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Release of vasoactive intestinal polypeptide from the
cat small intestine exposed to cholera toxin
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SUMMARY During a four hour observation period vasoactive intestinal polypeptide (VIP) is
released in increasing amounts from the feline small intestine exposed to cholera toxin. As VIP is
known to be located almost exclusively in the intestinal nerves, the present findings strongly suggest
that cholera toxin activates the enteric nervous system. The findings of this and other studies
performed in this laboratory lead to the proposal that the choleraic secretion is, at least in part,
secondary to the activation of intramural nervous reflexes in the gut.

Choleraic secretion is usually believed to be induced via
a direct action of the cholera toxin on the intestinal
epithelial cells.' However, in recent reports from this
laboratory it has been proposed that nervous mecha-
nisms are involved in the production of the fluid loss
seen in cholera.2 3 This proposal is based on experi-
ments showing, among other things, that the adminis-
tration of tetrodotoxin, a nerve conduction blocking
agent, abolished the choleraic secretion in cats. It has
recently been suggested that vasoactive intestinal
polypeptide (VIP), a potent intestinal secretagogue, is
a neurotransmitter in the gastrointestinal tract.4
Futhermore, immunohistochemical investigations
have demonstrated VIP containing neurons in the
muscle layer, in the nerve plexuses, around blood
vessels, and in close proximity to the epithelial cells in
the crypts and villi.6 It was therefore considered to be
of interest to elucidate if VIP was released from
intestinal segments exposed to cholera toxin. Such
experiments are described below. A preliminary report
of this study has been published.7

Methods

OPERATIVE PROCEDURES
The experiments were performed on cats anaesthetised
with chloralose (50 mg/kg body weight) after induction
with ether. The cats had been deprived of food for 24
hours with free access to water. They exhibited no
obvious signs of gastrointestinal disease.

*Address for correspondence: Dr Jean Cassuto, Department of Physiology,
Box 33031, S-400 33 Goteborg, Sweden.

Received for publication 7 May 1981

The operative procedures were similar to those
described by Jodal et al.8 After a tracheotomy the
abdomen was opened by a midline incision and a
10- 15 cm long segment from mid-jejunum was isolated
with intact vascular supply. The remainder of the small
intestine, the colon, the spleen, and the great omentum
were extirpated.

In all experiments the splanchnic nerves were cut
bilaterally and in seven experiments the distal ends
were mounted on ring electrodes. The stimulation
characteristics in these experiments were 6 Hz, 6 V,
6 ms. The left adrenal gland was denervated and the
right one excluded from the circulation by ligatures to
minimise changes in the adrenal output of cate-
cholamines while maintaining the necessary release of
adrenal steroids. Atropine (0 5 mg/kg body weight)
was given intravenously.

After heparinisation (3 mg/kg body weight intra-
venously) the femoraq artery was cannulated and mean
arterial blood pressure was recorded by means of a
Statham pressure transducer (P23AE). In order to
measure total venous outflow, the superior mesenteric
vein draining the intestinal segment and its lymph
nodes was cannulated and returned to the external
jugular vein via an optical drop recorder, coupled to an
ordinate writer recording on a Grass polygraph. The
intestinal venous outflow pressure was kept constant
at 8-10 mmHg throughout the experiments. Local
intra-arterial injections were given by means of a
catheter in a small branch of the superior mesenteric
artery.

RECORDING OF INTESTINAL NET WATER
TRANSPORT
In most experiments the rate of intestinal net water
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transport was followed continuously with the technique
by Jodal et al.8 Briefly, the lumen of the isolated
intestinal segment was perfused at a constant rate
(1 ml/min) with a solution ofknown composition (see
below) in a closed perfusion system with a reservoir
large enough to prevent recirculation. Changes in the
circulating volume were continuously recorded by a
volume transducer coupled to a Grass polygraph and
connected to the perfusion system via a T-tube. When
no intestinal motility occurred the changes in the
perfusion volume reflected net water transport across
the intestinal epithelium. In a few experiments
choleraic secretion was determined by continuously
monitoring the intestinal tissue weight as described by
Cassuto et al.3
SOLUTION
The lumen of the intestinal segments was perfused
with a modified Krebs-Henseleit solution containing
(mmol/l): NaCl 122; KCI 47; KH2PO4 1 2; MgCl2 x 6
H20 1.2; CaCl2 2 5; NaHCO3 25; mannitol 30. The
osmolality of the solution ranged between 305 and 315
mOsm/kg H20.

