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PREFACE

In the past 15 years much evidence has accumulated which
indicates the paramount importance of sensory nerves in reg
ulating functions of the gastrointestinal tract. In parallel,
the attention of researchers in this field has been increas
ingly attracted to the role played by neuropeptides in the
normal and diseased gut. Basic research on the peculiar
properties of capsaicin, the pungent ingredient from plants
of the genus Capsicum, has allowed the gap between these two
areas of research to be bridged. Sincethen, the study of
gut afferents and neuropeptides has become more and more
interconnected and recognized as a major avenue to understand
ing the pathophysiology of various human diseases. It is
widely recognized that a certain subset of primary afferents
synthesize, store and release neuropeptides (such as tachykin
nins and calcitonin gene-related peptide) from their central
and peripheral endings, the latter being widely distributed
in the alimentary canal and related organs (liver, pancreas).

The First International Meeting on Sensory Nerves and
Neuropeptides in Gastroenterology, held in Florence from
December 4-5, 1989, sponsored and organized by Fondazione
Internazionale Menarini, aimed to focus the current status of
research in this field. The contributions presented at the
meeting and in this book delineate a suggestive scenario in
which sensory nerves of the gut, and the multiple messages
they carry through the release of neuropeptides, are to be
considered as a major target for the development of new drugs
potentially useful in a number of diseases of the gastro
intestinal tract.

We are indebted to Donata Brugioni and Katherine Fay
Loparco for the editorial assistance they provided. This
volume could not have been published had we not had the
cooperation of each of the contributors, for which we are
sincerely thankful .

The Editors
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CAPSAICIN AS A TOOL FOR STUDYING SENSORY NEURON FUNCTIONS

Peter Holzer

Department of Experimental and Clinieal Pharmaeology
university of Graz
Graz, Austria

Introduction

It was only by the middle of this eentury that the extent of
the sensory innervation of viseeral organs ineluding the gas
trointestinal traet was revealed. Quantitative analysis showed
that as mueh as 90% of the fibers in the vagus nerve are of af
ferent nature and that also in the splanehnie and pelvie nerves
the afferent-to-efferent fiber ratio is 3:1 and 1:1, respeetive
ly (see Leek, 1977). These sensory neurons are primary afferent
neurons, the vagal afferents having their cell bodies in the no
dose ganglion and the splanehnie and pelvie afferents arising
from the dorsal root (spinal) ganglia. The sensory nervous sys
tem is thought of as a reeeptive and afferent system that re
flexly aetivates efferent pathways and thereby enables the or
ganism to reaet to ehanges in the external and internaI environ
ment and to maintain homeostasis. In addition, there is evidenee
that a population of peptide-eontaining afferent neurons ean aet
as an effeetor system by itself (see Szolesanyi, 1984b; Holzer,
1988; Maggi and Meli 1988).

Much of the eurrent information on the histoehemistry, phy
siology and pathophysiology of primary afferent neurons has been
obtained in the last 15 years. This resulted not only from the
advent of new experimental techniques but also from the availa
bility of a special pharmacological tool with which to study the
funetional implieations of sensory neurons. This tool is eapsai
ein. The present artiele attempts to briefly review the value of
eapsaiein as a tool in sensory neuroseienee and the seleetivity
with whieh it acts on a population of sensory neurons and to ad
dress some of the limitations of its usefulness.

Capsaicin is the pungent ingredient in a wide variety of red
peppers of the genus Capsieum. Although eapsaiein had long been
reeognized as a strong irritant to the skin, it was not before
the middle of this century that the Hungarian investigator N.
Jancso realized that capsaicin defunctionalizes a certain group
of sensory neurons (see Szolcsanyi, 1984a). Based on this disco
very, a large number of morphological, histochemical and neuro
pharmacological studies has established capsaicin as an impor
tant probe for sensory neuron mechanisms. certain aspects of
this research on capsaicin have been summarized in various re-

Sensory Nerves and Neuropep tides in Gastroenterology
Edited by M. Cos ta er01., Plenum Press, New York, 1991 3



a CH,

Ha-b-CH'-NHCo-(CH')4-CH=CH-~H'
'eH,

Fig. 1. Chemical structure of capsaicin

views (Nagy, 1982; Szolcsanyi, 1982, 1984a, 1984b; Fitzgerald,
1983; Russell and Burchiei, 1984; Marley and Livett, 1985; Buck
and Burks, 1986; Chahl, 1988; Holzer, 1988; Maggi and Me1i,
1988) which the interested reader is referred to.

Capsaicin-Sensitive Afferent Neurons

Chemica11y, capsaicin is a derivative of vanilly1-amide, 8
methyl-N-vani11yl-6-nonenamide (Figure 1). It is two actions
which this drug exerts on sensory neurons, an acute excitatory
and a long-term neurotoxic effect. I am first defining the neu
rons which are affected by capsaicin and then will move on to
describe the actions of capsaicin in some detail. It has become
common usage to refer to those neurons which are stimu1ated and
subsequent1y defunctiona1ized by capsaicin as being capsaicin
sensitive sensory neurons. Inherent in this way of classifica
tion is a quantitative definition of the doses or concentrations
of capsaicin that are active on these neurons. This issue will
be addressed in the section describing the actions of capsaicin.
It furthermore is important to characterize capsaicin-responsive
afferent neurons within the framework of estab1ished morpho1ogi
ca1 and neurophysiological criteria. Capsaicin-sensitive sensory
neurons are primary afferent neurons the majority of which has
small dark cell bodies (Szolcsanyi et a1., 1975; Jancso et al.,
1977, 1985; Lawson and Harper, 1984; Kai-Kai et al., 1986;
Arvidsson and Ygge, 1986; Hiura and Sakamoto, 1987; Winter,
1987) although a minority of afferent neurons with large light
cell bodies also is sensitive to capsaicin (Lawson and Harper,
1984). The ce11 bodies of capsaicin-sensitive sensory neurons
1ie in the spinal and crania1 sensory ganglia and give rise to
either unmyelinated or thinly mye1inated nerve fibers (Jancso et
al., 1977; Scadding, 1980; Nagy et al., 1981, 1983; Lawson and
Harper, 1984; Arvidsson and Ygge, 1986; Hiura and Sakamoto,
1987) which conduct in the C- and A6-fiber range, respectively
(Szolcsanyi, 1977, 1984b, 1987; Foster and Ramage, 1981; Kenins,
1982; Petsche et al., 1983; Handwerker et a1., 1984; Lawson and
Harper, 1984; Lynn et al., 1984; Baranowski et al., 1986;
Szolcsanyi et al., 1988). A further characteristic of capsaicin
sensitive afferent neurons is that they contain a variety of
peptides which are thought to play a transmitter or mediator
role. The best-known among these peptides are substance P, neu
rokinin A and CGRP but there is a long list of other peptides,
including somatostatin, vasoactive intestinal polypeptide and
galanin, which are associated with these afferent neurons (see
Marley and Livett, 1985; Holzer, 1988; Maggi and Meli, 1988).

These features of capsaicin-sensitive afferent neurons exem
plify the difficulties and limitations in their classification.
The main problem consists in the fact that capsaicin-sensitive
afferent neurons do not completely overlap with any population
of afferent neurons that have been classified according to mor
phological, neurochemical or functiona1 criteria. Thus, not all
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unmyelinated afferent neurons conducting in the C-fiber range
are sensitive to capsaicin (Jancs6 et al., 1977; Scadding, 1980;
Nagy et al., 1981, 1982; Handwerker et al., 1984; Lawson and
Harper, 1984; Lynn et al., 1984; Arvidsson and Ygge, 1986; Hiura
and Sakamoto, 1987). Furthermore, not all afferent neurons con
taining substance P, CGRP or other peptides also are sensitive
to capsaicin (see Marley and Livett, 1985; Holzer, 1986; Maggi
and Meli, 1988). As a corollary, these peptides cannot be used
as exclusive neurochemical markers of capsaicin-sensitive af
ferent neurons, and there is in fact no specific histochemical
marker for this group of neurons (see Lawson and Harper, 1984;
Kirchgessner et al., 1988) . Finally, capsaicin-sensitive af
ferent neurons are heterogeneous in terms of their sensory mo
dality and the functions they subserve. The only consensus that
has emerged is that capsaicin-sensitive sensory neurons are che
mosensitive neurons (Jancs6 et al., 1977; Hayes and Tyers, 1980;
Gamse, 1982; Lundberg and Saria, 1983 ; Szolcsanyi, 1984b; stein
et al., 1986; Saria et al, 1988; Bevan and Yeats, 1989). The so
matic capsaicin-sensitive afferents correspond to a large degree
with polymodal nociceptors sensitive to chemical, thermal and
mechanical stimuli (Szolcsanyi, 1977, 1984b, 1987; Foster and
Ramage, 1981; Kenins, 1982; Petsche et al., 1983, Handwerker et
al., 1984; Lawson and Harper, 1984; Lynn et al., 1984;
Szolcsanyi et al., 1988) . Viscera1 capsaicin-sensitive afferent
neurons have been found to respond to noxious (cervero and
McRitchie, 1982; Longhurst et al., 1980; Szolcsanyi, 1984b;
stein et al. , 1986) as weIl as non-noxious "physiologieal" sti
muli (Raybould and Tache, 1988; South and Ritter, 1988; R6zsa
and Jacobson, 1989).

Given the uncertainties with which capsaicin-sensitive sen
sory neurons are defined it appears appropriate to sharpen their
classification by specifically naming those neurons which are
capsaicin-insensitive. There is consistent evidence that affe
rent neurons with thickly myelinated axons, conducting in the Aa
and Aß range, are not sensitive to capsaicin, at least not to
the long-term neurotoxic action of this compound (for reviews
see Handwerker et al., 1984; Lawson and Harper, 1984; Lynn et
al., 1984 ; Russell and Burchiei, 1984; Szolcsanyi, 1984b; Buck
and Burks, 1986). However, capsaicin does exert a transient ef
feet on some thickly myelinated afferents (Williams and
Zieglgänsberger, 1982; Lynn et al., 1984; Baranowski et al.,
1986; Marsh et al., 1987). Central neurons also seem to lack any
sensitivity to capsaicin, with the exception of a group of ther
mosensitive neurons in the preoptic region of the hypothalamus
(Szolcsanyi et al., 1971) and some neurons in other areas of the
brain (Ritter and Dinh, 1988) . There is thus far no indication
that efferent motor neurons and efferent neurons of the autono
mic nervous system are directly sensitive to the neurotoxic ac
tion of capsaicin (Cervero and McRitchie, 1982; Gamse et al.,
1982; Handwerker et a1., 1984; stein et al., 1986). The enteric
nervous system also is believed to be insensitive to capsaicin
(see Bartho and Holzer, 1985) although two reports suggest that
a minority of enteric neurons may be sensitive to the drug
(Feher and Vajda, 1982; Kirchgessner et al., 1988).

The conclusion to be drawn from all these findings is that
the selectivity with which capsaicin acts on a group of primary
afferent neurons is exceptional but not absolute. The "non
selective" effects of capsaicin can be differentiated into three
different types of action. (1) Capsaicin can affect neural and
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non-neural systems that are functionally related to primary af
ferent neurons. Capsaicin-induced changes in these systems are
interpreted to be secondary to the action of capsaicin on pri
mary afferent neurons. These effects of capsaicin will be dis
cussed in more detail in the section describing the long-term
neurotoxic action of capsaicin on sensory neurons . (2) Certain
actions of capsaicin on non-sensory neural systems can at pre
sent not be explained as being secondary consequences of an ef
fect on primary sensory neurons . Examples for this category of
"non-selective action" of capsaicin are the effects of capsaicin
on certain neurons in the hypothalamus (Szolcsanyi et al.,
1971; Panerai et al., 1983) and other brain areas (Ritter and
Dinh, 1988) and on enteric neurons (Feher and Vajda, 1982;
Kirchgessner et al., 1988). (3) Finally, capsaicin can directly
influence a number of non-neural systems. This type of "non
selective" action of capsaicin includes, among others, changes
in the contractility of vascular and visceral smooth muscle
(Donnerer and Lembeck, 1982; Duckles, 1986; Barth6 et al., 1987;
Maggi et al., 1987).

Taken together, the acute excitatory and long-term neuro
toxic action of capsaicin is not specific for a discrete group
of sensory neurons but is highly selective for a subpopulation
of thin primary afferent neurons. The majority of capsaicin
sensitive sensory neurons is constituted by neurons having small
dark cell bodies and unmyelinated (C fiber) axons .

Acute Excitatory Action of capsaicin on Sensory Neurons

As already briefly mentioned, there are basically two ac
tions which capsaicin exerts on sensory neurons. On first con
tact with the drug, sensory neurons are invariably stimulated by
capsaicin, and there seems to be no difference whether the drug
is applied to the peripheral or central endings or to the cell
bodies of sensory neurons. Capsaicin is quite potent in this re
spect, its typica1 actions being produced by ~g/kg doses in vivo
(see Szolcsanyi, 1977, 1987) or concentrations in the range of
0.03-10 ~M in vitro (Barth6 and Szo1csanyi, 1978; Maggi et al.,
1987; Marsh et al., 1987; Saria et al., 1988; Wood et al.,
1988) . Characteristically, excitation is soon followed by desen
sitization to the drug (Barth6 and Szolcsanyi, 1978; Maggi and
Meli, 1988). Like administration of capsaicin to the peripheral
endings (Szolcsanyi, 1977, 1987; Szolcsanyi et al., 1988), peri
neural app1ication of the drug also depolarizes sensory nerve
fibers (Such and Jancso, 1986; Marsh et al., 1987), an effect
that is soon followed by a block of nerve conduction (Petsche et
al., 1983; Lynn et al., 1984; Baranowski et al., 1986; Marsh et
al., 1987). Similar responses are observed when capsaicin is ap
plied to the cell bodies (Williams and Zieglgänsberger, 1982;
Heyman and Rang, 1985; Bevan et al ., 1987; Bevan and Yeats,
1989; Petersen et al., 1989) or dorsal roots of sensory neurons
(Au1t and Evans, 1980; Williams and Zieglgänsberger, 1982).

