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Involvement of calcium channels- in the contractile
activity of neurotensin but not acetylcholine: studies
with calcium channel blockers and Bay K 8644 on the
rat fundus
M. Veronica Donoso, J. Pablo Huidobro-Toro' & Andreas Kullak

Laboratory of Pharmacology, Department of Physiological Sciences, Catholic University of Chile, Casilla
114-D, Santiago 1, Chile

1 The contractile activity ofneurotensin and acetylcholine on rat isolated fundus strips was examined
in preparations maintained in Tyrode buffer containing 2.5, 1.0 or 0 mM Ca2 . While the neurotensin
contractions depended markedly on the external Ca2+ concentration, the acetylcholine-induced
muscular responses were not significantly affected by omission of calcium in the superfusion media.
2 Pre-incubation of rat fundus strips with nifedipine (0.03-3.8wM), dialtiazem (0.5-3.511M) or
methoxyverapamil (0.3-1.3 ILM) antagonized in a non-surmountable fashion the contractile activity of
neurotensin but not of acetylcholine.
3 Pretreatment with Bay K 8644 potentiated in a concentration-dependent fashion the contractile
activity of rat fundus strips to neurotensin without modifying to any significant degree the
acetylcholine-induced contractions.
4 Nifedipine blocked in a concentration-dependent manner the Bay K 8644-induced potentiation of
the neurotensin contractile responses in the fundus.
5 Results demonstrate the dependence on external calcium of the contractile activity of neurotensin
and the resistance of the muscarinic response to external calcium manipulations. The coupling of the
neurotensin receptor to calcium channels is discussed.

Introduction

The gut-brain regulatory peptides have raised con-
siderable interest among neurobiologists within the
past few years. Neurotensin, a 13-amino acid
neuropeptide is one ofsuch substances; it was original-
ly discovered and chemically characterized from
bovine hypothalamus by Carraway & Leeman (1973).
A few years later it was isolated from mammalian and
human intestine (Kitabgi et al., 1976; Hammer et al.,
1980). That neurotensin may play a role in the control
of the gastro-intestinal activity is supported by the fact
that picomoles of exogenously applied neurotensin to
isolated gut preparations greatly modify the motility
of the fundus and the intestines (for a review see
Kitabgi, 1982). In addition, 85% ofthe total neuroten-
sin body content is found in the intestines (Carraway&
Leeman, 1976). Neurotensin could thus function in the
gut as a neurotransmitter, a neuromodulator or as a
hormone. Compatible with a hormonal role of
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neurotensin in the gastro-intestinal tract is the fact that
the plasma concentrations of neurotensin are com-
parable to that of established gastro-intestinal hor-
mones, such as cholecystokinin. Furthermore, several
investigators demonstrated that food, particularly
fats, cause a significant rise in the circulating level of
neurotensin (Mashford et al., 1978; Rosell & R6kaeus,
1979).
Our laboratory is interested in characterizing the

physiology of neurotensin in the gastro-intestinal
tract. In a recent publication on the rat fundus we
demonstrated that neurotensin-induced contractile
activity but not that of acetylcholine is antagonized in
a non-competitive fashion by verapamil (Huidobro-
Toro & Kullak, 1985). This result suggested that the
activation of the neurotension receptor in the rat
fundus is likely to be coupled with the influx of
extracellular calcium ions, via the opening of Ca2+
channels. The objective ofthis investigation was to test
further this working hypothesis. We have now
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examined the dependence of the contractile activity of
neurotensin on external calcium and tested the effect
of a variety of calcium channel blockers on the
neurotensin-induced contractions. Results are con-
trasted with the contractile activity induced by mus-
carinic agents. In addition, we describe the effect ofthe
novel 1,4 dihydropyridine, Bay K 8644 (Schramm et
al., 1983), on the muscular activity of neurotensin and
acetylcholine.

