part, to a relatively limited capacity to
increase cellular energy metabolism at
elevated temperatures (/3). This deficit
would be markedly increased during sei-
zures and could contribute to the brain
damage associated with febrile-status
epilepticus in very young children (3, 4).
Functional neurological deficits, includ-
ing decreased maze-solving ability and
increased sensitivity to other epilepto-
genic stimuli, occur as sequelae to hy-
perthermic seizures in the rat pup (6).
Further studies of the pathogenesis of
hyperthermic seizures and their sequelae
in the immature rat and in higher mam-
mals may help to answer important clini-
cal questions concerning febrile convul-
sions in young children.
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Departments of Neurology and
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Abdominal Vagotomy Blocks the Satiety Effect of
Cholecystokinin in the Rat

Abstract. The site where peripherally administered cholecystokinin-8 elicits satiety
was investigated by injecting rats with cholecystokinin-8 (1 to 8 micrograms per
kilogram of body weight, intraperitoneally) after they had received bilateral lesions
of the ventromedial hypothalamus or after they had undergone bilateral abdomi-
nal vagotomy or selective vagotomies. Abdominal vagotomy or gastric vagotomy
abolished or reduced the satiety effect of cholecystokinin, but lesions of the
ventromedial hypothalamus did not. These results demonstrate that peripherally
administered cholecystokinin acts in the abdomen through gastric vagal fibers and

not directly on the brain to produce satiety in the rat.

Cholecystokinin (CCK), a peptide
present in the central nervous system
and gut, inhibits food intake in animals
and humans after it is centrally (/-3) or
peripherally administered (¢). The site of
action of this effect is controversial. Af-
ter central administration, CCK-8 pre-
sumably acts on brain CCK receptors
(5), although Nemeroff ef al. (6) conclud-
ed that centrally administered CCK-8
inhibited tail pinch—induced feeding by
acting at a peripheral site. It has been
suggested that CCK-8 also acts in the
brain (2), particularly in the ventromedi-
al hypothalamic area, after it is adminis-
tered peripherally (3). However, Kul-
kosky et al. (7) observed a normal satiety
effect of peripherally administered CCK-
8 in rats with bilateral lesions of the
ventromedial hypothalamus (VMH). We
have further investigated the site of ac-
tion of peripherally administered CCK-8

(8-10) and report here that peripherally
administered CCK-8 has a peripheral site
of action in an abdominal organ inner-
vated by the gastric vagal nerves.

Male Sprague-Dawley rats (300 to 500
g) were subjected to bilateral abdominal
vagotomy and female Sprague-Dawley
rats (225 to 275 g) received electrolytic
lesions of the VMH (11). Testing began 1
month after surgery, when all vagoto-
mized rats had stable intakes of food and
water and looked healthy. Ten of 12 rats
with VMH lesions were hyperphagic in
the first 2 weeks after surgery (daily
sweet milk intakes > 2 standard devi-
ations larger than control). Eight of these
hyperphagic rats were selected randomly
and placed on restricted food intake to
maintain body weight close to that of rats
that received sham operations.

For each test, the vagotomized rats
were offered a test diet (Gibco, EC116)

Table 1. Effect of abdominal vagotomy or ventromedial hypothalamic (VMH) lesions on CCK-
induced satiety. The data (means * standard error) show the percentages of inhibition of food
intake. The percentage of inhibition of food intake = 100 x 1 — 30-minute intake after CCK-8/

30-minute intake after saline.

Dose of CCK-8 (ng/kg)

Group N
1 2 4 8
Controls 16* 20 9 31+ 8 60 £ 6 54+ 9
VMH lesion 8 22 = 12 20 = 14 62+ 7 60 = 8
Vagotomy* 8 —-14 = 18 2+ 15 16 = 15 7+ 16

0036-8075/81/0828-1036%01.00/0 Copyright © 1981 AAAS

*N = eight controls for hypothalamic lesions and eight controls for vagotomy; since there was no difference
in the intakes of the two groups, their data were pooled. tGroup mean differs significaritly from controls
(P < .01) and VMH lesion (P < .05) by Tukey test after analysis of variance (/4). Analysis of variance was
significant for the group effect, F(2, 29) = 7.51, P < .0, and for dose, F(3, 42) = 8.45, P < .01, but not for
the interaction (P > .10). Negative inhibition indicates rats ate more after this dose of CCK-8.

Table 2. Effect of selective vagotomies on CCK-induced satiety. The data (means = standard
error) show the percentages of inhibition of food intake.