Ever since the selectivity of capsaicin for a subpopulation
of afferent neurons was unravelled investigators were intrigued
by the mechanism of its action . The finding of a structure-acti
vity relationship pointed to a specific capsaicin receptor (see
Szolcsanyi, 1982) the existence of which, however, has not yet
been proved because of a number of reasons including technical
problems. Very recently, though, specific binding of resinifera
toxin, an ultrapotent analog of capsaicin (Szallasi and Blum-
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berg, 1989a), to dorsal root ganglia membranes has been reported
(Szallasi and Blumberg, 1989b). It is not the intent of this ar
ticle to review the mechanisms of action of capsaicin in detail,
but recent studies indicate that the selective excitatory and
subsequent neurotoxic action of capsaicin on thin sensory neu
rons involves an increase in the membrane permeability for
cations and an overwhelming accumu1ation of calcium within the
cell (Bevan et al., 1987; Marsh et al., 1987; Wood et al., 1988;
Bevan and Yeats, 1989). Calcium removal or administration of
ruthenium red, a compound interfering with the cellular handling
of calcium at multiple sites, is able to selectively block the
excitatory and desensitizing effects of capsaicin (Marsh et al.,
1987; Maggi et al., 1988; Amann et al., 1989).

Functionally the excitatory action of capsaicin on sensory
neurons has two immediate consequences: on the one hand, nerve
activity is conducted to the central nervous system and, on the
other hand, peptides are released from the activated peripheral
nerve endings themselves (for review of this concept see Szol
csanyi, 1984b; Holzer, 1988; Maggi and Meli, 1988). The afferent
function enables information being transmitted to the central
nervous system. The local release of peptide mediators from
their peripheral nerve endings reflects a local effector func
tion (Holzer, 1988) of these neurons, as the released peptides
are able to influenee a variety of loeal tissue functions. These
inelude loeal blood flow, vascular permeability, cardiae and
smooth museie aetivity, tissue growth and repair and immunologie
proeesses (see Holzer, 1988; Maggi and Meli, 1988).

Furtheranalysis of the loca1 effeetor function of sensory
neurons has revea1ed two different meehanisms depending on
whether or not nerve conduction is involved (see Szolesanyi,
1984a). The first mechanism imp1ies that excitation of sensory
nerve endings results in the release of peptides from the nerve
endings stimulated by capsaicin. This proeess does not involve
conduction of nerve activity and is therefore not inhibited by
local anesthetics or tetrodotoxin (Janes6 et al., 1968; Maggi et
al., 1987). The seeond mechanism depends on the assumption that
sensory nerve fibers in the periphery give off several branches.
When one of these branehes is stimulated by capsaiein, nerve ae
tivity will trave1 a10ng this branch to the branching point and
then can travel both to the eentral nervous system and to the
periphery in the other branehes. When nerve impulses arrive in
the terminal region of these branches they again will release
peptides from the nerve ending varicosities. This process is
ealled an axon reflex and enab1es exeitation to spread to all
nerve branehes of a given sensory fiber . As this proeess in
volves nerve conduetion it is blocked by tetrodotoxin (see
Holzer, 1988).

Lang-Term Neurotoxic Effeet of capsaiein on Sensory Neurons

The long-term neurotoxie action of eapsaiein is produeed by
local or systemie administration of eapsaiein. For experimental
purposes, either high doses of eapsaiein (in the range of 50
mgjkg or more) are administered by the subeutaneous route
(Janes6 et al., 1967, 1977; Szolesanyi et al., 1975; Gamse et
al., 1980; Hayes and Tyers, 1980; Nagy et al., 1981, 1983; Buek
et al., 1983) or a 1% solution of eapsaiein is administered pe
rineurally (see below). Systemie administration of eapsaiein
preduces, after an initial exeitatien, a leng-lasting elimina-
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tion of primary afferent neurons sensitive to this drug (Jancso
et al., 1967, 1977; Szolcsanyi et al., 1975; Gamse et al. , 1980;
Hayes and Tyers, 1980; Nagy et al., 1981, 1983; Buck et al.,
1983). This ablation lasts for months, if it is not permanent,
and is reflected by functional, neurochemical and morphological
alterations of the respective neurons. Analysis of the temporal
sequence with which these changes take place showed that the
neurotoxic action of capsaicin first becomes manifest by de
functionalization of, and morphologie damage to, sensory neurons
(Jancs6 et al., 1967, 1977; Szolcsanyi et al, 1975; Lembeck and
Donnerer, 1981; Petsehe et al., 1983; Lynn et al., 1984; Marsh
et al., 1987). The resulting sensory and functional deficits are
used experimentally to obtain information as to the physiologi
cal and/or pathophysiological implications of capsaicin-sensi
tive sensory neurons (for recent reviews see Buck and Burks,
1986; Maggi and Meli, 1986, 1988; Lundberg and Saria, 1987;
Chahl, 1988; Holzer, 1988). The neurochemical alterations pro
duced by capsaicin are reflected by a long-lasting depletion of
neuropeptide and other markers from sensory neurons (see e.g.
Jessell et al., 1978; Gamse et al., 1980; Jancso et al., 1981a ;
Nagy et al., 1981, 1983; Buck et al., 1983; Lundberg et al.,
1985; Skofitsch and Jacobowitz, 1985; Theodorsson-Norheim et
al., 1985; Kirchgessner et al., 1988). In the rat, these neuro
chemical responses to capsaicin become evident much later than
the defunctionalization of sensory neurons (Lembeck and Don
nerer, 1981).

The severity of long-term morphological changes produced by
capsaicin in sensory neurons of the rat varies with the age of
the animals at the time they are treated with the drug. When
capsaicin is administered to newborn rats, in which sensory and
other neurons are not yet fully developed, up to 95% of all un
myelinated afferent neurons may degenerate (Jancso et al., 1977;
Scadding, 1980; Nagy et al., 1981, 1983). In contrast, admini
stration of neurotoxic doses of capsaicin to adult rats pro
duces degeneration of only a minority of cell bodies in the sen
sory ganglia and their fibers (Jancs6 et al., 1985; Lynn et al.,
1987) whereas the peripheral axons of unmyelinated sensory fi
bers appear to undergo extensive degeneration (Hoyes and Barber,
1981; Chung et al., 1985). In addition, ultrastructural changes
in the surviving sensory neurons also are evident (Szolcsanyi et
al., 1975; Handwerker et al., 1984; Lynn et al., 1984; Chiba et
al., 1986 ; Marsh et al., 1987). It is not unexpected , therefore,
that functionally and neurochemically the degrees of sensory
neuron ablation do not necessarily differ after treatment of
newborn or adult rats. There is some evidence, though, that
functional ablation of sensory neurons induced by capsaicin
given to newborn rats is more profound than when given to adult
rats (see Maggi and Meli, 1988).

The different morphological consequences of capsaicin ad
ministration to newborn or adult rats are important to consider
in another respect. Substantial degeneration of a population of
neurons at a stage when the nervous system is not yet fully de
veloped is likely to have a much more significant impact on the
whole system than ablation of these neurons at a stage when the
nervous system has been fully developed. Indeed, capsaicin
treatment of newborn rats changes cellular systems that are in
functional connection with either the central or peripheral ter
minals of primary sensory neurons. Such changes have been ob
served e.g. in the spinal cord (Virus et al., 1983; Haj6s et
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al., 1986; Rethelyi et al., 1986), the spinothalamic tract
(saporta, 1986) and the somatotopie maps of the cerebral cortex
(Wall et al., 1982). Histologie alterations were also seen in
peripheral tissues including the cornea (Shimizu et al., 1987)
and lung (Ahlstedt et al., 1986). These changes are thought to
be secondary to the capsaicin-induced degeneration of sensory
neurons. When treating rats with capsaicin as neonates one has
to be aware, therefore, that not only primary afferent neurons
but also other sensory pathway-related systems might be altered
to a significant extent.

It is important to note that there are profound species dif
ferences in the sensitivity to capsaicin. Most of the studies on
capsaicin-sensitive sensory neurons have been performed in small
rodents (rat, mouse, guinea-pig). In these species, treatment of
adult animals with doses of capsaicin in the range of 50-125
mgjkg is sufficient to produce maximal ablation of capsaicin
sensitive neurons. There is no need to use higher doses, and the
use of several hundreds of mgjkg capsaicin (JesseIl et al.,
1978) may in fact be prone to produce avoidable non-selective
effects of capsaicin. Treatment of newborn rats with a dose of
50 mgjkg capsaicin appears to be selective for unmyelinated af
ferent nerve fibers and small dark cell bodies in the sensory
ganglia (Jancso et al., 1977; Nagy et al., 1981) whereas doses
in excess of 50 mgjkg also cause degeneration of some myelinated
afferents and large light cell bodies (Nagy et al., 1983; Lawson
and Harper, 1984). The capsaicin sensitivity of cat (Gamse et
al., 1982) and man (Jancso et al ., 1968; Szolcsanyi , 1977;
carpenter and Lynn, 1981) also is weIl established whereas rab
bits are clearly less sensitive to capsaicin (Gamse et al.,
1982; Baranowski et al., 1986; Lynn and Shakhanbeh, 1988) than
rats or guinea-pigs . Birds and frogs are insensitive to capsai
ein (see Szolcsanyi et al., 1986).

Systemic treatment with capsaicin has been used extensively
to investigate the functional implications of sensory neurons.
It is clear that this route of administration will eliminate all
somatic and viscera1 afferent neurons sensitive to the drug.
There is another possibility by which one can ablate capsaicin
sensitive afferent neurons in a region-selective manner, namely
by local periaxonal treament of nerves supplying the region un
der study (Jancso et al., 1981b; Gamse et al., 1982; Petsehe et
al., 1983; Raybould and Tache, 1988). Treatment of the vagus
nerve with a 1% solution, for instance, has enabled to study the
role of vagal afferent nerve fibers in cardiovascular (Jancso
and Such, 1983) and gastric (Raybould and Tache, 1988) func
tions.

Acute versus Leng-Term Effects of capsaicin

The investigation of sensory neuron functions can make use
of both the acute excitatory and long-term neurotoxic actions of
capsaicin. I have to point out, though, that the degree of
selectivity with which capsaicin influences sensory neurons dif
fers for the acute and long-term actions of capsaicin. The acute
effects of capsaicin are less selective for thin sensory neurons
in that the drug also can transiently stimulate and block thick
ly myelinated afferents (Williams and Zieglgänsberger, 1982;
Lynn et al., 1984; Baranowski et al., 1986; Such and Jancso,
1986; Bartho et al., 1987; Maggi et al., 1987) . Thus, whenever
acute actions of capsaicin are used to probe functions of thin
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sensory neurons it is necessary to check whether these actions
are indeed due to stimulation of thin afferent neurons. Many of
the non-selective actions of capsaicin do not show desensitiza
tion and are not abolished after ablation of capsaicin-sensitive
afferent neurons (Barth6 et al., 1987; Maggi et al., 1987).

Summary

The exceptional selectivity with which capsa1c1n acts on a
population of peptide-containing thin primary afferent neurons
has made this drug an important tool with which to investigate
the neuroanatomical, neurochemical and functional implications
of these neurons. As a consequence, the use of capsaicin has
enabled a substantial furthering of our understanding of the
physiological and pathophysiological roles of thin primary sen
sory neurons. with appropriate controls, both the acute excita
tory and long-term neurotoxic actions of capsaicin can be util
ized in these studies but it is important to know the advantages
and disadvantages and the limitations of each of the different
experimental approaches. Table 1 is a brief checklist of the ca
veats that should be considered and that have been dealt with in
this article.

TABLE 1

CAPSAICIN AS A PROBE FOR SENSORY NEURON FUNCTIONS:
CAVEATS TO BE CONSIDERED

1. Limitations in the classification of capsaicin-sensitive
afferent neurons
1.1. Not all unmyelinated afferent neurons are capsaicin

sensitive .
1 .2. Not all afferent neurons containing substance P, CGRP

and other peptide markers are capsaicin-sensitive .
1.3. Capsaicin-sensitive afferent neurons are heterogeneous

in terms of their sensory modality .
1.4 . The group of capsaicin-sensitive afferent neurons does

not overlap with any group of afferent neurons defined
according to morphological, neurochemical or functional
criteria .

2. There are species differences in the sensitivity to capsaicin

3. The acute effects of capsaicin are less selective for thin
sensory neurons than its long-term effects
3 .1 . Capsaicin has a transient excitatory and blocking action

on some thickly myelinated afferent neurons and possibly
other neuronal systems.

3.2. Capsaicin can have a transient influence on the activity
of non-neuronal cells . These effects do not show desen
sitization.

3.3. The acute effects of capsaicin may be considered selec
tive for thin afferent neurons when they are abolished
after pretreatment with capsaicin.

4. Differences in the neurotoxic effects of capsaicin adminis
tered to newborn versus adult rats
4.1. The sensory neurons in newborn rats are not yet fully

developed and up to 95% of the unmyelinated afferents
can degenerate in response to capsaicin .

