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We have investigated the pathway and the mechanism by 
which cholecystokinin octapeptide (CCKd), given systemi- 
cally, may influence the discharge of brain stem neurons 
that have an input from the stomach. Extracellular recordings 
were made from neurons in the nucleus of the solitary tract 
(NTS), where vagal afferents terminate, and from neighbor- 
ing regions of the dorsal medial medulla. Gastric distension 
and CCK-8 injected intra-aortically close to the stomach 
evoked either excitatory or inhibitory responses that were 
abolished by cervical vagal section. In animals from which 
the celiac/superior mesenteric ganglia were removed, or the 
gastric antrum resected 2 weeks earlier, responses to gas- 
tric distension and CCK-8 were maintained. The effects of 
CCK-8 are unlikely to be secondary to changes in smooth 
muscle tone because CCK-8 decreased pressure in the body 
of the stomach, while distension increased it. Moreover, in- 
travenous noradrenaline and vasoactive intestinal peptide 
had effects similar to CCK-8 on intragastric pressure, but 
evoked different patterns of responses from brain stem neu- 
rons. The results are consistent with the idea that CCK-8 
acts directly on vagal mechanoreceptive endings in the gas- 
tric corpus wall. It is well known that peripheral administra- 
tion of CCK-8 influences short-term regulation of food intake. 
The effects described here may reflect the pathway by which 
peripheral CCK influences CNS function. 

Peripheral administration of cholecystokinin (CCK) evokes a 
number of behavioral effects, including satiety (Gibbs et al., 
1973, 1976), decrease in exploratory behavior (Crawley et al., 
198 l), sedation (Zetler, 198 I), and analgesia (Zetler, 1980). Ion- 
tophoretic application of CCK excites neurons in many CNS 
regions, including the hippocampus, substantia nigra, brain stem, 
and spinal cord (Oomura et al., 1978; Dodd and Kelly, 1981; 
Jeftinija et al., 198 1; Ewart and Wingate, 1983; Morin et al., 
1983; Hommer et al., 1985). However, there is evidence that 
CCK given intravenously (i.v.) or intraperitoneally (i.p.) influ- 
ences the CNS not by a direct action on central neurons, but 
indirectly via actions at a peripheral site. Thus, section of the 
gastric branch of the vagus and lesion of the nucleus of the 
solitary tract (NTS) abolished the effects of CCK on satiety and 
exploratory behavior (Crawley et al., 198 1; Smith et al., 198 1; 
Lorenz and Goldman, 1982; Morley et al., 1982; Crawley and 
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Schwaber, 1984). Similarly, the sensory neurotoxin capsaicin 
blocks the satiety effect of CCK (Ritter and Ladenheim, 1985). 

In a previous study, we reported that brain stem neurons 
receiving an input from the stomach responded to intravenous 
administration of cholecystokinin octapeptide (CCK-8) (Ray- 
bould et al., 1985). The changes in neuronal discharge evoked 
by CCK-8 and gastric distension were in the same direction, 
suggesting that the 2 stimuli act through a common neural path- 
way. Moreover, CCK-8 was more potent in eliciting changes in 
neuronal discharge when administered intra-aortically close to 
the stomach, compared to intravenous injection, suggesting that 
it acts within the splanchnic bed. In the present study, we have 
sought to establish the pathway and mechanisms by which CCK-8 
influences the discharge of brain stem neurons. The pathway by 
which gastric distension and CCK-8 influence the discharge of 
brain stem neurons was studied by examining responses before 
and after acute bilateral cervical vagotomy, and in animals from 
which the celiac/superior mesenteric ganglia were removed. The 
mechanism by which CCK-8 may act in the periphery was also 
investigated; experiments were performed in rats from which 
the gastric antrum was removed. In addition, the possibility that 
alterations in neuronal discharge were due to changes in gastric 
smooth muscle tone produced by CCK-8 was investigated by a 
simultaneous recording of intragastric pressure and by studying 
the action of vasoactive intestinal peptide (VIP) and noradren- 
aline, which, like CCK-8, decrease intragastric pressure ,(Ray- 
bould et al., 1987). The results described here are consistent 
with the idea that CCK-8 acts directly on vagal afferent me- 
chanoreceptive endings in the gastric wall. 

Materials and Methods 
Experiments were performed on male Sprague-Dawley rats (200-350 
gm; n = 55) anesthetized with urethane (1.25 gm/kg, i.p.). The animals 
were fasted overnight before experiments but allowed water ad libitum. 
A cannula was placed in the trachea to ensure a clear airway. 

