed to find any evidence
for these phenomena. Thus, there was no significant change in
the AMP response across test sessions, or to the saline response
recorded prior to, and after, the four AMP treatment cycles.

Perhaps the most interesting aspect to this work, and one
that is receiving increasing attention, is the individual differ-
ences seen between laboratory animals in their responding to
drug reinforcers such as AMP and morphine (10,19,20,30-
34). Piazza et al. (30) have provided evidence that in rats, the
baseline level of locomotor activity is positively correlated
with the animal’s locomotor response to AMP and also the
rate of acquisition to self-administer this substance. In the
present study, we also found similar correlations between
baseline activity and an AMP-induced hyperactivity, because
rats identified as high-AMP responders showed a significantly
greater locomotor response during habituation and to a saline
injection in comparison to their low-AMP counterparts.

Precisely why animals should differ in their level of re-
sponding to AMP is likely to be due to a complex array of
variables. However, studies do suggest that animals that show
a greater propensity to acquire opioid or psychostimulant self-
administration behavior, or exhibit enhanced locomotor acti-
vation to these drugs, may show biochemical markers indica-
tive of enhanced mesolimbic DA function in comparison to
those that do not (10,20,31). This DA system is presumably
regulated by a variety of other neurotransmitter systems, in-
cluding CCK and 5-HT; thus, it is feasible that differences in
the functioning of these regulatory systems between animals
could account for the observed neurochemical changes with
respect to mesolimbic DA. In the present study, we found
that pretreatment with the CCKjy antagonist L.365-260 had no
effect on the locomotor response to AMP in high responders,
whereas in the low group activity was enhanced to a level seen
in the high responders. Because activation of CCKj, receptors
may suppress various aspects of Acc DA function (1,4,25,38),
a possible explanation for the present findings is that low-
AMP responders have a higher basal tone of CCK within
the Acc that serves to dampen DA activity. Removal of this
inhibitory component by application of a CCKy antagonist
may therefore enhance DA-related behavior. Clearly, more
research is necessary to further examine such a hypothesis and
we are currently investigating the effect of L365-260 pretreat-
ment against feeding elicited by low doses of AMP. Like the
hyperactivity response, AMP-induced feeding appears to be
mediated via the Acc and also marked individual differences
in this behavior may be seen between animals (8,33,34).
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