4.2. Deafferentation in newborn rats may result in secondary
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changes in the neuronal and non-neuronal systems that
are functionally linked to sensory neurons.

4.3. In adult rats capsaicin also produces functional and
neurochemica1 ablation of thin sensory neurons. Exten
sive degeneration, however, is seen only with the peri
pheral axons of sensory neurons. Secondary changes in
sensory neuron-related systems are less likely to occur .
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CHEMICAL CODING OF NEURONS IN THE GASTROINTESTINAL TRACT

M. Costa, S. Brookes, P. Steele, and J . Vickers

Centre for Neuroscience, Department of Physiology
The Flinders University of South Australia
Bedford Park, Australia

The gastrointestinal tract, unlike most of the other inter
nal organs, contains a rich and complex neuronal system embedded
within its wall. The first description of this system dates back
to the middle of the last century when Meissner and Auerbach
first described the rich neuronal network made of microganglia
and nerve bundles forming the myenteric and submucous plexuses
(Meissner, 1857; Auerbach, 1864). By the turn of the century
Bayliss and Starling (1889) first, followed by Langley (1921),
provided evidence that this system, named then the Enteric Ner
vous System (ENS) controls coordinated motor functions in isola
tion from the central nervous system. In addition the intestine
receives inputs from the central nervous system via sympathetic
and parasympathetic nerves and sends sensory information via
vagal and spinal afferent neurons. Between the beginning of this
century and around twenty years aga the attempts to identify
neuroanatomically the different classes of enteric neurons in
volved in the control of intestinal functions were hampered by
the inability of the neurohistological techniques to distinguish
specific neuronal groups within the apparently homogeneous maze
of nerve cells and nerve fibres which form the ENS. Over the
last twenty years the diversity of enteric neurons has become
more apparent in functional, pharmacological, morphological,
electrophysiological and neurochemical studies. It is only in
the last few years that considerable progress has been made to
unravel the neuronal circuitries of the enteric nervous system
by correlating these studies to provide an integrated view of
how the enteric nervous system is organized.

Functional Classes of Enteric Neurons and Their Transmitters

Evidence that there is a functional diversity of enteric
neurons (Table I) has accumulated from studies in intact animals
and in isolated preparations of intestine since the beginning of
the century but it is only in the last twenty-five years that
the diversity of transmitters in the enteric nervous system has
become apparent.

Sensory Nerves and Neuropeplides in Gastroenterology
Edited by M. Costa et al., Plenum Press, New York, 1991 17



TABLE I

FUNCTIONAL CLASSES OF ENTERIC NEURONS IN THE SMALL INTESTINE

Intrinsic

Motorneurons:

Interneurons:

Secretomotor :

Vasomotor:

Sensory Neurons:

Motor:

Sensory :

excitatory to the longitudinal muscle
inhibitory to the longitudinal muscle
excitatory to the circular muscle
inhibitory to the circular muscle

excitatory orally directed interneurons
within the myenteric plexus

excitatory anally directed interneurons
within the myenteric plexus

excitatory local interneurons within the
myenteric plexus

excitatory and inhibitory myenteric neurons
to the submucous ganglia

excitatory interneurons within submucous
plexus

excitatory neurons from myenteric plexus to
prevertebral sympathetic ganglia
(intestinofugal)

secretomotor submucous neurons
secretomotor myenteric neurons

vasodilator submucous neurons

mechano and chemoreceptors in the myenteric
ganglia

mechano and chemoreceptors in submucous
ganglia

Extrinsic

inhibitory and excitatory parasympathetic
pathways in the vagus and the sacral
nerves

inhibitory sympathetic neurons to myenteric
ganglia

excitatory sympathetic neurons to muscle
sphincters

vasoconstrictor sympathetic neurons
inhibitory sympathetic neurons to submucous

ganglia

mechano and chemoreceptor vagal sensory
neurons

mechano and chemoreceptor spinal sensory
neurons

Enteric Neurons Involved in Motility

The intestine displays a repertoire of patterns of motility.
These include the migrating myoelectric motor complex, a cyclic
activity of enteric motor neurons which does not depend on sen
sory stimulation nor on central connections and that slowly mi-
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grates from the stornach to the end of the small intestine; peri
stalsis, i .e. a coordinated sequence of reflexes initiated by
distension of the intestine responsible for the aboral propul
sion of intestinal content; mixing movements resulting from ir
regular contractions of circular and longitudinal muscles. All
these patterns of motility are mediated probably by the same fi
nal motor neurons. There are both excitatory and inhibitory neu
rons to all muscle layers. Acetylcholine is a major transmitter
of the excitatory motor neurons for muscarinic antagonist drugs
inhibit all motor pattern of motility. Furthermore either the
mechanical contractions or the excitatory junction potentials
recorded from smooth muscles in response to activation of motor
neurons are inhibited by muscarinic antagonists (Furness and Co
sta, 1987). However there is convincing evidence that the pepti
de substance P or a related tachykinin is also a neurotransmit
ter of exitatory motor neurons (costa et al . , 1985) . These cho
linergic and non-cholinergic enteric excitatory motor neurons
supply both the longitudinal and circular muscle layers and pro
bably also the muscularis mucosa.

The existence of enteric inhibitory motor neurons was demon
strated in functional studies at the turn of the century but the
realization that the transmitter was not adrenergic only came in
the 1960s when the term non adrenergic-non cholinergic (NANC)
neurons was proposed. The enteric inhibitory neurons relax the
intestinal muscle layers, in particular the circular muscle, by
two mechanisms; one mediated by a fast acting unknown transmit
ter, possibly a purine, responsible for the inhibitory junction
potential recorded electrophysiologically, the other by a slow
acting transmitter, probably vasoactive intestinal peptide (VIP)
(see Furness and Costa, 1987) . Nicotinic blocking drugs have a
profound inhibitory effect on all patterns of motility and act
on enteric ganglia indicating that acetylcholine is also a major
transmitter from enteric neurons to other enteric neurons (see
Furness and Costa, 1987). Transmission from cholinergic neurons
in enteric ganglia is mediated by fast synaptic potentials via
nicotinic receptors and also by slow synaptic potentials via mu
scarinic receptors (see North, 1982) . Both types of receptors
are involved in the enteric reflexes which underlie peristalsis
(Tonini and Costa, 1990). In addition electrophysiological evi
dence indicates that there are several types of non-cholinergic
transmission within the enteric ganglia mediating slow synaptic
potentials. There is evidence for non-cholinergic transmission
in ganglia to be involved in enteric reflexes (Barth6 et al.,
1989; Holzer, 1989; Tonini and Costa, 1990), and substance P or
a related tachykinin may mediate it. The enteric motorneurons
and some of the interneurons are part of orally directed excita
tory and anally directed inhibitory reflex pathways. These re
flexes can be activated by distension of the gut, by mechanical
stimulation of the mucosa or by chemical stimuli in the lumen
(Tonini and costa, 1990; smith et al., 1990). These studies of
enteric reflexes point to the existence of enteric sensory neu
rons which synapse on interneurons to form complex polyneuronal
reflex pathways. There is evidence to suggest that some of these
sensory neurons may utilize acetylcholine as a transmitter in
addition to non-cholinergic substances (Tonini and Costa, 1990).
The enteric neurons of these motor pathways are mostly located
in the myenteric plexus.

19



Enteric Neurons Involved in Mucosal Transport and Blood Flow

Secretomotor effects mediated by both cholinergic and non
cholinergic neurons have been demonstrated by electrical stimu
lation and by reflex activation (Lundgren, 1989; Cook, 1989).
VIP has been proposed to be involved in the non-cholinergic
secretomotor functions. Most of the secretomotor neurons are
located in the submucous ganglia (see Bornstein and Furness,
1988).

Much of the evidence for the role of enteric neurons in the
control of local blood flow comes from experiments in cats
(Lundgren, 1989). A vasodilator response can be demonstrated in
response to mechanical mucosal stimulation and two mechanisms
have been proposed, i.e. a local reflex response involving a 10
cal VIP vasodilator neuron and an axon reflex possibly involving
a tachykinin. In the guinea-pig recent evidence demonstrates
that there are both cholinergic and non-cholinergic vasodilator
fibres to the submucous arterioles (Neild et al., 1990; Galligan
et al., 1990) .

Functional Connections between Myenteric and Submucous Plexus

Although there appears to be a segregation of functions,
i.e. the motor neurons to muscles are in the myenteric ganglia
and most secretomotor-vasomotor neurons are in the submucous
ganglia, it is likely that coordination of motor, secretory and
circulatory functions occurs. There is good electrophysiological
evidence that submucous neurons receive cholinergic and non
cholinergic excitatory input and non-cholinergic inhibition
inputs from myenteric ganglia (Bornstein et al., 1986) . The role
of these interneuronal pathways in coordinating different func
tions remains to be established. Similarly a population of cho
linergic submucous neurons send processes to the myenteric gan
glia (Bornstein et al., 1989; Kirchgessner and Gershon, 1988).

Extrinsic Connections

The enteric nervaus system and its target tissues receive
inputs from the sympathetic and parasympathetic pathways. The
intestine is also supplied by vagal and spinal afferent neurons .
The sympathetic noradrenergic neurons independently exert con
trol of motor, secretory and circulatory functions . Thus activa
tion of sympathetic pathways inhibits motility by inhibiting the
activity of myenteric neurons and by direct excitation of
sphincteric smooth muscle. Sympathetic vasoconstrictor neurons
reduce intestinal blood flow. The sympathetic neurons that con
trol mucosal transport inhibit the activity of non-cholinergic
secretomotor submucous neurons (Furness and Costa, 1987; Born
stein and Furness, 1988).

There is ample evidence that intestina-intestinal reflexes
activate the sympathetic pathways that control motility. The
afferent pathways can be spinal sensory neurons (intestina
intestinal spinal reflex) or intestinafugal cholinergic myen
teric neurons synapsing directly on sympathetic noradrenergic
postganglionic neurons (intestina-intestinal peripheral reflex)
(Furness and costa, 1987).
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The spinal sensory neurons respond to distension, to chemi
cals in the lumen and to capsaicin, and can also mediate pain
sensations (Dockray, Green and Varro, 1989).

Vagal inputs to the small intestine have been less weIl
studied than those in the stomach (see Grundy, 1989). In rats
Kirchgessner and Gershon (1989) have demonstrated rare efferent
vagal fibres in the myenteric plexus of the small intestine
after injections of an anterograde tracer in the dorsal motor
nucleus of the vagus nerve.

There is ample evidence that vago-vagal reflexes occur in
response to mechanical and chemical stimuli from the upper di
gestive tract (Mei, 1983). Inhibitory and excitatory efferent
vagal pathways are composed of preganglionic cholinergic para
sympathetic neurons activating either the enteric inhibitory or
the enteric excitatory motorneurons in myenteric ganglia.

More than half of the nerve fibres in the vagus are afferent
and many must supply the gastrointestinal tract. While there is
evidence from retrograde tracing for vagal sensory fibres sup
plying the stomach and the pancreas (Dockray et al., 1989), lit
tle information is available on vagal sensory fibres to the
small intestine .

TABLE II

HISTOCHEKICAL MARKERS OF TRANSMITTER RELATED ENTERIC NEURONS

Potential Transmitters
Acetylcholine (Ach)
Noradrenaline (NA)
Serotonin (5HT)
Histamine
Gamma amino butyric acid (GABA)
Adenosin triphosphate (ATP)
Cholecystokinin (CCK)
Calcitonin gene-related peptide

(CGRP)
Dynorphin (DYN)
Enkephalin ( ENK)
Galanin (GAL)
Neurokinin A (NKA)
Neuromedin U (NMU)
Somatostatin (SOM)
Substance P (SP)
Vasoactive intestinal peptide
(VIP)

Enzymes
Aromatic Aminoacid Decarboxylase
(AACD)
Cholineacetyltransferase (ChAT)
Dopamine ß-Hydroxylase (DBH)
Histidine Decarboxylase (HO)
Monoamineoxidase A (MAO A)
Tyrosine Hydroxylase (TH)
Glutamic Acid Decarboxylase (GAD)

Histochemical Method
not available
aldehyde induced fluorescence
immunohistochemistry (IM)
not available
IM
not available
IM

IM
IM
IM
IM
IM
IM
IM
IM

IM

IM
IM
IM
IM
IM and histochemical reaction
IM
IM
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Neurochemical Classes of Enteric Neurons

The pharmacological and functional studies have unveiled a
range of non-adrenergic non-cholinergic transmitter mechanisms
in the enteric nervous system, and a large number of functional
classes of enteric neurons. This diversity is matched by the
wealth of neurochemicals found over the last twenty years in the
enteric nervous system. Histochemical methods have been devel
oped in the sixties to visualize noradrenaline and from the
1970s a large number of potential neurotransmitter substances
have been visualized in enteric neurons including amines, ami
noacids and neuropeptides (Table 11). Transmitter related enzy
mes have also been demonstrated histochemically in enteric neu
rons and a number of neurochemicals unrelated to transmitters
have been described in enteric neurons (Table 111). A major
challenge for neuroscientists of the enteric nervous system has
been to correlate the classes of histochemically identifiable
enteric neurons with their morphology, connections, electrophy
siological properties and functions. One of the important clues
in the unravelling of the organization and function of the en
teric neuronal circuits has been the finding that most enteric
neurons contain several neurochemical markers and that each
group of enteric neurons is coded by a particular combination of
neurochemicals and by its projections (Costa et al., 1986). For
example, although the postganglionic sympathetic neurons are all
noradrenergic, those which inhibit secretion also contain soma
tostatin, dynorphin and neurofilaments whereas the vasoconstric
tor noradrenergic neurons contain neuropeptide Y but not rieuro
filaments (costa et al., 1986; Vickers et al., 1989). similar1y
the submucous neurons can be divided into four classes and each
subserve a different function (Table IV.