Methods

Animals and tissue preparations

Adult Sprague Dawley rats (250- 300 g) were killed by
cervical dislocation; the abdomen was opened via an
incision in the midline. The whole stomach was
dissected, washed with the superfusion buffer solution
and transferred to a Petri dish for tissue preparation
and mounting in isolated organ baths according to the
method described by Donoso & Huidobro-Toro
(1985). The composition of the bathing buffer was as
follows (mM): NaCl 118, KC1 5.4, CaCl2 2.5, KH2PO4
1.2, MgSO4 1.2, NaHCO3 23.8 and glucose 1 1.1. The
buffer was gassed with 95% 02:5% CO2 to maintain a
pH close to 7.4. Preparations were maintained under a
tension of 1.5 g. Isometric muscular activity was
measured with a Grass force displacement transducer
(FT03C) connected to a Grass multichannel
polygraph. Contractions from 3 separate strips could
be recorded concurrently.

Quantification ofresults: concentration-response curves

Neurotensin and acetylcholine (ACh) concentration-
response curves were performed non-cumulatively by
adding increasing concentrations ofthe agonists to the
tissue chambers, until maximum muscular responses
occurred. Agonist applications were performed re-
gularly at 10 min intervals. Results are expressed as the
percentage of the contractile activity induced with
5 pM acetylcholine or as g of tension generated by
either neurotensin or ACh. Each concentration-res-
ponse curve was repeated at least 8 times in separate
tissues.

Manipulations of the external calcium concentration

To study the influence of calcium on the contractile
activity of neurotensin and ACh, the superfusion
buffer solutions were prepared without calcium (this
buffer was supplemented additionally with 100 JM
ethylene glycol bis (13-aminoethyl ether) N, N'-tetra
acetic acid (EGTA), 1.0 or 2.5 mM calcium (regular
buffer). The protocol called initially for a complete
neurotensin and ACh concentration-response curve in
a 2.5mM Ca2' buffer. After completion of the two

response curves, the preparations were incubated for
45 min in buffer containing 1.0mM Ca2" or no Ca2"
(buffered with 100 gM EGTA), and the contractile
activity of neurotensin and ACh was re-evaluated.
Results are expressed as a percentage of the muscular
tension generated by 5 gM ACh in the buffer solution
containing 2.5 mM Ca2 . In these protocols, each
preparation served as its own control.

Studies with drugs that block calcium channels

Neurotensin and ACh concentration-response curves
were performed in the absence and in the presence of
calcium channel blockers. The same fundus prepara-
tion was used to test the activity of neurotensin and
ACh and one concentration of the various calcium
channel blockers was studied. Three concentrations of
nifedipine were tested: 0.03, 0.5 and 3.8 JM. Diltiazem
was examined at 0.5 and 3.5 gM; methoxyverapamil
(D600, gallopamil) was tested at 0.3 and 1.3 JAM. The
channel blocking drugs were added to the tissue
chambers for 2 min before the addition of the concen-
trations of neurotensin or ACh. Each concentration of
agonist was added regularly at 10 min intervals.
Results are expressed as a percentage of the muscular
tension generated by 5 laM ACh in the absence of
calcium channel blockers. Experiments were re-
plicated in at least 6 different preparations.

In the particular case of nifedipine, the contractile
activity of angiotensin II and 5-hydroxytryptamine
(5-HT) was also examined.

Studies with Bay K9644 and its interaction with
nifedipine

To evaluate the effect of the alleged calcium channel
agonist, Bay K 8644, fundus strips were preincubated
for 2 min before the addition of 2 nM neurotensin or
50 nM ACh, with various concentrations of
BayK 8644 which remained in the solution when
neurotensin or ACh was added to the chambers. In
other experiments, neurotensin and ACh response
curves were constructed in the absence and, in the
presence, of Bay K 8644 92 nM. Tissues were always
preincubated with Bay K 8644 for 2 min before the
addition of the agonists.

In a separate series of experiments, to test whether
the potentiating action of Bay K 8644 is due to the
activation of a calcium channel, we investigated the
displacement by nifedipine of the activity induced by
Bay K 8644. For this purpose, tissues were prein-
cubated with 92 nM Bay K 8644 followed a minute
later by the application of various concentrations of
nifedipine in the continued presence of Bay K 8644. A
minute after the addition of nifedipine, all prepara-
tions were challenged with 2 nM neurotensin or 50 nM
ACh. Results express the activity as the muscular
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tension (g) developed in response to neurotensin or
acetylcholine.

In a parallel series of experiments, neurotensin or
ACh concentration-response curves were obtained in
the absence and in the presence of both 92 nM
Bay K 8644 plus 1.9 pM nifedipine.

