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Postponement of Satiety by Blockade of Brain 
Cholecystokinin (CCK-B) Receptors 

Exogenous cholecystokinin (CCK) decreases food intake and causes satiety in animals 
and man. However, it has not been established that endogenous CCK causes satiety or 
whether the response is mediated by peripheral-type (CCK-A) or brain-type (CCK-B) 
receptors. The development of potent and selective antagonists for CCK-A (MK-329) 
and CCK-B (L-365,260) receptors now allows these issues to be addressed. The CCK- 
A antagonist MK-329 and the CCK-B antagonist L-365,260 increased food intake in 
partially satiated rats and postponed the onset of satiety; however, L-365,260 was 100 
times more potent than MK-329 in increasing feeding and preventing satiety. These 
results suggest that endogenous CCK causes satiety by an agonist action on CCK-B 
receptors in the brain. 

T HE NEUROPEITIDE CCK DECREASES 

food intake in a large number of animal 
s p e s  and in lean and obese humans 

(1). Intraperitoneal injection of CCK causes 
a specific decrease in the meal size of food- 
deprived rats but has no effect on the water 
intake of water-deprived rats (2). Further- 
more, CCK inhibits sham-feeding in rats (3) 
and monkeys (4) ,  a condition in which food- 
deprived animals do not satiate spontane- 
ously. In addition, CCK elicits the sequence 
of behavior in rats (feeding + activity + 
grooming + resting) that characterizes the 
onset of postprandial satiety ( 5 ) .  The above 
effects of exogenous CCK on feeding, to- 
gether with the observation that CCK is 
released in the gut and in the brain during a 
meal, have led to the hypothesis that endog- 
enous CCK is an important mediator of 
postprandial satiety (1). However, this hy- 
pothesis is controversial (I) ,  and a definitive 
test of the involvement of endogenous CCK 
in satiety has been hindered by a lack of 
potent, selective CCK antagonists. The 
identification of potent, selective CCK an- 
tagonists (6) has now enabled us to examine 
the potential role of endogenous CCK in 
satiety. 

It is also not clear if CCK decreases 
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feeding by a peripheral or central mecha- 
nism (1). It has been suggested that CCK 
stimulates receptors in the gut that activate 
the vagus nerve; this signal is then thought 
to be relayed via the nucleus tractus solitar- 
ius (NTS) (either directly or through the 
parabrachial nucleus) to the hypothalamus 
(7). Thus, injection of CCK or the related 
decapeptide cerulein into the lateral ventri- 
cles, the ventromedial hypothalamus 
(VMH), and the paraventricular nucleus of 
the hypothalamus (PVN) has been claimed 
to decrease feeding, although not in all 
studies (1, 8). Furthermore, the satiety effect 
of CCK is blocked by vagotomy and by 
lesions of the NTS, VMH, and PVN (9) .  
However, the blockade of CCK-induced 
satiety by VMH lesions has not been repro- 
duced in all studies (1, 9) .  Ligand binding 
studies in rodents have shown that brain 
(CCK-B) receptors (which are found, for 
example, in the PVN, VMH, and lateral 
NTS) can be differentiated from peripheral 
(CCK-A) receptors (found, for example, in 
the gut, stomach, pancreas, and medial 
NTS) (10). The discovery of selective antag- 
onists for CCK-A and CCK-B receptors (6) 
has enabled us to examine the respective 
roles of these receptor types in mediating 
CCK-induced satiety. 

In the first experiment we determined the 
effects of access to food for periods of 0, 10, 
20, 30, or 40 min on the behavioral satiety 

seauence in rats that had been starved over- 
1 

night (11). As expected, increasing the 
length of the prefeeding period decreased 
food intake and accelerated the onset of the 
satiety sequence during the test period. A 
40-min prefeeding period induced satiety 
almost immediately in the test period, and 
this condition was used to examine the 
potential antisatiety effects of the CCK an- 
tagonists. Doses of MK-329 [l-methyl-3-(2- 
indoloyl) amino - 5 - phenyl - 3 H  - 1,4 - benzo- 
diazepin-2-one] of 10 ng, 100 ng, 1 pg, 
10 pg, 100 kg, or 1 mg per kilogram of 
body weight or an equal volume of 0.5% 
carboxymethylcellulose vehicle were injected 
subcutaneously immediately after a 40-min 
prefeeding period in rats that had been 
de~rived of food for 1 7  hours. The animals 
were observed 30 min later for a period of 
60 min. MK-329 significantly increased the 
frequency of feeding and, consequently, de- 
layed the onset of resting (Fig. 1) (12). The 
effects of MK-329 (10 pglkg) on the satiety 
sequence after a 40-min feeding period are 
compared to the effects of a 20- or  40-min 

20 3 
4 101 
1 Veh. 