TABLE III

HISTOCHEMICAL :MARKERS OF ENTERIC NEURONS
NOT RELATED TO SPECIFIC TRANSMITTERS

Acetylcholinesterase (AChE)
Alkaline phosphatase (AP)
Amine Handling (AH)
Calcineurin (CN)
Calcium Binding Proteins (CaBP)
Carbonic anhydrase (CA)
cytochrome ox idase (CO)
Methylene Blue (MB)
Microtubules Associated Proteins (MAP)
Monoamineoxidase B (MAO B)
Nicotinamide adenine dinucleotide diaphorase (NADH-D)
Nicotinamide adenine dinucleotide phosphate diaphorase

(NADPH-D)
Neurofilament proteins (NF)
Neuron specific enolase (NSE)
Cyclic AMP Dependent Protein Kinase (cAMP PK)
CaH Calmodulin Dependent Protein Kinase 11 (CaMKII)
Quinacrine
Synaptic Vescicular Proteins
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TABLE IV

FUNCTION AHn NEUROCHEMICAL CLASSES OF sumrocous NEURONS

Neurochemical Coding

VIP/DYN/GAL

Ach/CCK/CGRP/NPY/SOM
Ach/calretinin
Ach/SP

Function

non-cholinergic secretomotor
and vasodilator
cholinergic secretomotor
cholinergic vasodilator
sensory

The neurochemical coding of the myenteric neurons, their
connections and their functions is still incomplete. The connec
tivity and projections of enteric neurons has been studied by
lesions of the neuronal pathway (costa et al., 1987; Ekblad et
al ., 1989) and by retrograde tracing method to identify enteric
motor neurons recently developed in our laboratory (Brookes and
Costa, 1990). By combining these results with the functional
studies discussed above, a number of classes of myenteric neu
rons could be identified. There appear to be four classes of en
teric motor neurons to the circular muscle . Two are orally di
rected excitatory cholinergic motor neurons : one short, also
containing substance P, and one long, containing substance P,
enkephaline, neurofilaments and the enzyme ca++/calmodulin de
pendent protein Kinase 11 (CamK) . Thus the same motor neurons
contain and release the two excitatory transmitters described in
the functional studies, i .e . Ach and SP . This is one of the best
examples of contransmission in the nervous system. There are
two anally directed inhibitory neurons: one long, containing
VIP/CYN/GRP/NF/CamK/NADPH-diaphorase/Alkaline phosphatase, and
one short, containing VIP/ENK. VIP relaxes the muscle and these
two neurons correspond to the non-adrenergic non-cholinergic i n
hibitory motor neurons. All these motor neurons show a typical
morphology of Dogiel type I with several short dendrites and a
long axonal process.

The longitudinal muscle is supplied by two classes of motor
neurons with Ach and Calretinin or SP (Costa et al., 1990) and
these would account for both cholinergic and non-cholinergic
excitatory neurons and a third minor population of inhibitory
neurons with VIP. The enteric motor neurons on the two muscle
layers represent about half of all myenteric neurons.

About a third of myenteric neurons have the morphology of
Dogiel type 11 neurons with a smoother cell body and numerous
long processes and are likely to have sensory function (Pompolo
et al ., 1989) and some of these contain Ach, SP and Somatostatin
(Steele and Costa, 1990). These neurons may account for the cho
linergic and non cholinergic ganglionic transmission in enteric
reflexes (Tonini and Costa, 1990). A number of myenteric Dogiel
type I neurons act as interneurons. One population of orally
directed interneurons contains Ach/SP/ENK/DYN/NF/CamK and may
represent the main interneuron in the excitatory enteric refle
xes underlying peristaIsis. At least four anally directed inter
neurons could be identified. Their neurochemical coding is still
being investigated.

All these populations of motor , inter and sensory neurons
account for about 90% of myenteric neurons and it is anticipated
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that a complete account of functional and neurochemical classes
of myenteric neurons will be achieved.

The neurochemical coding is correlated also with the morpho
logy and the electrophysiology of myenteric neurons. Thus all
motor neurons belong to the Dogiel type I cells with several
short dendrites and a single long axonal process (Brookes and
Costa, 1990). Similarly the proposed sensory neurons with cal
bindin have a Dogiel type II morphology (Iyer et al., 1988). All
Dogiel type I cells are electrophysiologically S neurons, i.e.
receive fast nicotinic excitatory synaptic potentials (Born
stein, et al., 1984; Lees, et al., 1989; Katayama et al., 1986)
while the Dogiel type 11 cells all have the characteristic of AR
cells (afterhyperpolarizing) and do not receive fast synaptic
input (Iyer et al., 1988; Lees et al., 1989).

The knowledge of the neurochemical coding of sensory neurons
supplying the intestine is still incomplete. Histochemical evi
dence has demonstrated that spinal sensory neurons with sub
stance P and calcitonin gene-related peptide (CGRP) supply the
small intestine (Gibbins et al., 1985) where they branch in the
myenteric plexus, submucous plexus in the mucosa and form a pe
rivascular plexus around submucous blood vessels (Costa et al.,
1985). Experiments using the fluorescent retrograde label DiI
applied to the guinea-pig distal small intestine showed that a
small number of dorsal root ganglia are retrogradely labelied
(Vickers and Costa unpublished results) . The vast majority of
the labelied neurons (90%) are medium size and show immunoreac
tivity for SP and a faint immunoreactivity for neurofilament
proteins. A small proportion of labelied neurons are large with
intense NF immunoreactivity. These results imply that most sen
sory inputs from the intestine are mediated by medium size
SP/CGRP neurons . Similar results have been reported by Dockray
et al. (1989) showing that 80% of spinal sensory neurons to the
stomach contain SP and CGRP.

These sensory neurons are sensitive to capsaicin (Papka et
al., 1984) and are also involved in motor responses of the in
testine elicited by antidromic activation of sensory fibres
(Holzer, 1988). The physiological role of these sensory neurons
in the intestine has not been established nor has it been ascer
tained whether axon reflexes may elicit motor responses and va
sodilatation of the intestinal blood vessels in physiological
conditions.

CONCLUSIONS

The combination of functional, morphological and neurochemi
cal studies have led to considerable advances in the understand
ing of the neural control of intestinal functions. It is now

possible to link such studies to the investigations of physiolo
gy, pharmacology, neurochemistry and pathophysiology of the sen
sory innervation of the intestine. A s imilar picture emerges in
the autonomie and visceral sensory systems indicating that each
class of functionally different neurons has specific features
and these include connectivity,morphology, projections, bio
physical properties and neurochemistry. This suggests that there
is a highly ordered and chemically coded organization of the au
tonomie and sensory systems.
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Introduction

The gastric mucosa is rich in acetylcholinesterase-positive
nerve fibers (c.f. Schofield, 1968: Yamaguchi et al., 1974;
Lechago and Barajas, 1976) and in fibers storing neuropeptides
(Schultzberg et al., 1980; Ekblad, 1985; Keast et al., 1985;
Tsutsumi and Hara, 1989). In the mucosa of the rat stomaeh,
fibers containing VIP and GRP/bombesin immunoreactivity are
notably numerous (Dockray et al., 1979; Ekblad et al, 1985;
Iwanaga et al., 1988), while fibers storing other neuropeptides
such as substance P (SP), neuropeptide Y and enkephalin are less
frequent (Schultzberg et al., 1980; Ekblad et al, 1985). Keast
et al. (1985) noted marked species differences in the density of
SP-containing nerve fibers in the gastric mucosa . Thus, such
fibers were fairly numerous in man, moderate in number in rat
and guinea pig and absent altogether from the mucosa of the dog
stomaeh. Also the density of calcitonin gene-related peptide
(CGRP)-containing fibers in the gastric mucosa varies greatly
among species (own unpublished observations). In the museIe
layers and the myenteric ganglia the density of fibers storing
SP and CGRP displays less species variation. Generally, SP-con
taining fibers are numerous in the intramural ganglia and in the
smooth muscle (Schultzberg et al., 1980; Ekblad et al ., 1985),
whereas CGRP-storing fibers are much less numerous (Fig. 1). SP
containing nerve cell bodies are regularly seen in the myenteric
ganglia (Schultzberg et al., 1980; Kuwahara et al., 1983; Ekblad
et al., 1985; Green and Dockray, 1988) whereas CGRP-containing
cell bodies are lacking (c .f . Green and Dockray, 1988; Dockray
et al., 1989).

SP and CGRP in Gastric Mucosa

Previous work has linked neuronal SP and CGRP in the gastric
mucosa and submucosa - at least in the rat - to sensory fibers,
as defined by their sensitivity to capsaicin (Sharkey et al.,
1984; sternini et al., 1987; Green and Dockray, 1988; Dockrayet
al., 1989). Nonetheless we thought it worthwhile to examine more
carefully the occurrence and distribution of SP- and CGRP-con
taining nerve fibers in the oxyntic and antral mucosa of several
mammals, including man. The following is a description of the
findings (summarized in Table I).
Sensory Nerves and Neuropeplides in Gastroenterology
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Table I
Relative density of SP- and CGRP-containing nerve fibers in the

gastric mucosa of some mammals.

Corpus Antrum
SP CGRP SP CGRP

Mouse (+ ) + (+) ++
Rat (+ ) + + ++
Mole +++ ++ ++ ++
Hamster (+) ++ + ++
Guinea Pig (+) (+) + (+)
Ferret (+) +++ 0 +++
Cat (+) + + +
Pig +++ 0 +++ (+ )
Man + 0 ++ 0

(+) an occasional fiber; + few fibers; ++ moderate number of fi
bers; +++ numerous fibers

In the gastric mucosa of the mouse and rat, SP-containing
fibers were few to moderate in number, with scattered fibers
running along the glands, sometimes high up in the mucosa (see
also Sharkey et al., 1984; Ekblad et al., 1985) (Fig. 1). The
fibers were somewhat more numerous in the antrum than in the
body of the stomach. cGRP-containing fibers had the same distri
bution as those storing SP but were somewhat more numerous. The
majority of the mucosal SP-containing fibers contained CGRP and
vice versa (Fig. 1). Similar findings were made in the hamster
and guinea ~, although in the guinea pig SP and CGRP-storing
fibers were notably few. In the mole SP-containing fibers were
numerous, while those storing CGRP were moderate in number (F ig.
2a and b). SP-storing fibers were particularly numerous in the
oxyntic mucosa . All fibers storing CGRP seemed to contain SP as
weIl. In the ferret (Fig. 3) CGRP-containing fibers were nu
merous in the gastric mucosa, more so than in any of the other
species examined. The fibers formed dense networks beneath the
foveolar surface epithelium and around the neck of the glands.
SP-containing fibers, on the other hand, were virtually absent
from the mucosa. Only occasionally could a weakly SP-immunoreac
tive fiber be detected in the oxyntic mucosa. Also in the cat
(Fig. 2c and d) were cGRP-containing fibers found to predominate
over those storing SP, although the general density of CGRP-con
taining fibers was lower than in the ferret. In the cat, as in
the ferret, all SP-containing fibers seemed to harbour in addi
tion CGRP (see also Parkman et al., 1989).

In Rig and man CGRP-containing fibers were virtually absent
from the mucosa. only at the very base of the glands and in the
submucosa could an occasional CGRP-storing fiber be seen in the
porcine antrum. By contrast sP-containing fibers were moderate
in number to numerous, both in the oxyntic and antral mucosa
(Fig. 4) . Interestingly, in the porcine stomach nerve cell bo
dies storing SP were quite numerous in small ganglia located
within the mucosa, just beneath the base of the glands (Fig. 4a
and b). Occasionally, SP-containing nerve cell bodies were seen
also in submucous ganglia . These findings suggest that mucosal
SP-containing fibers in this species could have a local origin
rather than being primary sensory afferents. It should be men
tioned in this context that small intramucosal ganglia were de-
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scribed in the poreine stomach already in the thirties by Vau
(1937). These mucosal ganglia were observed also in goat, sheep
and cow, but they eould not be demonstrated in the cat and dog.
In the human stomach sP-containing fibers were more numerous in
the antral than in the oxyntic mucosa. These findings are in li
ne with reports of higher SP concentrations in antral than in
oxyntic mueosa (c.f . Ferri et al., 1989). In the human stomach
we failed to find SP-containing nerve cell bodies in the mucosa.
In the stibmucosa, however, SP-containing nerve eell bodies were

Fig. 1. cryostat sections from rat stomach double stained for
SP (TRITC) and CGRP (FITC). a and b oxyntie mucosa, c
and d antral mucosa, e and f submucosa and smooth mu
sele from oxyntic region. Note almost complete coexi
stence of SP and CGRP in nerve fibers in the mucosa as
weIl as around blood vessels. In the smooth muscle and
myenteric ganglia SP- and CGRP-eontaining fibers con
stitute separate nerve fiber populations. a and b X
120, c and d X 150, e and f X 100.
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regularly seen, which at least in part may account for the sup
ply of SP-containing fibers in the mucosa . Hence, in pig, and
possibly also in man , SP-containing fibers in the gastric mucosa
(that do not contain CGRP) may have a local origin in ganglia
located in the mucosajsubmucosa (pig) and submucosa (man). Howe
ver, studies of the effects of specific denervations are needed
before it is possible to exclude the possibility that primary
sensory afferents contribute to the mucosal SP innervation in
these two species.