Statistical analysis

unaffected by the same changes in external calcium. As
shown in Figure lb, reduction of the external calcium
concentration to 1.0 mM caused a minor but sig-
nificant reduction in the ACh contractile effect. Omis-
sion of calcium from the incubation buffer (zero Ca2"
plus EGTA) caused a modest effect on the ACh-
induced contractility of the fundus.

The paired or non paired Student's t test was used.
Significance was set at a P value of less than 0.05.

Drugs sources

Neurotensin, angiotensin II, 5-hydroxytryptamine
creatine sulphate, acetylcholine were obtained from
Sigma Chemical Co. (St. Louis, MO). Nifedipine and
Bay K 8644 were kindly provided by Dr F. Hoffmei-
ster (Bayer A.G., Wuppertal, Germany). The
dihydropyridines were dissolved, immediately before
each testing, in a mixture of propyleneglycol, ethyl
alcohol and water (1.5:1.5:7). To avoid photo-decom-
position, the drugs were maintained in dark contain-
ers; the experiments were carried out during daytime
with no external lighting. The solvent proved to be
without effect on the contractile activity of the fundus.
Diltiazem HCl was provided by Marion Labs (Kan-
sas, U.S.A.) and methoxyverapamil HCI (D600,
gallopamil) was a gift from Prof. A. Pinto Corrado
(Ribeirao Preto, Brasil).
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Results

Contractile activity ofneurotensin and acetylcholine:
calcium dependence

Picomolar concentrations of neurotensin caused a
concentration-dependent contraction of the rat fun-
dus. The maximal tension developed by neurotensin
reached generally between 50 to 60% of that attained
by ACh. The median effective concentration of the
peptide was 1.5 nM, whereas the potency of ACh was
250 nM, a value approximately 150 times larger than
that of the peptide (Figure 1).
The contractile activity induced by neurotensin, was

markedly dependent on the external concentration of
calcium in the Tyrode buffer. Reduction of the
external calcium to 1.0 mM, significantly decreased the
maximum neurotensin-induced tension and flattened
the peptide response curve. Omission of calcium from
the incubation media, abolished the neurotensin-in-
duced contractions except at the highest concentra-
tions of the neuropeptide where modest responses
were still recorded (Figure 1). In marked contrast to
the neurotensin-induced contractile activity, the mus-
carinic responses caused by ACh were relatively
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Figure 1 Determination of neurotensin and acetyl-
choline concentration-response curves in buffer solutions
containing various concentrations of external calcium.
Agonist response curves were obtained in rat fundus
strips maintained in 2.5 mM Ca24 (0), 1.0mm Ca24 (0)
or no calcium plus 0.1 mM EGTA (A). All tissues were
challenged with 5 FIM acetylcholine in Tyrode buffer
containing 2.5 mM Ca24 before changing the calcium
concentration in the tissue superfusion media. Symbols
indicate the mean values expressed as a percentage of the
contraction induced with 5 jZM acetylcholine; vertical lines
denote s.e.mean. Numbers in parentheses denote the
times the experiment was repeated in separate tissues.
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Effect of calcium channel blocking drugs

(a) Nifedipine. Tissue pretreatment with 0.03 or
0.5 gM nifedipine substantially decreased the
neurotensin-induced contractile activity of the fundus.
In contrast, these concentrations of nifedipine did not
modify the muscular effects induced by ACh
(Figure 2). Further increases in the concentration of
nifedipine to 3.8 JiM abolished almost entirely the
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contractions induced by neurotensin while producing
a modest five fold displacement to the right of the
ACh-induced response curve. Pretreatment with
3.8 gM nifedipine reduced by no more than 25% the
maximum tension generated by acetylcholine.

In a parallel series of experiments, we examined
further the effect of nifedipine on the contractile
activity induced by angiotensin II and 5-hydroxytryp-
tamine (5-HT) on the rat fundus. Figure 2 shows that
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Figure 2 Effect of nifedipine on the contractile activity of neurotensin and other agonists. Neurotensin (a),
acetylcholine (b), angiotensin 11 (c) and 5-hydroxytryptamine (5-HT) (d) concentration-response curves were obtained
in the absence and in the presence of 0.03 (0), 0.5 (A) or 3.8 (A) pM nifedipine; (0) control. Each tissue was used to
evaluate the effect of only one concentration of the calcium entry blocker. Points indicate the mean contractile activity
expressed as a percentage of that induced by 5 pM acetylcholine; vertical lines denote s.e.mean. Numbers in parentheses
indicate the times each experiment was repeated in a separate preparation.