Dose of CCK-8 (ng/kg)

Group N
. 1 2 4 8
Controls 1 2+ 5 43+ 6 44 = 4 67 £ 4
Total* 7 2+ 6 -13 £ 16 -8 + 17 17 = 11
Gastric* 11 4 =10 11 =11 18 + 14 10+ 8
Coeliac 8 14 = 4 31+ 6 41 = 12 56 = 7
Hepatic 5 16 = 15 41 = 10 3l 8 S6 = 7
Coeliac plus hepatic 7 22 £ 10 27 = 15 61 = 10 47+ 7

*Total and gastric vagotomies differ significantly from controls (Tukey test, P << .01} after analysis of
variance. Analysis of variance was significant for the group effect, F(5, 43) = 13.25, P < .01, and for dose,
F(3, 129) = 7.00, P < .01, but not for the interaction (P > .10).
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and the rats with VMH lesions were
offered a sweet milk diet after 17 hours of
food deprivation. Intakes were measured
at 15-minute intervals for 1 hour. Fifteen
minutes before food was presented the
rats were injected intraperitoneally with
a dose of synthetic CCK-8 or with an
isovolumetric injection of isotonic sa-
line. The results were clear-cut: bilateral
vagotomy reduced or abolished the sati-
ety effect of CCK-8, but VMH lesions
did not (Table 1). The hypothalamic le-
sions extended beyond the VMH area in
all cases and sometimes included the
paraventricular nucleus, medial preop-
tic, and suprachiasmatic areas. Thus,
none of the structures in the ventromedi-
al portion of the anterior and tuberal
hypothalamus are necessary for the sati-
ety effect of CCK-8. This supports and
extends the earlier report of Kulkosky et
al. (7).

This experiment demonstrated that pe-
ripherally administered CCK-8 acted ata
vagally innervated site below the dia-
phragm and not in the brain. Lorenz and
Goldman (12) also observed loss of the
satiety effect of CCK-8 after abdominal
vagotomy, but Anika et al. (13) did not.
It is possible that the different results
reflect differences in the vagal denerva-
tion of a specific visceral structure that
CCK-8 acts on to initiate the signal for
satiety.

In a second experiment we investigat-
ed which vagal branches were necessary
for the satiety effect of CCK-8 by com-
paring the effect of selective transection
(11) of the hepatic, coeliac, hepatic and
coeliac, or gastric vagal branches with
the effect of bilateral abdominal vagoto-
my on the satiety action of CCK-8. Rats
were maintained and tested under the
conditions of the first experiment and
testing began about 1 month after sur-
gery. Gastric vagotomy was the only
selective transection that blocked the
satiety effect of CCK-8 just as effectively
as bilateral abdominal vagotomy (Table
2). Our finding that CCK-8 produced the
normal satiety effect in hepatic and coeli-
ac transected rats that had only the gas-
tric vagal branches intact indicate that
the gastric vagal branches are necessary
and sufficient for the satiety action of
CCK-8. This suggests that the stomach is
the site of CCK-8 action, but since the
gastric vagal branches also innervate the
first part of the duodenum, the liver, and
the head of the pancreas, these sites
must also be considered.
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It is not clear if the critical lesion
involves the gastric efferent fibers, the
gastric afferent fibers, or both. Since the
efferent and afferent fibers cannot be
transected selectively in the abdomen,
we used atropine methyl nitrate to pro-
duce peripheral anticholinergic blockade
that may mimic the loss of cholinergic
vagal efferent fibers. Test conditions
were the same as in the first two experi-
ments except that rats that received no
surgery were given an intraperitoneal
injection of atropine methyl nitrate (5
mg/kg) or saline 15 minutes before they
received CCK-8. Atropine methyl nitrate
did not change the satiety effect of CCK-
8 [percentages of inhibition of intake for
30 minutes were as follows: after CCK-8
(4 ng/kg) preceded by saline, 26 = 2.8;
after CCK-8 (4 ng/kg) preceded by atro-
pine, 28 + 3.4; after CCK (8 ng/kg) pre-
ceded by saline, 44 = 6.5; and after
CCK (8 ng/kg) preceded by atropine,
44 = 5.5). The lack of effect of atropine
methyl nitrate suggests, but does not
prove, that transection of vagal afferent
fibers is the critical lesion.

From these experiments we hypothe-
size that intraperitoneally administered
CCK-8 produces satiety by activating
vagal afferent nerves through direct ef-
fect on afferent terminals or receptors, or
through an effect on smooth muscle that
stimulates gastric vagal afferent recep-
tors. By inference, this vagal mechanism
would also be activated by circulating,
endogenous CCK-8 released by food
stimuli in the small intestine.

G. P. SmiTte*
C. JEROME
B. J. CusHint
R. ETERNO
K. J. SiMmaNsKY
Cornell University Medical College and
New York Hospital-Cornell Medical
Center, Westchester Division,
White Plains 10605
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