For other species than those examined here data are avail
able from e.g. the dog stomaeh. In this species SP-storing fi
bers were reported to be totally absent from the mucosa (Keast
et al., 1985). Of interest in this context is that canine chief
cells have been reported to express SP receptors, exemplifying
the frequent mismatch between neuropeptide and receptor distri-
bution. .

Fig. 2. Cryostat sections from the stomach (acid-producing re
gion) from mole (a and b) and eat (e and d). seetions
in a and c are immunostained for sP, in band d for
CGRP. In the mole, mucosal SP-containing fibers are nu
merous, while those storing CGRP are fewer. The museIe
coat (lower part of fig.) is also rich in SP fibers but
lacks CGRP fibers. In the cat, both SP- and CGRP-con
taining fibers are few. a and b X IOD, c and d X 110.
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In conclusion, fibers storing both SP and CGRP, probably
sensory in origin, can readily be demonstrated in the gastric
mucosa of several mammals, including many rodents. The ferret is
special in that the gastric mucosa harbours numerous CGRP-con
taining fibers that are devoid of SP, whereas in pig and man nu
merous sP-containing fibers are devoid of CGRP.

The origin of the rich CGRP nerve supply in the ferret gas
tric mucosa is obscure. Since the intramural ganglia lack CGRP
immunoreactive nerve cell bodies, the fibers are likely to be
extrinsic in origin, presumably sensory, as has been shown to be
the case in the rat (c.f. Dockray et al., 1989). We have tested
the possibility that the fibers are primary sensory afferents by
giving multiple injections of capsaicin. The treatment resulted
in a slight reduction in the intensity of the CGRP immuno
staining which may support the idea that the fibers are primary
afferents.

Interestingly, the dense network of CGRP-containing fibers
beneath the foveolar epithelium and around the neck of the .
glands in the ferret stomach coincides with the occurrence of
numerous mast cells in the connective tissue stroma around the

Fig. 3. Cryostat sections from ferret stomaeh. a-c show oxyntic
mucosa, d antral mucosa. SP-containing fibers are few
(a) while the CGRP-containing ones are quite numerous
(b and c). For comparison the CGRP innervation of an
tral mucosa is shown in d. a-d X 110.
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Fig. 4. cryostat sections from pig oxyntic mucosa (a and b) and
human antral mucosa (c). Numerous delicate SP-contai
ning fibers in the mucosa as weIl as nerve cell bodies
in small ganglia located beneath the glands. a and b X
110, c X 160.

foveolae and neck portion of the glands. Thus, there is a mor
phological basis for suggesting a possible interaction between
CGRP-containing nerve fibers and superficial mast cells in the
ferret gastric mucosa.

possible Functional Role

The sensory innervation of the stomach has attracted much
attention during recent years. The magnitude of this innervation
is reflected in the fact that 80-90% of the fibers in the abdo
minal vagus are afferents (c.f. Andrews, 1986). Moreover, cap
saicin-sensitive mechanisms are known to operate in the stomaeh.
Thus, in rats pretreated with capsaicin histamine-induced gas
tric acid secretion was found to be reduced whereas the respon
ses to charbachol and pentagastrin were unaffected (Alföldi et
al., 1986). Further, elimination of capsaicin-sensitive vagal
afferents (by application of capsaicin directly to the cervical
vagus one week before the experiments) resulted in a 40% reduc
tion of gastric secretion induced by gastric distension in rats
(Raybould and Tache, 1989) . The secretory response to histamine
was reduced to about the same degree whereas the responses to
pentagastrin and bethanechol were unaffected. Systemic capsaicin
pretreatment in addition increases the incidence of ulcerogen
induced duodenal ulcers (Maggi et al., 1987). Acute intragastric
capsaicin administration, on the other hand, stimulates gastric
acid secretion and increases mucosal blood flow in the rat (Lim
lomwongse et al., 1979) and protects against experimental ulcer
formation (Szolcsanyi and Bartho, 1981; Holzer and Sametz, 1986;
Maggi and Meli, 1988; Holzer et al., 1989). The afferent neuron-
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mediated gastric mucosal protection is thought to result from
local release of vasodilatory peptides such as SP and CGRP from
afferent nerve endings within the stomach. This view is suppor
ted by the demonstration by Lippe et al e (1989) of a protective
effect of CGRP administered by close arterial infusion into the
rat stomach against ethanol- and aspirin-induced mucosal damage.
Rozsa et al, (1988) demonstrated a capsaicin-sensitive viscero
circulatory reflex i n the rat, possibly mediated by SP. Thus,
warming of the gastric mucosa causes hypotension, tachycardia,
and a reduction in mesenteric blood flow. These responses were
inhibited by systemic or topical capsaicin. Finally, it ought to
be mentioned that intravenous infusions of SP or CGRP cause in
hibition of gastric secretion (Konturek et al., 1981; Kraenzlin
et al., 1985; Lenz et al ., 1985).

Conclusion

Capsaicin-sensitive primary afferents and protective me
chanisms of such fibers on the gastric mucosa have previously
been demonstrated in the rat and SP and CGRP are firmly linked
to such fibers. Our studies of the SP and CGRP innervation of
the gastric mucosa in different mammals revealed remarkable
species differences in the occurrence of these peptides and in
the nature of the fibers that store them. The data suggest that
in some species messengers other than SP and CGRP may mediate
the protective effects of primary afferents on the gastric mu
cosa. It may be mentioned, finally , that the mucosal SP innerva
tion displays marked variation among species also in the intes
tines. Thus, SP-containing fibers are numerous in the intestinal
mucosa of for instance man, whereas such fibers are notably few
in e.g. the cat (Brodin et al ., 1983).
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INTRODUCTION

The enteric nervous system, which extends with continuity
from the esophagus to the anal canal, including the hepatobi
liary pathway and pancreas, comprises a large number of intrin
sic (enteric) neurons embedded within the alimentary tract it
self and the processes of extrinsic (efferent and afferent) neu
rons (Furness and Costa, 1987). It contains a heterogeneous
population of neurochemically distinct types of neurons, which
are characterized by different morphologies, projection pat
terns, pharmacological and electrophysiological properties and
functions (Costa et al., 1987; Furness and Costa, 1987). During
the past decade, a variety of chemical messengers, including
bioactive peptides, or different combinations of them, have been
recognized in enteric neurons and their terminals, and in ex
trinsic nerves supplying the enteric nervous system as weIl
(Costa et al., 1986; Furness et al., 1988; Llewellyn-smith,
1989; sternini, 1988) . The same chemical messengers can occur
also in other neuronal structures, including primary sensory
neurons and terminals (Gibbins et al., 1987; Ju et al., 1987).
Substance P (SP) or related tachykinins and calcitonin gene-re
lated peptide (CGRP), which are the most generalized peptide
sensory markers, being present in a substantial number of small
to medium-size neurons in sensory ganglia, are expressed in a
considerable proportion of enteric and afferent neurons innerva
ting the digestive system (Costa et al., 1985; Gibbins et al.,
1987; Goodman and Iversen, 1986; Jessell, 1983; Ju et al., 1987;
Kruger et al., 1989; Pernow, 1983; Rosenfeld et al., 1983).
These neuropeptides possess a variety of biological effects and
might subserve nociceptive functions and non-sensory roles in
the periphery.

This chapter will focus on the distribution of enteric and
sensory neuropeptides and their mRNAs in the enteric nervous sy
stem, as exemplified by the tachykinins and CGRP. Most of the
data presented here refer to experiments on rats.
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Fig. 1. A and B: whole mount preparations of the rat stomaeh
(A)and duodenum (B) showing taehykinin immunoreaetive
fibers and ganglion eells (arrows) in the myenterie
plexus (mp) . C: eryostat seetion of the rat stomaeh
showing the abundanee of taehykinin immunoreaetive
fibers in the museularis externa, partieularly the eir
eular museIe layer (em) and myenteric plexus. Tissue
was processed for immunohistoehemistry using the immu
nofluorescence method as previously deseribed (sternini
et al., 1987). Tachykinin immunostaining was obtained
with a rabbit polyelonal NKA antiserum, kindly provided
by Dr. J .H. Walsh and H. Wong. Immunostaining was
blocked by preineubating the NKA antiserum with an ex
eess of synthetie sP, NKA or NKB, indieating that this
antiserum is a generalized marker for the taehykinin
peptides. 1m: longitudinal museIe. Calibration bar: 50
~m.

Taehykinin and CGRP Immunoreaetivities in the Enterie Nervous
system

The taehykinins are a family of structurally related pepti
des, whieh have been proposed as neurotransmitters, neuromodula
tors and perhaps growth faetors (Erspamer , 1981; Maggio, 1988).
In mammals, this family ineludes SP, whieh is one of the best
charaeterized bioaetive peptides and has been regarded as a
major exeitatory transmitter in the gut (Barth6 and Holzer,
1985; Costa et al., 1985; Doekray, 1987), neurokinin A (NKA),
neurokinin B (NKB) and the N-terminally extended forms of NKA,
neuropeptide K and neuropeptide-gamma, all sharing the same
COoH-terminal sequenee (Erspamer, 1981; Kage et al., 1988; Mag
gio, 1988; Tatemoto et al., 1985). The preeursors of the taehy
kinins are generated by distinet genes, the preprotaehykinin
(PPT)I or PPT A gene, whieh eneodes SP, NKA, neuropeptide K and
neuropeptide-gamma, and the PPT II or PPT B gene eneoding only
NKB (Kage et al., 1988; Maggio, 1988). The PPT I gene generates
three mRNAs, by alternative splieing, the a, ß and gamma; the a
mRNA eneodes only SP, whereas the ß- and gamma-mRNAs eneode both
SP and NKA. NPK and neuropeptide-gamma are posttranslational
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Fig. 2. Whole mount preparations of the rat duodenum (A, C, D)
and stomach (B) processed for CGRP immunohistochemistry
using the avidin biotin peroxidate-anti-peroxidase me
thod, as previously described (Sternini et al., 1987),
and rabbit polyclonal antisera raised against [Tyr] rat
a-CGRP~'37 (Sternini and Brecha, 1986) . CGRP immunoreac
tive f1bers innervate the duodenal glands (A), the my
enteric plexus (mp) of the stomach (B) and the submuco
sal plexus (sp) of the duodenum (C), and are associated
with blood vessels (bv) of the submucosa of the duode
num (D). The presence of CGRP immunoreactivity in gan
glion cells within the intestinal enteric plexuses is
shown in C and D (arrow in D). Calibration bars: 50 ~m.

processing products of ß- and gamma-PPT I mRNAs, respectively
(Kage et al., 1988; Krause et al., 1987) . CGRP was originally
discovered as the result of alternative RNA processing of the
primary transcript of the rat calcitonin gene (Amara et al.,
1982; Rosenfeld et al ., 1983). Subsequently, a family of CGRPs,
the a (or I) and the ß (or II), which differ in their sequences
by only a few amino acids and which are generated by separate
genes, have been described in both rats and humans (Amara et
al., 1985; Rosenfeld et al ., 1984; Steenbergh et al., 1985).

Tachykinin and CGRP immunoreactivities are widely distribu
ted throughout the body, including the digestive system (Figures
1 and 2) (Fisher and Born, 1985; Goodman and Iversen, 1986; Jes
seI, 1983; Pernow, 1983; Rosenfeld et al ., 1983), as shown by
immunohistochemical methods. These studies have relied on anti
sera directed against the highly conserved c-terminal sequence
of tachykinins or against a-CGRP, therefore recognizing all
tachykinin peptides and both a and ß CGRP forms, respectively.
In the enteric nervous system, tachykinins and CGRP label two
distinct populations of neurons: a population of intrinsic neu
rons located in the enteric plexuses (Figures 1 A and B, Figure
2 Cl, and a population of extrinsic, sensory neurons, which are
mostly located in dorsal root ganglia (Costa et al., 1985; Gib
bins et al., 1985; Green and Dockray, 1988; sternini et al.,
1987; sternini 1990; Su et al., 1987). Tachykinin- and CGRP-con
taining enteric and afferent neurons give rise to processes that
innervate all the layers of the gut and vasculature (Figure 1 C;
Figures 2 A and D), with a slightly different pattern and densi
ty in different layers and regions. For example, in the muscle
layers SP-containing fibers are usually more abundant than the
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CGRP immunoreactive fibers, particularly in the circular museIe.
In the mucosa, both tachykinin- and CGRP-positive fibers are
more numerous in the intestine than in the stomaeh. Rich net
works of tachykinin- and CGRP-containing processes are associa
ted with the enteric plexuses (Figures 1 A and B; Figures 2 B
and C) and vasculature (Figure 2 0). Tachykinin immunoreactivity
is present in intrinsic neurons along the entire length of the
alimentary tract, whereas CGRP immunoreactivity has a differen
tial distribution in different regions. It is present in intrin
sie neurons and terminals in the intestine, but it is restricted
to extrinsic, afferent nerve fibers in the esophagus, stomaeh,
hepatobiliary tract, and pancreas (Clague et al., 1985; Goehler
et al., 1988a,b; Mulderry et al ., 1985; sternini and Brecha,
1986; sternini et al ., 1987). The CGRP-containing perivascular
and a portion of the non-vascular fibers in the intestinal wall
also are extrinsic, afferent in origin. These observations are
supported by several lines of evidence, which include 1) the
lack of intrinsic CGRP-containing neurons in the enteric plexu
ses of the esophagus and stomach (Figure 2 B), in the ganglio
nated plexus of the gallbladder, and in the intrapancreatic
ganglia, even after pretreatment with the neurotoxin colchicine,
which is commonly used to increase peptide levels in cell
bodies, 2) the depletion of these populations of fibers by neo
natal treatment with the sensory neurotoxin capsaicin, which
primarily affects small-diameter primary sensory neurons and 3)
the failure to affect CGRP immunostained fibers with the sym
pathetic neurotoxin, 6-hydroxydopamine (Goehler et al., 1988a,b;