EXPERIMENTAL PROCEDURES
After the preoperative procedures were completed the
animals were allowed to 'rest' for 30-45 minutes after
which control measurements of the different para-
meters studied were made. Two blood samples for VIP
determination were collected via a T tube connected to
the venous drop recording unit. The blood was col-
lected in ice-cooled plastic tubes (volume 3 ml) con-
taining 100 jl (1000 KIE) of the protease inhibitor,
aprotinin (Trasylol, Bayer AB, Sweden). Concomi-
tantly, the arterial sample was taken via the cannula in
the femoral artery. The tubes were kept on ice until
centrifugation. One millilitre of plasma was pipetted
off and frozen at - 20°C.

In order to produce a choleraic secretion 300400 mg
per 15 cm intestine of a crude cholera toxin (freeze
dried culture filtrate; NIH lot 001), dissolved in
5-10 ml physiological saline, was introduced into the
intestinal lumen. (The toxin was kindly supplied by
Dr Jan Holmgren, Department of Medical Micro-
biology, University of Goteborg). After 30 minutes'
exposure, the intestinal lumen was carefully rinsed with
50 ml saline at body temperature. The animals were
studied for another four to five hours during which all
developed intestinal secretion. Throughout this period
arterial blood pressure, intestinal blood flow, and
intestinal net fluid transport were continuously re-
corded. Arterial and venous plasma samples for VIP
determination were taken, in the manner described
above, 60, 120, 180, and 240 minutes after the start of
the incubation period with cholera toxin.

In six control experiments the cholera toxin solution
was heated to 56°C for 45 to 60 minutes, which is con-

sidered to inactivate the toxin. These experiments were
performed exactly as described above.

In seven experiments 4-5 tg tetrodotoxin was given
close intra-arterially during choleraic secretion. Tetro-
dotoxin was administered while clamping the superior
mesenteric artery for two minutes. Upon releasing the
arterial occlusion, mesenteric venous blood was col-
lected for about one minute and substituted with
dextran to avoid generalised effects of tetrodotoxin
on the animal. With this procedure a nerve blocking
effect was accomplished as judged by the absence of
vasoconstrictor effects upon splanchnic nerve stimula-
tion. Blood samples for VIP analysis were collected
before and after giving tetrodotoxin.

LABORATORY ANALYSIS

The concentration of VIP in plasma was measured
radioimmunochemically. Details on accuracy, pre-
cision, sensitivity, and specificity have been described
previously.9 10

CALCULATIONS AND STATISTICAL ANALYSIS
The rate of release of VIP from intestine into blood was
calculated from the arteriovenous plasma VIP con-
centration difference and plasma flow.

Statistical analysis was performed using the
Wilcoxon matched-pairs signed-ranks test or the sign
test.11 Differences resulting in P values less than 0 05
were considered to be significant.

Results

Figure 1 illustrates six control experiments with
inactivated cholera toxin. Blood pressure exhibited a
slow continuous decrease throughout the experiment
while blood flow stayed fairly constant. Net fluid
absorption was recorded in all control experiments and,
though it showed a slight tendency to decrease with
time, net fluid secretion was never recorded. In five of
the six experiments conducted, the release of VIP into
the venous blood decreased. This decrease was obvious
already in the sample taken one hour after the incuba-
tion with the inactivated cholera toxin.

Figure 2 illustrates in a similar way seven experi-
ments with cholera toxin. In the face of a slow, con-
tinuous decrease of blood pressure, blood flow
increased throughout the experiment. Within 60 to 90
minutes after cholera toxin exposure a ;net fluid
secretion was apparent. VIP release stayed rather
constant during the first one to two hours. At three
hours the release of VIP from the choleraic segments
was on the average almost twice that of controls but the
difference was not statistically significant (0-10 <p
<0 05). At four hours VIP release had increased
further and reached a value four to five times that of the
corresponding value for the control segments. At that
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time a statistically significant difference between the
two groups was apparent (p = 0 01).

It is apparent from Figs. 1 and 2 that the VIP release
during the control period in the two experimental
series differed, although it did not reach statistical
significance (p >0 10). In order to make a comparison
between the relative changes in VIP release in the
control and choleraic experiments, the VIP release was
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Fig. 1 The effect ofheat inactivated cholera toxin on mean

arterial blood pressure, intestinal bloodflow, intestinal net
water transport, and intestinal release of vasoactive intestinal
polypeptide (VIP). The intestinal segments were exposed to

the inactivated cholera toxinfor 30 minutes (signal). Bars
denote +SE,n=6.
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Fig. 2 The effect of cholera toxin on mean arterial blood
pressure, intestinal bloodflow, intestinal net water transport,
and intestinal release of vasoactive intestinal polypeptide
(VIP). The cholera toxin was incubated in the intestinal
segments for 30 minutes (signal). Bars denote ± SE, n = 7.
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Fig. 3 The relative change of
vasoactive intestinal polypeptide (VIP)
releasefrom the small intestine after
exposing intestinal segments to heat
inactivated ('control') and normal
('cholera') cholera toxin. The toxin was
exposed to the intestinal mucosafor 30
minutes (signal). Bars denote + SE.
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calculated in percentage of control and these results are