Gastric distension was produced by instillation of 0.9% saline via a 
catheter placed in the body of the stomach through the duodenum and 
secured at the pylorus. Pressure in the body of the stomach was recorded 
using a catheter passed into the stomach through the esophagus, con- 
nected to a pressure transducer (Statham P23ID), and displayed on a 
2-channel chart recorder. Neurons responding to gastric distension were 
identified by the response to 2 ml saline instilled into the stomach over 
lo-20 set; distension was maintained for l-5 min. Intravenous injec- 
tions were made using a catheter placed in the external jugular vein. 
Intra-aortic (i.a.) injections close to the splanchnic vascular bed were 
made using a catheter inserted into the carotid artery passed down the 
aorta until the tip was at the junction with the celiac artery. Peptides 
were dissolved in 0.1% bovine serum albumin in 0.9% saline. Injections 
were made as a 0.1 ml bolus flushed in with a 0.2 ml 0.9% saline as 
follows: CCK-8 ( 100 pmol to 10 nmol), VIP ( 100 pmol), and noradrena- 
line (100 ng or 1 pg). Synthetic sulfated CCK-8 was a generous gift of 
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Dr. B. Penke and pure natural porcine VIP was generously donated by 
Professor V. Mutt. 

Units responding to gastric distension were identified in intact rats 
before and after acute vagotomy (n = 8) and in rats from which the 
celiac/superior mesenteric ganglia were removed (n = 9) or the gastric 
antrum resected (n = 3). Acute cervical vagotomy was performed by 
placing silk snares loosely around both vagi; vagotomy was then achieved 
during the recording of neuronal activity by avulsion. 

Experiments involving pyloric antrectomy or celiac/superior mes- 
enteric ganglionectomy were performed as follows 2 weeks prior to 
electrophysiological recording: Rats were anesthetized with halothane 
(l-2%). Using full aseptic precautions, the gastric antrum, pylorus, and 
first 0.5 cm of the duodenum were removed. The duodenal stump and 
the cut edges ofthe stomach were sutured, and a loop ofdistal duodenum 
was anastomosed to the gastric corpus. Alternatively, the rats were 
anesthetized with sodium pentobarbitone (60 mg/kg, i.p.; May and Ba- 
ker, UK), and the celiac and superior mesenteric ganglia carefully ex- 
tirpated. 

Electrophysiological recordings were made on rats placed in a stereo- 
taxic frame with the head in a nose-down position. The obex was ex- 
posed by resecting the neck musculature and removal of part of the 
occipital plate. Extracellular recordings of single-neuron activity were 
made through the central barrel of glass multibarreled microelectrodes. 
The obex was used as the zero reference point and the coordinates 0.5 
mm rostrocaudal and 0.75 mm lateral to the obex used to position the 
electrodes in the dorsal vagal complex (DVC). The position of the elec- 
trode tip was marked by iontophoretic application of pontamine sky 
blue and verified using the atlas of Palkovits and Jacobowitz (1974). 

Analysis of&a. The output from the preamplifier was displayed on 
an oscilloscope and the discriminator levels on the spike processor 
(D130 Digitimer) adjusted according to spike height. The number of 
impulses was counted over bin widths of l-5 set and displayed on a 

Figure I. Extracellular recording of 
neuronal activity in the left NTS from 
urethane-anesthetized rat. Gastric dis- 
tension was produced by instillation of 
2 ml of 0.9% saline over lo-20 sec. 
Intra-aortic injections close to the 
splanchnic vascular bed were made us- 
ing a catheter in the carotid artery, 
passed down the aorta until the tip lay 
at the junction with the celiac artery. 
The discharge of this neuron is in- 
creased by both gastric distension and 
intra-aortic (i.a.) injection of 100 pm01 
of CCK-8. Responses to both stimuli 
were abolished by contralateral vagot- 
omy, which also decreased sponta- 
neous discharge. 

chart recorder beside the intragastric pressure. The level of activity of 
neurons, both spontaneous and evoked, was calculated for a 1 min 
period and expressed as the number of spikes per second. In some 
experiments, the data were stored on disk (BBC Microcomputer) and 
later retrieved, and calculations performed for the required portions of 
the trace. 