B I
'. ,. t

Fig. 3. Simultaneous visualization of tachykinin (A and C) and
CGRP (B and 0) immunoreactivities in fibers innervating
the circular muscle layer of the rat duodenum (A and B,
whole mount preparation) and in neurons of rat thoraeie
dorsal root ganglion (C and 0). Tachykinin and CGRP im
munostainings were obtained using a mixture of poly
clonal antisera raised and in rabbits against the C
terminal region of SP (provided by Ors. R. Murphy and
J .B. Furness) and in guinea pigs against the [Tyr] rat
a-CGRP (Sternini, 1990) with double labeling immuno
fluorescence methods, as previously described (Goehler
et al., 1988a). Note the extensive colocalization of
tachykinin and CGRP immunoreactivities in primary sen
sory neurons. SP immunostaining was blocked by preab
sorbing the antiserum with an excess of SP, NKA or NKB,
indicating that this antiserum is a generalized marker
for tachykinins. Arrowheads indicate cells immunoreac
tive for CGRP (0), but lacking tachykinin immunoreacti
vity (C). Calibration bar: 50~m.
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sternini and Brecha, 1986; sternini et al ., 1987; Su et al.,
1987). The extrinsic CGRP visceral afferents form a major compo
nent of the sensory innervation of the alimentary tract (Green
and Dockray, 1987; 1988; sternini, 1990; Su et al., 1987), as
demonstrated by axonal transport studies (see below). SPjtachy
kinin innervation also comprises an extrinsic, sensory compo
nent, which is mainly confined to a perivascular location and to
the submucosa in the gut, and includes fibers innervating the
hepatobiliary pathway and pancreas (Costa et al., 1985; Gibbins
et al ., 1985; sternini, unpublished; Su et al ., 1987).

Tachykinin and CGRP immunoreactivities colocalize in a sub
population of fibers, mainly those innervating the vasculature,
but also some of those innervating the mucosa, submucosa and
muscle layers (Figures 3 A and B) and a few of those found in
the enteric plexuses (Gibbins et al., 1985; Sternini, 1990). Co
localization in intrinsic neurons has not been reported, sug
gesting that only extrinsic fibers express both peptides.

Tachykinin and CGRP Immunoreactive Afferents to the Gut

~achykinin and CGRP immunoreactivities extensively colocal
ize 1n sensory neurons of the vagal and dorsal root ganglia
(Figures 3 C and D) (Gibbins et al., 1987; Helke and HilI, 1988;
Ju et al., 1987). Recent work has demonstrated that these senso
ry neuropeptides, particularly CGRP, are the most reliable mar
kers for the identification of a sUbpopulation of afferents in
nervating the digestive system (Green and Dockray , 1987; 1988;
Sternini, 1990; Su et al ., 1987). The extrinsic tachykinin- and
CGRP-containing fibers mostly originate from neurons located in
the spinal sensory ganglia, as indicated by surgical denervation
experiments. Thus, celiac and superior mesenteric ganglionecto
my, but not bilateral vagotomy, modifies the tachykinin and CGRP

Fig. 4. Dark field photornicrographs of autoradiograms of rat
dorsal root ganglia (A-C) and stornach (0) showing
SPjNKA-encoding rnRNAs in prirnary sensory neurons (A and
C) and in ganglion cells of the rnyenteric plexus (rnp)
(D) as visualized using 3SS_P_PPT antisense RNA probe
(1 ngjslide in A and C and 2 ngjslide in D) as pre
viously published (Sternini et al .~ 1989). B: section
adjacent to A and hybridized with SS-labeled PPT RNA
probe (1 ngjslide) in the sense orientation; note the
lack of specific signal in this section. Exposure
times: 8 days for A-C and 7 days for D. Calibration
bars: 200 ~rn in A and B; 50 ~m in C and D.
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Fig. 5. Cellular localization of SP/NKA-encoding transcripts
inneuronal cells (arrows) of the myenteric plexus (mp)
of the rat stomach (A) and duodenum (B) as visualized
by hybridizing sections with 35S-ß-PPT antisense RNA
probe (2 ng/slide). Bright field photomicrographs. Ex
posure times for A and B: 14 and 10 days, respectively.
Calibration bars: 25 ~m in A and 10 ~m in B.

innervation of the gut, pancreas and hepatobiliary tract (Gib
bins et al., 1985; Goehler et al., 1988b; sternini, unpublished;
Su et al., 1987). These observations have been confirmed by re
trograde transport studies, which rely on the peripheral injec
tion and uptake of fluorescent tracers (e.g. Fast Blue, True
Blue, Fluoro-Gold) that are axonally transported to the cell
bodies of origin. These investigations have directly demonstra
ted that the vast majority of afferents supplying the gut and
pancreas and displaying tachykinin and CGRP immunoreactivities
(or both) have their cell bodies of origin in spinal sensory
ganglia (Oockray and Sharkey, 1986; Green and Oockray, 1987;
1988; sternini, 1990; Su et al., 1987).

Cellular Localization of SPjNKA- and CGRP-Encoding mRNAs in the
Enteric Nervous system and Sensory Ganglia

The application of in situ hybridization histochemistry with
radio-Iabeled probes complementary to mRNAs encoding tachykinin
and CGRP-containing precursors enables to establish which tachy
kinins and CGRPs are synthesized in the enteric nervous system
and sensory ganglia. For the identification of SP/NKA- or CGRP
encoding mRNAs we have used 35s-labeled single-stranded RNA pro
bes complementary to rat ß- and gamma-PPT I mRNAs (Sternini et
al., 1989) and to specific sequences of a- and ß-rat CGRPs,
containing the 3' non-coding regions (Sternini and Anderson,
1990). Oue to the extensive sequence homologies among the three
processed PPT transcripts, both ß- and gamma-SP/NKA antisense
probes recognize all three PPT I mRNA species (Krause et al.,
1987). However, these probes are specific for the PPT I-encoding
mRNAs and do not recognize mRNAs from the PPT 11 gene, therefore
allowing for the identification of sites of transcription of the
PPT I gene. The significant divergencies among the 5' and 3'
non-coding regions of a- and ß-rat CGRP mRNAs, on the other
hand, allow for the generation of a- and ß-CGRP specific hybri
dization probes.

These studies have demonstrated that SP/NKA-encoding tran
scripts are expressed in selected neurons within the sensory
ganglia (Figure 4 A and C), mainly characterized by small- to
medium-sizes, and in neurons within the enteric plexuses of the
esophagus, stomach (Figures 4 0 and 5 A) and intestine (Figure 5
B) . The lack of specific signal above background level in sec
tions incubated with sense RNA probes (Figure 4 B) or pretreated
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Fig. 6. Dark field photomicrographs of rat dorsal root ganglia
(A-C) and ileum (D) showing a-CGRP mRNA (A and B) and
ß-CGRP mRNA (C; arrows) in primary sensory neurons, and
ß-CGRP mRNA in ganglion cells of the ileum myenteric
plexus (mp) (D) as visualized using 35S_a _ and ß-CGRP
RNA probes. RNA probes were used at 4 ngjslide (A-C)
and 8 ngjslide (D). Exposure times: 30 days for sensory
ganglia and 50 days for gut sections. Calibration bars:
100 ~m in A, 50 ~m in Band 25 ~m in C and D.

with RNase A prior to hybridization , along with the identifica
tion of a single band of hybridization in RNA blot analysis by
the same antisense RNA probe, indicate the specificity of the in
situ hybridization experiments (sternini et al., 1989). Solution
hybridization-nuclease protection assays, which are highly spe
cific and sensitive for the detection and quantitation of a-, ß
and gamma-PPT mRNAs, show multiple PPT-encoding transcripts in
RNA extracts from the sensory ganglia and gut, with an abundance
level of gamma-mRNA >ß-mRNA » a-mRNA (Sternini et al., 1989).
We were not able to detect hybridization signal in the same gan
glia and gut tissues incubated with RNA probes complementary to
NKB-encoding mRNAs (sternini, unpublished), which we used suc
cessfully in central nervous system structures, such as the re
tina (Brecha et al., 1989).

Both a- and ß-CGRP mRNAs are expressed in sensory ganglia
(Figures 6 A-C, 7 A), but to a different extent; a-CGRP mRNA is
much more abundant than ß-CGRP mRNA. These mRNAs are found main
ly in small-to medium-size cell bodies, but occasionally in
larger cells. On the contrary, only ß-CGRP mRNA is expressed in
enteric neurons (Figures 6 D and 7 B) of the myenteric and sub
mucosal plexuses of the intestine, but not in intrinsic ganglion
cells of the esophagus and stomach. a-CGRP mRNA is not detected
in the enteric nervous system (Figure 7 Cl. As for the PPT
probes, the lack of hybridization with non-complementary sense
RNA probes suggests specificity of the hybridization signal; ad
ditional evidence of specificity is provided by the different
labeling patterns obtained with the two CGRP RNA probes.

SUMMARY

Tachykinins and CGRP label two distinct populations of neu
rons innervating the digestive system: intrinsic and extrinsic,
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Fig. 7. Cellular localization of a-CGRP mRNA in sensory neurons
ofrat dorsal root ganglion (A) and of ß-CGRP mRNA in
neuronal cells of the submucosal plexus (sp) of the rat
ileum (B); arrows). Sections were hybridized with 4 ngj
slide and 8 ngjslide of radiolabeled RNA probes and ex
posed for 7 and 50 days, respectively. C: section con
secutive to B hybridized with radiolabeled a-CGRP anti
sense RNA probe (8 ngjslide) and exposed for 50 days;
note the lack of specific signalover ganglion cells.
Calibration bars: 25 ~m in A and 10 ~m in Band C.

afferents. The bulk of SPjtachykinin innervation originates from
intrinsic neurons, even though a minor component of this inner
vation derives from afferent neurons, which are mostly located
in dorsal root ganglia. Afferent SPj tachykinin fibers are main
ly confined to a perivascular location and to the submucosa in
the gut, but are distributed also to the hepatobiliary pathway
and pancreas. On the contrary, the extrinsic CGRP-containing af
ferents form a major component of the sensory innervation of the
alimentary tract, including the rich CGRP innervation of the
esophagus, stomaeh, hepatobiliary tract, pancreas, and vascula
ture, as weIl as a portion of non-vascular fibers distributed to
the intestinal wall. Tachykinin and CGRP immunoreactivities ap
pear to be colocalized in a population of nerve fibers, which
are likely to be extrinsic, afferent, since colocalizaiton of
these peptide immunoreactivities has not been reported in in
trinsic neurons.

The presence of SPjNKA-encoding transeripts in the enteric
nervous system and sensory ganglia and the lack of hybridization
signal with RNA probes complementary to NKB mRNA indicate that
the PPT I gene, but not the PPT 11 gene, is transcribed in these
structures. This observation, along with receptor binding sites
and radioimmunoassay data, which have failed to detect NKB re
ceptor binding sites or immunoreactivity (Eysselein et al.,
1990; Maggio, 1988; Mantyh et al., 1988; 1989) in the intestine
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of several mammals, is consistent with a differential expression
of the two PPT genes in the periphery and in the central nervous
system (Brecha et al., 1989; Warden and Young, 1988). A dif
ferential expression of the tachykinin-encoding genes, the ex
istence of multiple tachykinin receptor subtypes (Mantyh et al.,
1988; 1989), and the findings that tachykinins can be differen
tiated on the basis of the potency of their activities (Galligan
et al., 1987; Maggio, 1988), support the possibility that each
tachykinin is expressed in separate, and perhaps functionally
distinct neuronal systems. a- and ß-CGRP genes also are differ
entially expressed according to the neuronal populations: a-CGRP
mRNA is the most prominent form in sensory ganglia, and ß-CGRP
mRNA is the only form detected in enteric neurons (Mulderry et
al., 1988; sternini and Anderson, 1990). In addition, distinct
distributions of mRNAs generated from the two CGRP genes have
been reported in the central nervous system (Amara et al.,
1985). The differential expression patterns of a- and ß-CGRP
mRNAs are consistent with a differential regulation of the a
and ß-CGRP genes. The different level of expression in sensory
ganglia also might indicate that the two genes are differential
ly regulated by cell-specific factors or other stimuli.