(32)

c
0
C)
co

0
C)
-C

x
co
E
0-



NEUROTENSIN AND CALCIUM CHANNELS 841

in contrast to the ACh-induced contractions,
nifedipine caused a non-surmountable blockade of the
contractile activity of these agents. When comparing
this family of curves, it can be observed that neuroten-
sin and angiotensin II were the most sensitive to
nifedipine; 5-HT exhibited an intermediate sensitivity
and ACh was the least affected by the blocking action
of nifedipine.
(b) Diltiazem. Preincubation of fundus strips with
0.5 or 3.5 giM diltiazem substantially antagonized the
contractile activity of neurotensin without significant-
ly affecting the muscarinic potency ofACh. As shown
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in Figure 3, diltiazem 3.5 pLM flattened the neurotensin-
response curve. The muscular tension generated in
response to 30 mM neurotensin was reduced by 40 and
80% with 0.5 and 3.51LM diltiazem respectively; the
activity of acetylcholine remained little altered by the
same treatment.
(c) Methoxyverapamil (D600). Like other calcium
channel blockers, D600 antagonized in an unsur-
mountable fashion the contractile activity of
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Figure 3 Effect of diltiazem (3.5 gM, 0) on neurotensin
(a) and acetylcholine (b) concentration-response curves;

(0) control. The calcium channel blocker was added to
the tissue superfusion media 2 min before agonist applica-
tion. Symbols express the mean percentage of the con-
tractile response to 5 gM acetylcholine; vertical lines
denote s.e.mean.

5

Figure 4 Effects of preincubation with methoxy-
verapamil on the contractile activity induced by
neurotensin and acetylcholine. Concentration-response
curves to neurotensin (a) and ACh (b) were obtained in
the absence and in the presence of either 0.3 or 1.3IM
methoxyverapamil (D600). Full points denote the mean
percentage of the contractile activity induced with 5 pM
acetylcholine; vertical lines indicate s.e.mean. Figures in
parentheses indicate the number of times the experiment
was repeated in separate preparations.
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neurotensin but to a much lesser extent that induced
by ACh. Figure 4 shows that D600 1.3 gM substantial-
ly reduced the neurotensin activity without modifying
to nearly the same extent the potency of ACh.

Potentiation ofthe neurotensin activity by Bay K8644

Preincubation of rat fundus strips with as little as
9.2 nM Bay K 8644 produced a significant potentiation
of the contractile response induced with 2 nM
neurotensin. The effect of Bay K 8644 was concentra-
tion-dependent (Figure 5); preincubation ofthe tissues
with 920 nM Bay K 8644 tripled the tension generated
by 2nM neurotensin (P<0.01). In contrast, the
muscular activity induced by 50nM ACh was not
significantly affected by applications of Bay K 8644;
although there was a minor potentiation it did not
reach statistical significance (Figure 5).
Bay K 8644 itself produced a slow rising contractile

response when applied to the fundus in concentrations
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greater than 92 nM (Figure 6). Pretreatment with
92 nm Bay K 8644 caused a shift in the neurotensin
concentration-response curve to the left, significantly
increasing the potency and the maximum tension
generated by neurotensin (Figure 6). In contrast to the
effects of neurotensin, Bay K 8644 92 nM did not
significantly modify the potency ofACh. Pretreatment
of the same tissue with 480 nM nifedipine, a structural
analogue of Bay K 8644, caused a non-parallel dis-
placement of the neurotensin contractile response
curve to the right without significantly altering the
potency of ACh (Figure 6).