Results 
In keeping with the previous report (Raybould et al., 1985), the 
discharge of spontaneously active neurons in the dorsal medial 
medulla was either increased by gastric distension, decreased 
by gastric distension, or did not change. For all 3 groups of cells 
the spontaneous activity varied from 0 to 16 Hz, with 83% of 
neurons below 10 Hz. A 2 ml inflation of the stomach, or in- 
jection of CCK-8 (100 pmol, i.a.) resulted in a 1.5-10 times 
increase in firing rate of excitatory neurons and a 25-100% 
decrease in the firing of inhibitory neurons. For the majority of 
neurons whose discharge was influenced by gastric distension, 
the discharge remained elevated or depressed for the duration 
of the gastric distension (Figs. 1, 2). The response of some neu- 
rons, however, did show some adaptation to a maintained gas- 
tric distension (Fig. 3). 

Injection of CCK-8, i.a., close to the stomach increased the 
discharge of 29 of 29 neurons excited by gastric distension and 
decreased the discharge of 29 of 29 neurons inhibited by gastric 
distension. A direct comparison of the response to intravenous 
and intra-aortic injections of CCK-8 was made on 15 neurons 
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Figure 2. The spontaneous discharge of this neuron was increased by gastric distension and i.a. injection of CCK-8. Following bilateral vagotomy, 
the response to both stimuli was abolished. The second parts of the upper and the lower trace are continuous. 

(8 excitatory and 7 inhibitory). In all cases, 100 pmol, i.a., gave 
a long-lasting response, and the same dose, i.v., had no effect 
or produced small, transient responses. 

Neurons responding to gastric distension were located 
throughout the dorsal vagal complex, in particular the medial 
commissural nucleus, the medial and caudal portion of the NTS, 
and the dorsal vagal motor nucleus (DVMN). A few neurons 
were located in the reticular formation ventral to the NTS and 
DVMN. 

Acute cervical vagotomy 
The effect of unilateral vagotomy was tested on changes in neu- 
ronal discharge in response to gastric distension and CCK-8 of 
6 excitatory neurons, all located in the left NTS. Right (contra- 
lateral) vagotomy abolished the response to gastric distension 
and CCK-8 of only one neuron (Fig. 1). Subsequent section of 
the ipsilateral vagus abolished responses to gastric distension 
and CCK-8 of the remaining neurons (n = 5) (Fig. 2). Bilateral 
vagotomy abolished the responses to gastric distension and 
CCK-8 of the 2 inhibitory neurons tested. The spontaneous 
discharge of both excitatory and inhibitory neurons was de- 

Table 1. Effect of CCK-8 (100 pmol, i.a.), VIP (100 pmol, i.a.), and 
noradrenaline (100 pg, i.a.) on brain stem neurons responding to 
gastric distension 

Response to 
gastric 
distension 

Excited 
Inhibited 
No effect 

Responses concordant with 
gastric distension 

Noradren- 
CCK-8 aline VIP 

9/9 3/l 319 
ll/ll 3/4 2/11 
9/9 4/9 4/9 

creased by vagotomy; the spontaneous discharge of 3 neurons 
decreased to zero 20-30 min after vagotomy. 

Eflect of antrectomy and celiac ganglionectomy 
Recordings were made from 4 excitatory, 4 inhibitory, and 8 
neurons not responding to gastric distension in 3 rats in which 
the gastric antrum was resected. The responses of the neurons 
to CCK-8 (1-5 nmol, i.v.) were indistinguishable from those in 
intacts rats. In 9 rats from which the celiac/superior mesenteric 
ganglia were removed, recordings were made from 4 excitatory 
and 5 inhibitory neurons; the response to gastric distension and 
CCK-8 (100 pmol, i.a.) were indistinguishable from those ob- 
tained in intact rats (Fig. 3). 

Efect of noradrenaline and VIP 
Intravenous injection of CCK-8 (100 pmol), VIP (100 pmol), 
and noradrenaline (100 ng) rapidly decreased intragastric pres- 
sure and inhibited phasic contractions of the body of the stom- 
ach (Fig. 4). The effects of CCK-8 on neurons located in the 
dorsal medial medulla were compared to those of VIP on 9 
excitatory, 11 inhibitory, and 9 neurons unaffected by gastric 
distension, and with those of noradrenaline on 7 excitatory, 4 
inhibitory, and 9 neurons unaffected by gastric distension. Ex- 
amples of the responses obtained are shown in Figures 3, 5, and 
6, and summarized in Table 1. It is apparent that while VIP 
and noradrenaline influenced the discharge of some medullary 
neurons, the patterns of response were different from that evoked 
by CCK-8, and, in particular, the concordance of effects with 
gastric distension were not seen. It is also worth noting that both 
VIP and noradrenaline influenced the discharge of neurons that 
were unaffected by gastric distension and CCK-8. 