The physiological function of tachykinins and CGRP has not
been firmly established, although neuroanatomical and pharmaco
logical findings suggest that these peptides might subserve no
ciceptive functions and nonsensory roles in the periphery
(Barth6 and Holzer, 1985; Fisher and Born, 1985; Goodman and
Iversen, 1986; Holzer, 1988; Kruger et al., 1989; Pernow, 1983).
Additionally, tachykinins and CGRP are powerful vasoactive pep
tides and also exert numerous effects within the digestive sys
tem, influencing gastric and pancreatic secretions and food in
take, coordinating gastrointestinal motility and exciting myen
teric neurons (Barth6 and Holzer, 1985; Goodman and Iversen,
1986; Holzer et al., 1989, Holzer, 1988; Palmer et al., 1986;
Takaki and Nakayama, 1989). Tachykinins and CGRP have been re
garded as possible mediators of afferent fibres implicated in
gastric mucosa protection and could be involved in neurogenic
inflammatory processes and trophic effects, in addition to in
fluencing autonomic and visceral activities (Holzer, 1988). The
apparent colocalization of tachykinin and CGRP immunoreactivi
ties in afferent fibers supplying the enteric nervous system,
along with the finding that tachykinins and CGRP are co-stored
in the same large vesicles in peripheral nerves (Gulbenkian et
al., 1986), is consistent with, but does not prove, a co-release
of these peptides by afferent endings after stimulation. Whether
they act in concert and influence each other's effect is not
known. It is likely that both enteric and afferent SP/tachyki
nin- and CGRP-containing neurons innervating the digestive tract
contribute to the control of a variety of functions by either an
indirect effect via neuronal or hormonal stimulation or a direct
effect on target cells.
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INTRODUCTION

The two morphological divisions of the afferent innervation
of the upper gastrointestinal tract, the vagal and splanchnic
nerves, are distinguishable in functional and in neurochemical
terms. It has been known since the early part of the century
that the vagal pathway mediates physiological reflexes involved
in the normal control of gastric motility and secretion , and
that the splanchnic pathway mediates the effects of noxious sti
mulation of the gut (Hertz, 1911). Peptides are involved in
these functions in two ways - as mediators of some of the ef
fects of nerve stimulation , and as modulators of afferent dis
charge by acting at peptide receptors expressed on afferent
nerve fibres (Dockray, 1988). Splanchnic afferents are a r ich
source of neuropeptides and provide a good illustration of how
peptides might mediate the function of some visceral afferents,
while vagal fibres express receptors for several peptides and so
illustrate modulatory functions. The present account will deal
with the physiological significance of these actions.

PEPTIDERGIC VISCERAL AFFERENT SYSTEMS

organization

Quantitative information on the neurochemistry of peptider
gic visceral afferents has come from the combined use of retro
grade tracing and immunohistochemistry. An illustration of the
data obtained from this approach is shown in Fig. 1. These data
were obtained by injection of the retrograde tracer True Blue
into the stomach in anesthetized rats: the tracer is taken up by
afferent fibres and retrogradely transported to nerve cell
bodies in the dorsal root ganglia and nodose ganglia. sections
of ganglia processed for peptide immunohistochemistry allow the
localization of those peptidergic neurons that project to the
stomach. The data from these and similar studies i nd i c a t e that
approximately 80% of the spinal afferent neurons to the stomach
contain calcitonin gene related peptide-(CGRP) and approximately
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Fig. 1. Relative proportions of different neurochemically iden
tified neurons projecting to the stomach from the vagus
(top), and spinal (T11 - bottom) ganglia in the rat.
The results were obtained from the combined use of re
trograde tracing and immunohistochemistry. Note that
CGRP and substance P are weIl represented in the spinal
afferent innervation to both corpus and antrum , neither
peptide is weIl represented in the gastric projection
from the nodose ganglia, and that other peptides are
poorly represented in the gastric spinal projection.

50% contain substance P-immunoreactivity (Sharkey et al., 1983;
Green and Dockray, 1988; Dockray and Sharkey, 1986): less than
about 5% of vaga1 afferents to the stomach contain these two
peptides. other peptides that are known to occur in primary af
ferent neurons, including cholecystokinin (CCK), somatostatin,
vasoactive intestinal polypeptide (VIP), opioid peptides and
gastrin releasing peptide are poorly represented in the gastric
spinal afferents of the rat. within afferent neurons, peptides
are synthesized in the cell body and transported both centrally
and peripherally. The rate of transport of a variety of peptides
in the vagal afferents of several species is about 2 mm.hr"1,
and the transport of CGRP in splanchnic afferents to the rat
upper gastrointestinal tract is also of this order (Dockray and
Sharkey, 1986; Varro et al., 1988).

Substance P in the stomach occurs in both afferent fibres
and intrinsic neurons, but CGRP is solely of afferent origin
(Sharkey et al., 1983) Green and Dockray, 1988; Su et al., 1987;
Sternini et al., 1987). Radioimmunoassays using antibodies spe
cific for the c-terminus of rat a CGRP showalmost complete loss
of immunoreactivity in extracts of the stomach after coeliac
ganglionectomy (which lesions splanchnic afferents), and com
plete loss after pretreatment with the sensory neurotoxin cap
saicin. CGRP is therefore an excellent marker for the distribu
tion of peripheral terminals of gastric splanchnic afferents
(Varro et al., 1988). These fibres can be found around blood
vessels in the submucosa, in the myenteric plexus, circular
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smooth muscle and occasionally in the mucosa (Green and Dockray,
1988; sternini et al., 1987). It appears that the a form of CGRP
is localized to afferent fibres and that the ß form (which is
found more distally in the gut) may occur in intrinsic gut neu
rons (Mulderry et al, 1988).

Functional significance

The peptides found in the peripheral terminals of gastroin
testinal afferents can be released in response to capsaicin,
electrical field stimulation in vitro , or antidromic nerve sti
mulation. Evidence for this comes from detection of the released
peptides by radioimmunoassay of tissue perfusates in vitro (Mag
gi et al., 1989; Renzi et al ., 1988), by motility studies in vi
tro (Barth6 et al, 1982), and in vivo (Delbro et al., 1983) and
by electrophysiological recordings from prevertebral ganglia
neurons which are supplied by the collaterals of primary affer
ents passing through the ganglia (Tsunoo et al., 1982). Elec
trophysiological studies suggest that splanchnic afferents con
stitute a homogeneous population of fibres, that are often
silent in physiological conditions, and that often have punctate
receptive fibres in the serosa or mesentery (Janig and Morrison,
1985). Whether or not the fibres identified electrophysiologi
cally correspond to those peptidergic afferents detected in im
munohistochemistry is uncertain. One interpretation of the elec
trophysiological and morphological data is that mechanical sti
mulation of the serosa or mesentery might act via axon reflexes
to cause release of peptides from collaterals at any of several
levels within the gut or prevertebral ganglia. However the pre
cise functional significance of this system in the control of
digestion in the upper gastrointestinal tract is uncertain. Most
of the presently available data on the electrophysiological pro
perties of the mammalian spinal visceral afferents deal with the
distal gut, and studies on the stomach are quite sparce; it may
be that further studies will clarify the physiological questions
outlined above. Quite recently, however, evidence has emerged to
suggest that gastric splanchnic afferents might function in the
control of local responses during tissue damage. This would, of
course, be quite compatible with the notion that splanchnic, as
compared with vagal, afferents mediate the effects of noxious
stimuli to the gut.

Holzer and Sametz (1986) have shown that capsaicin-sensitive
afferents appear to play a role in protecting the gastric mucosa
from a variety of damaging agents. In the rat, the hemorrhagic
lesions produced by intragastric ethanol were exacerbated in
animals pretreated with capsaicin. Moreover, acutely admin
istered capsaicin (which stimulates small diameter afferents)
reversed the effects of intragastric ethanol and of aspirin
(Holzer et al., 1989; Holzer and Lippe, 1988). Since CGRP and
substance P are weIl represented in capsaicin-sensitive affer
ents they are good candidates for mediating the protective ac
tion of these neurons in the gastric mucosa . To test this idea,
we have examined the hemorrhagic lesions produced by ethanol in
rats pretreated with antibodies to substance P or CGRP in order
to neutralize the endogenous peptides. The validity of this type
of immunoneutralization approach has previously been established
in studies of the role of substance P and CGRP in mediating the
inflammatory effects of mustard oil, or capsaicin, in the skin
(Louis et al., 1989 a,b). We have now found that passive immuni
zation with either substance P or CGRP antibodies increased the
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Fig. 2. Effects of CGRP and substance P antibodies on hemorrha
gic lesions (see Holzer and sametz, 1986, for scoring
system) produced by intragastric instillation of 3 ml
of 12.5% ethanol in urethane anesthetized rats. On the
left are shown control data (a) for saline in place of
ethanol, (b) ethanol in control rats (con), (c) after
non-immune serum (NIRS) and (d) in eapsaicin-treated
rats. On the right the effects of i.v. injection of an
tibody (Ab) to substance P (SP) or CGRP, or both, are
shown. Note that there is a significant increase
(p<O.05) in the lesion score compared to control after
administration of either antibody. Administration of
both antibodies produces no further increase; the le
sion score in passively immunized rats is similar to
that seen in capsaicin-treated rats.

effect of ethanol in causing hemorrhagic mucosal lesions in the
rat (Fig. 2). These data therefore point to a role for substance
P and CGRP as protective agents following their release from
splanchnic afferents by noxious stimuli. Direct evidence for a
cytoprotective action of exogenous tachykinins has been pro
vided by Evangelista et ale (1989). The relevant sites of action
remain unknown, but several possibilities are worth mentioning.
First, CGRP and substance P are potent vasodilators and they
might act by increasing blood flow in the mucosa; second, CGRP
inhibits acid secretion, perhaps by releasing somatostatin, and
third, substance P stimulates HC03-seeretion (Taehe et al .,
1984; Dunning et al., 1987; Beglinger et al., 1988; Fändriks and
Delbro, 1983).

PEPTIDES AS MODULATORS OF AFFERENT FUNCTION

The electrophysiological studies of Paintal were the first
to establish that vagal afferents respond to a variety of chemi
cal substances, including 5HT and adrenaline (Paintal, 1953).
Since then both electrophysiological and autoradiographic work
has provided evidence for the presence of receptors for other
biologically active substances on vagal fibres, e.g. glucose,
CCK, neurotensin, atrial natriuretic peptide (Niijima, 1981,
1983; Zarbin et al., 1981; Moran et a1, 1987; Schu1tz et a1.,
1988; Kessler and Beaudot, 1989). In addition, there is evidence
that afferent discharge can be evoked secondary to changes in
smooth muscle movements caused by experimentally applied sub
stances including CCK-like peptides (Cottrell and Iggo, 1984) . In
most cases, the normal function of the reeeptors that oceur on
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vagal afferents is unknown, but in the case of CCK, evidence now
available from electrophysiological studies of the vagal affer
ent fibres themselves or of dorso-medial medulla neurons with a
gastric mechanoreceptor input, concomitant motility recordings,
lesioning (surgical or capsaicin) experiments, as well as auto
radiographic data, indicate that CCK receptors are likely to oc
cur on vagal fibres that also function as gastric mechanorecep
tors (Raybould et al., 1985, 1988; Davison and Clarke, 1988).
There are a number of actions of CCK that are blocked by vagoto
my or by capsaicin-pretreatment and so might be mediated by
vagal afferents; these include inhibition of gastric emptying,
inhibition of food intake, supression of somatic functions,
increased memory retention, inhibition of prolactin release,
stimulation of oxytocin release and inhibition of dopamine re
lease (Yamagishi and Debas, 1978; Kawasaki et al., 1983; smith
et al., 1985; Ritter et al., 1986; Flood et al., 1987; Raybould
and Tache, 1988; Hodson et al., 1986; McCann et al., 1988; Hama
mura et al., 1989). The physiological significance of some of
these actions is uncertain, but at least in the case of gastric
emptying, there is an increasing body of evidence to suggest
that the mechanisms are of physiological relevance.

The idea that CCK acts physiologically to control gastric
emptying is supported by assays in which plasma concentrations
of exogenous and endogenous peptide required for a particular
response are matched (Debas et al, 1975; Liddle et al., 1986 ;
Kleibeuker et al., 1988) . In addition, good progress has been
made recently in this area because excellent specific CCK anta
gonists have become available, notably the benzodiazepine L
364,718 and the glutaramic acid derivative CR1409, which are
both highly selective for the CCK-A receptor (Freidinger, 1989).
Protein rich meals both release CCK and delay gastric emptying.
The inhibition of gastric emptying by protein is inhibited by
CCK antagonists; this is a specific effect because liquid meals
that delay gastric emptying but do not release CCK are not inhi
bited (Green et al., 1988; Meyer et al., 1989). There are seve
ral possible sites of action of CCK that might be relevant for
control of gastric emptying. Thus, in addition to possible re
flex effects mentioned above, CCK also stimulates smooth muscle
directly, e.g. pyloric antral muscle (Isenberg and Csendes,
1982; Morgan et a1 ., 1978) and has prejunctiona1 effects e.g.
release of Ach. In the dog, CCK acts partlyon the distal sto
mach to delay gastric emptying (Yamagishi and Debas, 1978), but
our data suggests that in the rat pyloroplasty has little or no
effect on the gastric emptying of protein solutions (Bremner et
al., 1990). The action of CCK on gastric emptying does, however,
depend on intact small diameter afferents because it is inhibi
ted in rats pretreated with capsaicin; since lesion of splan
chnic afferents by coeliac ganglionectomy does not influence the
action of CCK-releasing meals, the most likely capsaicin-sensi
tive afferents to be involved are those of the vagus (Dimaline
et al ., 1988; Forster et al., 1990). In capsaicin treated rats,
L-364,718, far from reversing the inhibition of gastric emptying
by CCK actually enhances it: this is attributable to the direct
effect of CCK on gastric smooth muscle which increases tension
and so speeds up gastric emptying (Forster et al., 1990). In the
intact rat, this mechanism is probably overridden by the reflex
which is activated when CCK stimulates vagal afferents to evoke
vago-vagal reflex relaxation of the body of the stomaeh, which
in turn delays gastric emptying (Raybould et al, 1987; Raybould
and Tache, 1988) . The final efferent pathway in this reflex
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could include inhibition of a tonically active cholinergic exci
tatory pathway, or activation of a VIP-mediated relaxation path
way. Oirect evidence for a role of VIP as a final mediator 1S
provided by the recent finding that emptying of peptone, but not
other liquid test meals, was impaired in rats with circulating
VIP antibodies (Forster, 1990).