Blockade of the potentiating action ofBay K8644 by
nifedipine

Nifedipine inhibited the Bay K 8644-induced poten-
tiation of neurotensin contractile response. The simul-
taneous application of Bay K 8644 (92 nM) (plus
nifedipine (1 pM) completely blocked the potentiating
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Figure 5 Bay K 8644-induced potentiation of the neurotensin but not muscarinic contractile responses. The
contractile effect caused by 2 nM neurotensin (N) or 50 nM acetylcholine (ACh) was measured in the absence and in the
presence of various concentrations of Bay K 8644. (a) and (c) show representative recordings of the agonists' effects
obtained before and after 92 nm Bay K 8644. Columns in (b) and d) show the effect of increasing concentrations of
Bay K 8644 on the agonist-induced contractions. *P <0.05; **P <0.01.
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effect of Bay K 8644 compound; higher concentra-
tions of nifedipine substantially reduced the contrac-
tions generated by 2 nM neurotensin in the presence of
Bay K 8644 (92 nM) (Figure 7a). Neurotensin concen-
tration-response curves elicited in the presence of both
Bay K 8644 (92 nM) plus nifedipine(l .9 jM) were shif-
ted to the right in a parallel fashion consistent with a
competitive blockade of the Bay K 8644-induced
potentiation by nifedipine (Figure 7a). Neither
Bay K 8644 nor nifedipine modified the contractile
activity of 50 nM ACh (Figure 7b).
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Discussion

It is clear from the present results that, although the
neurotensin-induced contractile response was sen-
sitive to manipulations of the external calcium concen-
tration and to the effect of agents that perturb calcium
fluxes via blockade of the calcium channel, the
muscarinic responses of ACh were markedly resistant
to these manoeuvres. The flattening of the neuroten-
sin-response curves either by changes in the external
calcium concentration or by action of the channel
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Figure 6 Neurotensin and acetylcholine concentration-response curves obtained in the presence of nifedipine or

Bay K 8644. Rat fundus preparations were tested with neurotensin (c) and acetylcholine (d) in the absence and in the
presence of either 480 nM nifedipine (A) or 92 nm Bay K 8644 (0); control (0). Symbols indicate the mean muscular
tension (g) generated; vertical lines show s.e.mean. Separate preparations were used to examine the effect of
neurotensin or acetylcholine. (a) and (b) show representative tracings of the isometric contractions induced with 2 nM
neurotensin (N) in the presence of either of the 1,4-dihydropyridines.
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Figure 7 Blockade of the Bay K 8644-induced neurotensin potentiation by nifedipine. (a) Contractile effect generated
by the application of 2 nM neurotensin; (b) addition of 50 nM acetylcholine. Control preparation (stippled column);
hatched columns represent the effect of neurotensin (a) or acetylcholine (b) obtained in the presence of 92nM
Bay K 8644 alone. Open columns represent muscle contraction generated by either neurotensin or acetylcholine in the
presence of92 nm Bay K 8644 plus graded concentrations ofnifedipine. Columns indicate the mean tension (g); vertical
lines show s.e.mean obtained in six separate fundus preparations. *P< 0.05 in relation to the effect ofneurotensin plus
BayK 8644; **P <0.01. (c) Neurotensin and (d) acetylcholine-response curves in the absence (0) and in the presence
of 92 nm Bay K 8644 plus 1900 nM nifedipine (0).

blockers may be viewed as an effect occuring distal to
the neurotensin receptor. As discussed previously, the
neurotensin-induced contractions ofthe fundus do not
involve neuronal activity since the contractions are
resistant to tetrodotoxin (Huidobro-Toro & Kullak,
1985). Thus, the lack of contractile response to
neurotensin in a medium low in external calcium or
with blockade of the calcium channels probably
reflects a failure at the level of the membrane signal
transduction mechanism activated by the neurotensin
receptor. It follows that neurotensin, in contrast to
ACh, cannot mobilize intracellular calcium pools to
initiate a contractile event in this muscle.