Discussion 

The data presented here provide evidence that CCK-8 influences 
the discharge of brain stem neurons with a gastric input by an 
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Figure 3. Extracellular recording of neuronal activity in the dorsal medial medulla of a urethane-anesthetized rat from which the celiac/superior 
mesenteric ganglia were removed 2 weeks previously under pentobarbitone anesthesia. Response of the neuron to CCK-8 and gastric distension 
are indistinguishable from that in intact rats (cf. Figs. 1 and 2). The discharge of this neuron was unaffected by injection of noradrenaline (X4) or 
vasoactive intestinal peptide (VZP). Upper and lower traces are continuous. 

action in the periphery, probably the distal stomach, that is 
mediated by the vagus nerve. The present results also suggest 
that the action of CCK-8 is distinct from that of noradrenaline 
or VIP (which produce similar effects on gastric motility). Taken 
together, the results are consistent with the idea that CCK-8 
acts on the vagal afferent pathway by a direct action on me- 
chanoreceptive endings in the gastric wall. 

Dorsal medial medullary neurons excited or inhibited by gas- 
tric distension have previously been identified in rat (Ewart and 
Wingate, 1983; Rogers and Hermann, 1985), cat (Barber and 

Burks, 1983), and sheep (Harding and Leek, 1972, 1973). These 
observations are also readily related to earlier recordings ofvagal 
efferent fiber discharge, which demonstrated both types of re- 
sponse to gastric distension (Davison and Grundy, 1978). The 
response of brain stem neurons to gastric distension in the pres- 
ent study suggests that they receive an input from gastric “in 
series” tension receptors previously characterized in single-fiber 
recordings of vagal afferent activity in several species (Paintal, 
1954; Iggo, 1957; Leek, 1969; Clarke and Davison, 1975; An- 
drews et al., 1980). However, recordings from single vagal af- 

Figure 4. Effect of intravenous 
administration of CCK-8, noradrena- 2 8 

W 

Es 
line (X4), and vasoactive intestinal 
peptide (VZZ’) on intragastric pressure 

gg 4 in the gastric corpus of urethane-anes- 

g” thetized rats. Intragastric pressure was 

d 
recorded using a catheter passed into 

d 2 
the stomach through the esophagus. 

i 1 1 1 iz. 
Responses to all 3 consist of a rapid 
decrease in intragastric pressure and in- 

CCK8 1OOpmol i.v. NA 1OOng i.v. VIP 100pmol i.v. hibition of phasic contractions. 



3022 Raybould et al. * Action of Peripheral CCK-8 on Brain Stem Neurons 

Ga+atric Distension CCKB 1OOpmol i.a. 

I 

4 
1 NA lclg i.a. VIP 1OOpmol i.a. 

0 I 1 

Figure 5. The spontaneous discharge Y’ 
of this neuron is excited by both gastric a 
distension and CCK-8, i.a.; by contrast, 
intra-aortic injection of NA and VIP 
decrease the discharge of this neuron. ,, - 
Upper and lower traces are continuous. ’ lmin ’ 

ferent fibers suggest that gastric distension produces only in- 
creases in fiber discharge. It is probable, then, that the brain 
stem neurons inhibited by gastric distension and CCK-8 reflect 
the activity of an inhibitory interneuron. We have been unable 
to identify differences between the distribution of neurons that 
are excited or inhibited by gastric distension. The neurons re- 
sponding to distension were located in the dorsal vagal nucleus 
and the medial and caudal portion of the NTS, extending into 
the commissural nucleus caudal to the obex. Neuronal tract- 
tracing experiments using transganglionically transported HRP 
have shown that these regions contain the central terminations 
of gastric vagal afferents (Kalia and Mesulam, 1980; Leslie et 
al., 1982; Scharoun et al., 1984; Shapiro and Miselis, 1985). It 
has also been demonstrated electrophysiologically that these 
regions contain neurons that receive an input from afferent fibers 
of the gastric vagus (Rogers and Hermann, 1985). In the present 
study, neurons responding to gastric distension were also located 
in the reticular formation ventral to the NTS. A small number 
of gastric vagal afferents have been shown anatomically to ter- 
minate in this region (Shapiro and Miselis, 1985). In the cat 
(Barber and Burks, 1983) and sheep (Harding and Leek, 1972), 
this region was also found to contain neurons that responded 
to gastric distension. The results from unilateral vagotomy dem- 
onstrate that neurons received an afferent input mainly from 
the ipsilateral vagus, although evidence was obtained for a con- 
tralateral input. Anatomical experiments have shown that there 
is a heavy ipsilateral projection and a weaker contralateral pro- 
jection from gastric vagal afferents to the NTS (Leslie et al., 
1982; Scharoun et al., 1984; Shapiro and Miselis, 1985). 