0- 

m 10 nglkg 

! '"nglkg 
"- 

Time (min) 

Fig. 1. Effect of MK-329 on the frequency (num- 
ber of times the response is observed out of a total 
of 20 observations per 5-min period) of feeding 
(left panel) and resting (right panel) in rats de- 
prived of food for 17 hours and then given a 40- 
min prefeeding period. The data are the mean of 
at least 12 rats per group. MK-329 significantly 
increased the frequency of feeding and postponed 
the onset of resting; two factor analysis of vari- 
ance (ANOVA) with repeated measures indicated 
a significant main effect of MK-329 on feeding 
[F(6,101) = 12.25, P < 0.00001] and a signifi- 
cant interaction between MK-329 and time 
[F(66,1111) = 5.05, P < 0.00001] and a signifi- 
cant main effect of MK-329 on resting 
[F(6,101) = 2.8, P < 0.021. 
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Fig. 2. Comparative re- Feed~ng Act~vty Groom~ng Rest~ng 
sponses m the satlety se- 
quence of (lower panel) 20 1 
MK-329-treated rats 
(thm Ime) and veh~cle- 10 I \ I 

i 
treated rats (dark Ime), 
both deprrved of food ! \\ ~ & for 17 hours and then O 
given a 40-min prefeed- ,: 20 
ing period, and of (up- 5 
per panel) vehicle-treat- 5 
ed rats, also deprived of a 10 

food for 17 hours, and 
then given a 40-min 
(dark line) or a 20-min 0  
(thin line) prefeeding 0  30 600 30 600 30  E O O  30 60 

period. The data are the Time (min) 

mean of at least 12 rats per group. The effect of MK-329 (10 kglkg) on the satiety sequence closely 
resembles the effect of a 20-rnin decrease in prefeeding time. 

period of prefeeding in vehicle-treated rats 
(Fig. 2). There is a striking similarity, both 
quantitatively and qualitatively, in the pat- 
terns of the two graphs. This finding sug- 
gests that, in food-deprived rats, MK-329 
produces an effect that is equivalent to 20 
min less access to food during the prefeed- 
ing period. 

Our data demonstrate that endogenous 
CCK plays a role in satiety (13) and support 
findings that exogenous CCK induces sati- 
ety ( 5 ) .  MK-329 is a selective CCK-A recep- 
tor antagonist (6, 10). To determine if the 
effects we observed in the satiety sequence 
were due to blockade of CCK-A or CCK-B 

receptors, we compared the potency of MK- 
329 with that of the selective CCK-B antag- 
onist L-365,260 ( 6 )  in this test. Doses of 
L-365,260 [(3R)-(+)-N-(2,3-dihydro-l- 
methyl - 2 - 0x0 - 5 - phenyl- 1 H - 1 , 4  - benzo- 
diazepin - 3 - pl) - hT' - ( 3 - methylphenyl) urea] 
of 100 pg, 1 ng, 10 ng, 100 ng, 1 kg, 10 kg, 
or 100 kg per kilogram of body weight or 
an equal volume of 0.5% carboxymethylcel- 
lulose vehicle were injected subcutaneously 
under the same conditions as used for MK- 
329. L-365,260 (like MK-329) significantly 
increased the frequency of feeding and de- 
layed the onset of resting (14). The dose- 
response curves of both antagonists for pre- 
venting satiety were bell-shaped, but the 
explanation for this is unclear at present 
(15). L-365,260 was approximately 100 
times more potent than MK-329 in increas- 
ing feeding and prolonging the latency to 
onset of the satiety sequence (Fig. 3). Simi- 
larly, both drugs increased the amount of 
food consumed during the 60-min test, with 
L-365,260 being more potent and more 
efficacious (Fig. 4). This difference in poten- 
cy is in good agreement with the relative 
potencies of L-365,260 and MK-329 in 
displacing '25~-labeled CCK binding to 
brain membranes and in antagonizing the 
excitatory effect of CCK on VMH neurons 
(16). In contrast, there is no significant 
linear relation between the potency of MK- 
329 and L-365,260 in preventing satiety 
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J 4 -  Fig. 3. Comparative potencies of the CCK-A 
0; antagonist MK-329 (@) and the CCK-B antago- 
L + nist L-365,260 (0) in (A) increasing the frequen- 
PI 
c 2 -  .- M 

cy of feeding and (6) postponing the onset of 
resting in the satiety sequence. The graph illus- 

d trates effects of the antagonists during the first 5 
0  .. min of the test (time of maximal effect of both 

* w drugs on these nvo behaviors). The data are the 
mean ( tSEM) of at least 12 rats per group. 

- 2 + s c m 5 " 8 8 L  Significant differences from vehicle are indicated 
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Fig. 4. Comparative potencies of the CCK-A 
antagonist MK-329 (@) and the CCK-B antago- 
nist L-365,260 (+) in increasing food intake 
during a 60-min test in rats deprived of food for 
17 hours and then given a 40-min prefeeding 
period. Both drugs significantly increased food 
intake during the 60-min test. MK-329 
[F(6,101) = 14.5, P < 0.00001] had a maximal 
effect at 100 kglkg, and L-365,260 
[F(7,118) = 46.08, P < 0.000001] had a maxi- 
mal effect at 10 &kg. The data are the mean 
(kSEM) of at least 12 rats per group. Significant 
differences are indicated by asterisks (*P < 0.01) 
and were determined by Tukey test after a signifi- 
cant ANOVA. 

and their relative afbity for CCK-A recep- 
tors in pancreas (1 7). 