In support of our view, Huidobro-Toro & Kullak
(1985) demonstrated that the neurotensin-induced
contractions were antagonized by verapamil. We have
now extended our studies to demonstrate that three
structurally-unrelated groups of calcium channel

blocking drugs, such as diltiazem, methoxyverapamil
or nifedipine, all antagonized in a non-surmountable
fashion the neurotensin-induced contractions without
altering to a similar extent the muscarinic effect of
ACh. In addition, we have further expanded our
arguments by demonstrating that a structural
analogue of nifedipine, compound Bay K 8644, a
modified dihydropyridine, potentiates the action of
neurotensin. This compound has been recently de-
monstrated to promote calcium influx via a nifedipine-
sensitive mechanism in a variety of biological systems
(Schramm et al., 1983; Janis et al., 1984; Taira et al.,
1985). Present results clearly show that this is also the
case in the rat fundus: preincubation with Bay K 8644
causes a concentration-dependent potentiation of the
neurotensin-induced contractile responses. The
BayK 8644-induced potentiation of the neurotensin
responses was blocked by nifedipine. However, it
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should be noted that Bay K 8644 does not increase all
smooth muscle contractility unspecifically, since in
this bioassay for example, the muscarinic effect of
ACh is little affected by the presence of Bay K 8644.
An explanation compatible with these findings

argues in favour ofthe notion that the activation ofthe
neurotensin receptor (probably localized on the
smooth muscle membrane: Donoso & Huidobro-
Toro, 1985; Huidobro-Toro & Kullak, 1985) is cou-
pled to the opening of calcium channels sensitive to
allosteric modulation by the dihydropyridines and
related drugs. Thus, calcium channel blockers inhibit
the neurotensin effect by reducing the influx of
calcium following receptor activation. However, in the
presence of Bay K 8644, the influx of calcium
mobilized by the neurotensin receptor is facilitated.
Nifedipine blocks the Bay K 8644-induced potentia-
tion by blocking the influx of calcium caused by
neurotensin and potentiated by Bay K 8644. The selec-
tivity of Bay K 8644 in the fundus is demonstrated by
the fact that the contractile activity of ACh is not
significantly altered either by nifedipine or
Bay K 8644. Consistent with this finding, some auth-
ors have explained that the main source ofcalcium for
the muscarinic contractile responses in visceral
smooth muscles is not necessarily of extracellular
origin, as in the case of neurotensin, but that part of it
may originate from intracellular stores (Ishizawa &
Miyazaki, 1977; Bolton, 1979; Shinohara & Kosaka,
1984). In this connection, the physiology ofmuscarinic
responses has been hypothesized to occur by degrada-
tion of membrane phospholipids via activation of
phospholipase C which generates inositol triphos-
phate and diacylglycerol (Brown & Brown Masters,
1984; Berridge & Irvine, 1984). It is currently accepted
according to this hypothesis that phosphorylated
inositol mobilizes intracellularly stored calcium ions
from the reticulum, sites not sensitive to the action of
1,4-dihydropyridines. That the muscarinic responses
to ACh are only minimally attenuated by the channel
blockers may be interpreted as an indication that the
intracellular calcium pools must be sufficiently large to

overcome the blockade of a fraction of the channels.
However, it is possible that massive concentration of
these drugs will eventually also abolish muscarinic
responses.
With regard to selective alterations of the phasic or

tonic components ofthe neurotensin-induced contrac-
tions of the fundus (Golenhofen & Wegner, 1975)
either by changes in external calcium concentration or
by the channel blockers, it is difficult to state differen-
ces except to say that the total contractile capacity of
neurotensin was markedly attenuated. However, in
the case ofthe contractile activity ofACh in the ileum,
a response that is not as well maintained as in the case
ofthe fundus, we frequently observed that omission of
calcium in the buffer or the addition of calcium entry
blockers to the superfusion media, modified to a large
extent the tonic but not the phasic component of the
contraction (Kullak & Huidobro-Toro, unpublished
observations). It was not possible to assess this
particular effect of neurotensin in the ileum, however,
since neurotensin causes muscle relaxation of this
tissue (Kitabgi, 1982; Huidobro-Toro & Yoshimura,
1983; Huidobro-Toro & Zhu, 1984).

In conclusion, it is our view that the neurotensin
receptors in the rat fundus are coupled to calcium
channels, sensitive to nifedipine and related drugs
whereas the muscarinic receptors are not linked to the
same channels. Based on the present results, it is our
working hypothesis that the activation of the
neurotensin-receptors ofthe fundus causes an influx of
calcium ions via voltage-sensitive channels. Present
results illustrate the usefulness of the gastrointestinal
isolated preparations as model systems for the study of
drug-receptor interactions, and exploration of the
intracellular mechanisms caused by receptor activa-
tion.
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