Single-unit recordings of vagal afferent fiber discharge have 
shown that gastric mechanoreceptors innervate both the antrum 
and corpus (Paintal, 1954; Andrews et al., 1980). However, 
responses to gastric distension and CCK-8 were maintained in 
rats from which the antrum was removed, suggesting that the 
response to CCK-8 originates, at least in part, from the gastric 

corpus. Because the effects of CCK-8 on gastric motility in the 
rat are in the opposite direction to those of gastric distension, 
it is unlikely that CCK-8 influences vagal afferents via changes 
in gastric smooth muscle tone. This is consistent with the results 
from single-fiber recordings that indicate that in the rat, CCK-8 
acts on vagal afferents mediating gastric “in series” tension 
receptor discharge (Davison, 1986). It is also worth noting that 
CCK excited the discharge in hepatic and pancreatic vagal af- 
ferents (Niijima, 198 1). In contrast, single-unit recordings from 
vagal afferent fibers of tension receptors in the sheep duodenum 
suggest that the effects of CCK-8 are secondary to changes in 
duodenal smooth muscle tone (Cottrell and Iggo, 1984). The 
CCK-induced fall in intragastric pressure in the rat is a reflex 
response dependent on both the vagal and splanchnic inner- 
vation to the stomach; the latter effect is mediated in part by 
noradrenaline (Raybould et al., 1987). One candidate for the 
mediation of vagal relaxation is VIP. We considered the pos- 
sibility that release of either VIP or noradrenaline might directly 
mediate the effects of CCK-8 on brain stem neurons. Neither, 
however, was able to duplicate the effects of peripheral CCK-8 
on brain stem neurons. Taken as a whole, the evidence is com- 
patible, therefore, with the view that CCK-8 acts directly on 
vagal afferent endings in the gastric wall. In this context, it is 
noteworthy that CCK-binding sites have already been identified 
on subdiaphragmatic vagal fibers (Moran et al., 1987) and shown 
to be transported towards the periphery (Zarbin et al., 198 1). 

It is already known that gastric distension can initiate a variety 
of reflex changes in gastric motility and secretion, as well as 
produce behavioral effects. The proposal that gastric distension 
and CCK-8 activate a common neural pathway raises the pos- 
sibility that CCK-8 might exert the same type of effect. There 
are at least 2 examples to suggest that this is indeed the case. 
First, it is well established that early in feeding, distension of 
the stomach initiates a reflex vago-vagal relaxation of the gastric 
wall that allows an increased volume, but maintains a constant 
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Figure 6. The spontaneous discharge of this neuron is inhibited by both gastric distension and CCK-8, i.a. The discharge is also inhibited by 
injection of VIP, but is excited by injection of NA. The upper and lower traces are continuous. 

pressure (Wilbur et al., 1974). As already mentioned, CCK-8 is 
able to produce a similar reflex relaxation (Raybould et al., 
1987). Second, gastric distension inhibits food intake; in the rat, 
this is dependent on the integrity of the vagus nerve (Gonzalez 
and Deutsch, 198 1). It is well known that peripheral adminis- 
tration of CCK inhibits feeding, not only in rats, where it was 
first shown, but also in several other species, including monkey 
(Gibbs et al., 1976; Falasco et al., 1979; Moran and McHugh, 
1982) and man (Sturdevant and Goetz, 1976; Kisselif et al., 
1979; Stacher et al., 1982). There is evidence, at least in the rat, 
that CCK exerts its action through a vagal afferent pathway 
(Crawley et al., 1981; Smith et al., 198 1; Lorenz and Goldman, 
1982; Morley et al., 1982; Crawley and Schwaber, 1984). More- 
over, in the monkey there is direct evidence for an interaction 
between CCK and gastric distension in inhibition of feeding 
(Moran and McHugh, 1982). The present findings suggest a 
mechanism by which CCK and gastric distension are able to 
evoke similar behavioral and visceral effects. 
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