It has been suggested that CCK decreases 
food intake and produces satiety by slowing 
gastric motility (1). Indeed, blockade of 
CCK-A receptors by MK-329 increases gas- 
tric emptying of a meal in cats (18) and 
prevents the delayed gastric emptying in- 
duced by exogenous CCK in rodents (19). 
Our data, which show that the selective 
CCK-B antagonist L-365,260 is considera- 
bly more potent than MK-329, argue 
against the gastric motility hypothesis as a 
complete explanation for CCK-induced sati- 
ety because L-365,260 is much less effective 
than MK-329 in antagonizing CCK-in- 
duced inhibition of gastric emptying (20). 
This is in agreement with suggestions that 
effects on gastric motility can only partially 
account for the effects of exogenous CCK 
on feeding (21). 

Our results argue in favor of an important 
role for CCK-B receptors in the mediation 
of CCK-induced satiety. The location of this 
CCK-B receptor population is uncertain, 
but both the PVN and VMH contain high 
densities of CCK-B receptors (22). Injection 
of CCK and cerulein into the hypothalamus 
has been reported to decrease feeding in rats 
(1, 8), whereas lesions of the PVN and 
VMH are claimed to cause overeating and 
obesity and to abolish the effects of CCK on 
feeding (9) [although not in all studies (1, 
Y)] . Whatever the precise neuroanatomical 
location involved, our findings support the 
concept that CCK-B receptor agonists may 
be clinically effective appetite-suppressant 
drugs with minimal peripheral side effects. 
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Furthermore, CCK receptor antagonists 
may have therapeutic use in the treatment of 
various forms of anorexia. 
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Factors That Predict Individual Vulnerability to 
Amphetamine Self-Administration 

Clinical observations show that there is considerable individual variability in the 
response to the addictive properties of drugs. This individual variability needs to be 
taken into account in animal models of addiction. Like humans, only some rats readily 
self-administer low doses of psychostimulants. The individual animals at risk can be 
identified on the basis of their response to environmental or pharmacological chal- 
lenges. This predisposition to develop self-administration can be induced by repeated 
treatment with amphetamine. These results may help elucidate the neurobiological 
basis of addiction liability observed in both rats and humans. 

T HE ETIOLOGY OF DRUG ADDICTION 

is largely unknown, although an in- 
dividual's vulnerabilitv to addiction 

is one of the main factors that influences the 
prognosis. As pointed out by O'Brien et al.  
(1, p. 329), "Some addicts go for months or 
years using heroin or cocaine only on week- 
ends before becoming a daily (addicted) 
user. Others report that they had such an 
intense positive- response that they became 
addicted with the first dose. . . ." Although 
the importance of individual differences in 
humans is well accepted in clinical practice, 
it has often been neglected in animal studies. 
Intravenous self-administration (SA), a use- 
fd method for analysis of drug-taking be- 
havior in animals, is typically studied after 
the behavior is well established after pro- 
longed training with relatively high doses of 
drugs. Although this procedure has provid- 
ed usehl information on the neurobiologi- 
cal substrate of SA (Z), it has obscured 
individual differences in vulnerability to the 
drug. However, during the acquisition of 
SA, individual differences among rats can be 
seen if low doses of drug are used. We 
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addressed two questions in this study: (i) 
Could individual differences in the develop- 
ment of amphetamine SA in rats be predict- 
ed by a particular set of traits? (ii) Could 
these individual differences be modified? 

In the first experiment, 30 male Sprague- 
Dawley rats (280 to 300 g body weight) 
were separately tested for individual reactiv- 
ity (locomotor response) in a novel environ- 
ment (3) and after an intraperitoneal injec- 
tion of d-amphetamine sulfate. Novelty-in- 
duced locomotor activity was measured ev- 
ery 10 min for 2 hours. Two subgroups of 
animals were selected on the basis of their 
level of activity (either below or above the 
median of the group). Half the animals were 
classified as low responders to novelty (LRs; 
n = 15) and the other half, with a slower 
habituation response, were classified as high 
responders (HRs; n = 15) (Fig. 1A) (4). 
The two groups did not differ in other 
variables such as body weight or health. On 
the day after exposure to the novel environ- 
ment, the animals were placed in the same 
apparatus for a habituation period of 3 
hours and then were injected with ampheta- 
mine (1.5 mg per kilogram of body weight, 
intraperitoneally), after which their locomo- 
tor activity was recorded for three more 
hours. Analysis of variance (ANOVA) indi- 
cated that the responses of LR and H R  
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