illustrated in Fig. 3. Making a statistical evaluation of
the results presented in this fashion revealed a statisti-
cally significant difference that was apparent at the one

hour observation (p = 0-02).
In seven experiments tetrodotoxin was administered

intra-arterially to the choleraic intestine. This resulted
in a marked decrease in VIP release (Fig. 4). Simulta-
neously net water secretion was inhibited as recorded in
five experiments. A complete blockade of nerve con-

duction was demonstrated by the absence of any vaso-

constrictor effect upon splanchnic nerve stimulation.
With the return of VIP release towards control value,
nerve function was restored and an increased net fluid
secretion was observed. The correlation coefficient for
the relationship between VIP release and net fluid
transport varied between 0-84 and 0-96 in the individual
experiment.

Discussion

The present experiments have demonstrated that
inducing a fluid secretion in the small intestine of the
cat by exposing the mucosa to cholera toxin results in a

release of VIP into the intestinal venous effluent. These
observations are in agreement with the preliminary
findings reported by Bloom et al.12 that the stool water
of choleraic patients contained high concentrations of
VIP. The increased VIP release was possibly initiated
already during the first hour after incubating the gut

Fig. 4 The effect of tetrodotoxin on intestinal release of
vasoactive intestinal polypeptide (VIP) and intestinal net fluid
secretion. Tetrodotoxin was administered close intra-
arterially at time 0. Bars denote + SE.
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with the toxin (Fig. 3). Concomitantly, a decrease of net
water absorption was observed (Fig. 2). Furthermore,
in experiments where tetrodotoxin was given intra-
arterally, a close correlation was observed between VIP
release and rate of secretion (Fig. 4).
The localisation of VIP in the intestiilal tissue has

been investigated by means of immunohistochemical
methods. These have shown that most, if not all, VIP is
contained within nervous tissue (see, for example,
ref. 13). In the gastrointestinal tract a substantial
fraction of these nerves is probably intrinsic-that is,
confined to the wall-as extrinsic denervation failed to
decrease the amount of VIP in the gastrointestinal
tract.13 14 15 The present study also suggested that VIP
was released from intestinal nerves as close intra-
arterial administration of tetrodotoxin, a nerve con-
duction blocking agent, inhibited the release. Thus, the
present observations are in agreement with the pro-
posals made in an earlier publication from this labora-
tory that nervous mechanisms are involved in the
pathogenesis ofcholeraic secretion.2 3

The distribution of nerves containing VIP in the
intestinal wall has been the subject of several recent
reports.6 13 15 16 They demonstrate VIP-ergic nerve
fibres not only around non-VIP-immunoreactive nerve
cells in the intestinal nerve plexa but also around
blood vessels and at the epithelial cells in the crypts of
Lieberkuhn and in the villi. Hence, it seems possible
that VIP neurones may participate in the control of
intestinal absorption/secretion and/or blood flow. This
proposal is supported by the observation that VIP
infused intravascularly evokes a vasodilatation and
an intestinal secretion.1 7-19 It should be underlined,
however, that the present study does not make it
possible to determine the exact site of VIP release.
A statistically significant increase of VIP release

from choleraic segments was not observed until three to
four hours after introducing the toxin into the intes-
tinal lumen, when basing the comparisons on the actual
release of VIP. When the relative changes of VIP
discharge were compared, a statistically significant
difference could already be demonstrated at one hour.
The reason for this difference is that the observed
control values for VIP release differed in the control
and cholera groups. It is therefore difficult to determine
if the increase ofVIP discharge and the change from net
fluid absorption into net fluid secretion exhibited a
similar time course or not.
The present and a previous report3 strongly suggest

the involvement of intrinsic nervous reflexes in the
pathogenesis of choleraic secretion. It seems possible
that one major effect of the cholera toxin is to activate
nervous reflex(es), the net effect being a loss of fluid
from the intestine. In line with this we presented
evidence in previous reports7 20 that cholera toxin
triggers the release of serotonin from the entero-

chromaffin cells, which, in turn, may activate enteric
nerves, among them VIP-ergic neurones. Such ner-
vous mechanism(s) may account for about 60% of the
effect of cholera toxin on intestinal fluid transport.3

It is well known that the content of cyclic AMP is
augmented in any type of cells when exposed to cholera
toxin. It has also been clearly demonstrated that the
cyclic AMP concentration in isolated intestinal epithe-
lial cells is markedly increased by even very low con-
centrations of VIP (about 10-9 mol/l).2 1 The concen-
tration of the intracellular cyclic nucleotide showed a
steady increase during a 15 minute period of VIP
incubation. Thus, if the VIP release observed in this
study occurred at the intestinal epithelial cells, it may
in part explain the increase of cyclic AMP seen in
cholera.
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