Taken as a whole, the available experimental data can be
summarized as folIows: in order to delay gastric emptying CCK
releasing solutions need to penetrate the distal duodenum or
beyond (which is where CCK is found) , but do not require either
splanchnic afferents or those vagal afferents that supply the
distal intestine (and pass through the coeliac ganglia) and
neither do they need an intact pylorus or sympathetic adrenergic
neurons. The effect is, however, reduced by VIP antibodies. It
is of interest that different mechanisms must mediate the
actions of other solutions on gastric emptying (Table). The re
sults of applying the treatments mentioned above to the emptying
of hyperosmolal solutions and acid are summarized in the Table.
The results suggest that while all three solutions act reflexly
to delay emptying (i.e. are inhibited in capsaicin-treated rats)
there are different afferent and efferent mechanisms involved.
Thus, hyperosmolal solutions require access to the small intes
tine, where presumably they activate (either vagal or splan
chnic) afferents that pass centrally through the coeliac gan
glia; the efferent side of this reflex does not require VIP, an
intact pylorus or adrenergic neurons. In contrast, acid acts at
a site in the stomach or proximal duodenum, does not require
splanchnic afferents, VIP or adrenergic neurons, but does re
quire an intact pylorus. Evidently there are likely to be many
extrinsic reflexes that mediate the action of a mixed meal on
gastric emptying. Whether or not humoral agents acting on affer
ent fibres mediate the effects of acid and hyperosmolal solu
tions, in the same way that CCK mediates protein effects, re
mains to be determined.

TABLE 1
The action of various treatments on the gastric emptying of dif

ferent substances in the rat.*

Liquid Test Meals

Treatment Peptone Hyperosmolal Saline Acid
(900 mosmol.kg-') (50 mM HCl)

Capsaicin +
Access to distal duodenum +
CCK antagonists +
VIP immunoneutralization +
Coeliac ganglionectomy
Pyloroplasty
Adrenergic inhibition

+
+

+

+

+

* +, reverses the inhibition of meal emptying; -, no effect.
Adrenergic blockade was produced by 6 OH dopamine, guanethidine
or reserpine treatment. Capsaicin was administered to neonatal
rats. Note that while all three solutions require intact small
diameter afferents, there are marked differences in the actions
of other treatments, indicating that different reflex pathways
are involved in mediating their effects on gastric emptying. See
text for references and details.
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INTRODUCTION

Bradykinin and kallidin are released in blood and tissues by
several stimuli and produce a variety of local effects by acting
as autacoids. Some of these effects appear to be initiated by
stimulation of afferent fibers and produce tissue responses of
reflex nature. Indeed, bradykinin has been shown to be the most
active endogenous agent to produce pain sensation when applied
to blister base in man (1, 2, 3): this peptide has also been
found to activate nociceptive responses in laboratory animals
(Table 1), among others the writhing syndrome in the mouse (4,
5) the vocalization response in the dog (6), the reflex head
flexion reaction in the rat (7, 8) and other painful responses
(see Garcia-Leme (9) and Clark (50), for reviews). In other in
vivo assays in the dog, the cat and the rat, bradykinin has been
used to stimulate sensory fibers and activate cardiovascular re
flexes. Thus, Lombardi et al. (10) and Malliani (11) have ap
plied bradykinin in the coronary arteries of anesthetized cats
to activate reflex responses of the sympathetic and vagal car
diac sensory nerves. They have observed an increase of the left
ventricular and of the systemic pressures, together with a sig
nificant increase in the sympathetic efferent impulses. In the
cat, Longhurst et al. (16) recorded a reflexly increase of heart
rate, blood pressure and myocardiac contractility after applica
tion of capsaicin or bradykinin to sensoryendings in abdominal
viscera (stomach, duodenum, jejunum, ileum, pancreas, liver,
gallbladder). Furthermore, Baker et al . (12), recorded a signi
ficant increase of afferent impulses from single fibers of the
thoraxic nerves in anesthetized cats after application of brady
kinin to the heart, the great vessels, the pericardium and pleu
ra (Table I).

In anesthetized dogs, staszewska et al (13) and staszewska
et al. (14) measured a positive chronotropic and inotropic ef
fect following the application of bradykinin on the epicardium.
A similar protocol was applied by Ushida and Murow (15) who re
corded an increase of afferent impulses from sensory fibers of
anesthetized dogs. Recently Rioux et al. (17) have performed si
milar experiments in the guinea-pig. In this study, the most ac-
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tive stimulants of chronotropism and inotropism were found to be
neurotensin and capsaicin: bradykinin was less active and the ef
fect of neurotensin was prevented by pretreatment with capsai
cin. In the same species, similar results were obtained by Gep
petti et al. (18) who showed that capsaicin and bradykinin pro
moted the release of SP and of the calcitonin gene-related pep
tide from the sensory nerves: pretreatment with capsaicin inhi
bited the effect of bradykinin (Table I).

Table I
Sensory nerves and functions activated by kinins

Species

Man

Anatomic site

blister base (skin)
peritoneum
bronchi
trachea/bronchi

Response/Effect

pain
visceral pain
bronchoconstriction
bronchoconstriction

Reference

1,2,3
24
21,23
22

Oog

Cat

Rabbit

heart

trachea/bronchi
knee joint

heart

eye
ear
hindlimb

positive chronotropism 14
and inotropism
bronchoconstriction 20
algesia 48

positive chronotropism 12
cardiovascular reflexes

pupillary constriction 42
hypotension (pain) 43
flexion reflex (algesia) 44

Guinea
Pig

Rat

Mice

myenteric plexus
longitudinal muscle
(small intestine)
heart
heart

urinary bladder

spinal cord

injection into the
carotid artery
tail flick test

intraperitoneal
application

release of 3H- Ach

positive chronotropism
positive chronotropism
and inotropism
contraction

depolarization
of sensory C-fibers
rotation of the head

algesic

writhing syndrome

45

18
17

40

37

7,8

46

4,47

In the respiratory system, work by Kaufman et al. (19), in
anesthetized dogs showed that bradykinin is a potent bronchocon
strictor. In an extensive review on this topic, Coleridge and
Coleridge (20) have analyzed the various activities of bradyki
nin in the respiratory system and the ability of this peptide to
activate local reflexes by acting on sensory C-fibers in the dog
and in other species (for instance the cat). other investigators
(Simonsson et al. (21) and more recently Fuller et al. (22) and
Barnes et al. (23) have proposed an interesting interpretation
on the possible role of kinins in asthma (see Fig. 1)
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INORMAL!

Epithelium

I

Vagal afferent nerve

IASTHMAl

HYPERSECRETION

Inflammatory cells

~®C\
~ ~.,~ • ~ ., ßRADYKININ

" . ., \,~ 'f,

CONTRACTION

Fiq. 1. Axon reflex mechanisms in asthma. Damage to airway
epithelium in asthma exposes non-myelinated nerve end
ings. They may be triggered by bradykinin, resulting in
release of sensory neuropeptides such as substance P
(SP), neurokinins (NKs) and calcitonin gene-related
peptide (CGRP), which together contribute to the patho
logy of asthma (modified from Barnes (23)).

The painful effect of bradykinin when applied in the perito
neal cavity in humans has been known for many years (Linn et
al., 1967 (24)). Visceral pain has also been demonstrated in the
cat by Longhurst et ale (16).

other tests in the rabbit, the rat and the guinea-pig have
been used to demonstrate the activity of kinins on sensory ner
ves. A summary of literature is presented in Table I.

Complex biological actions of kinins in relation to inflammation
and tissue repair

Bradykinin and related kinins have been shown to act direct
lyon sensory nerves, where receptors have been localized re
cently by Steranka et ale (8) using 3H bradykinin and the
technique of historadiography. Kinins may also act indirectly
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through the intermediary of prostaglandins (25) and possibly
other mediators. In this context, it is worthy of mention that
kinins are candidates for the generation and maintenance of the
inflammatory reaction in its whole complexity. In fact, kinins
are generated locally from kallikreins that are brought and re
leased (in active form) in the tissues by blood cells. Kalli
kreins have a relatively long half life and interact with low
molecular weight kininogen (which is ubiquitous) to generate a
large amount of kinins which, in their turn, promote the release
of a variety of other endogenous agents, as illustrated in Fig.
2. These agents include prostaglandins, prostacyclin, hisata
mine, catecholamines, leukotrienes, acetylcholine, sensory neu
ropeptides and possibly other agents. In this way, kinins act as
typical autacoids and set into work a cascade of events that
lead to pain, inflammation and tissue reactions to noxious sti
muli. All these effects are believed to be due to the activation
of B

2
and possibly B1 receptors, which may be originated de novo

in pathological conditions (26), as weIl as to the intervention
of post receptor mechanisms (27). Indeed, kinin receptors of the
B type have been shown to be present in a variety of nervous
structures, particularly sensory nerve terminals, ganglia and
the dorsal horn of the spinal cord. Kinin receptors have also
been identified in other tissues , particularly in endothelia
where they subserve important biological functions, both in the
arteries (vasodilation through release of EDRF) (28, 29) or in
the capillaries, where they may contract the endothelial cells
and open holes in the capillary wall to promote transfer of
fluid from the blood to the tissues and the accumulation of ede
ma (30).

Am~f)/~~~'.

Kinins

•Kallikrein + Kininogen...
ProleasesIPeplidases

/1""..•:.. ©..@.::.;....·W·· ~. .~-,...... .. .. ...... .:

Mast cell Neutrophil Eosinophil

Fig. 2. When leaving the blood stream, blood cells may be acti
vated to release proteases and proteinases. Among these
proteolytic enzymes, kallikreins interact with low mo
lecular weight kininogen to release kinins, particu
larly kallidin. Kinins have been shown to be able to
promote the release of a variety of neurotransmitters,
autacoids and sensory neuropeptides.
Ach: Acetylcholine; NA: Noradrenaline; PG : Prostaglan
dins; His: Histamine; LKT: LeukotrienesisNeuropepti
des: 8ensory neuropeptide~ such as 8P, NKA and calcito
nin gene-related peptides.
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To assess the role of kinins in pathophysiological condi
tions, various pharmacological approaches have been used. First,
kinins have been applied in segmental circulations, for instance
in the kidney (31), in the coronary arteries (11, 32) or have
been given by intravenous infusions or by local injections (33).
The effects of kinins have been potentiated using inhibitors of
the converting enzyme (kininase 11) which appears to be very im
portant for the degradation of kinins, particularly in the lung
circulation (34, 35). Because of their rapid inactivation in the
lung and in blood (by several other proteolytic enzymes), con
centrations of circulating kinins are very low and questions
have been raised about their relevance for hormonal functions by
these peptides (36). In recent publications, kinins are proposed
as paracrine hormones (36) s ince they may reach biologically ac
tive concentration only in tissues where they are produced.

Pharmacological approaches to studying the role of the kallik
rein-kinin system

From the above, it appears that the most promising approach
for evaluating the possible role of kinins in physiology and
pathology will be through inhibition of their release (for in
stance by aprotinin and other similar compounds) or by the anta
gonism of their receptors. Both approaches have been utilized
with some success and the results obtained with antagonists are
summarized in Table 11. In general, Bz receptor antagonists have
been used, most frequentl~ the compounds analysed in Table 111.
All compounds except [Leu ]desArg9-BK are Bz receptor antagonists
of various potency, from the weak [Thi5.8,D-Phe7]-BK to the more
potent DArg[Hyp3,Thi5,8,D-Phe7 ]-BK which has been shown to have
less agonistic activity in vivo than the others (Scicli, perso
nal communication).

When applied to blister base in men, D-Arg[ Hyp3,Thi5.8,D
phe7]-BK.TFA prevents the analgesia induced by bradykinin (3).
The compound is also active in preventing the increase of firing
in the rat neonatal spinal cord produced by bradykinin when
applied to the rat tail: similar results have been obtained by
two groups of investigators (37, 38). Various compounds (see
Table 11) were used by Steranka et al. for preventing hyperalge
sia induced by bradykinin i nj ec t ed in the rat paw (5, 8). The
compounds were also active in preventing the head rotation re
flex that followed the i n j ec t i on of bradykinin into the carotid
arteries in rats (5, 8). A B, receptor antagonist, [Leu8]desArg9
BK was found to be active in preventing the release of enkepha
lin induced by BK on the tooth pulp in the rat (39). Using Bz
antagonists, Steranka et al. (5, 8) were able to prevent the
writhing syndrome induced by acetic acid in the mouse.

D-Arg[Hyp3,Thi5 ,8,D-Phe7]-BK antagonizes the contraction of
the guinea-pig urinary bladder in response to bradykinin (40).
This response appears to be largely indirect, since it is mar
kedly reduced by indomethacin. Ba receptor antagonists and in
particular LyS-Lys[ Hyp3'Thi5,8,D-Phe7]-BK have been used by Grie
sbacher and Lembeck (41) to counteract various effects of brady
kinin in the rabbiti namely a) plasma extravasation in the skin
(40), contraction of the iris sphincter, and the reflex hypo
tension that follows the injection of bradykinin into the ear
artery (41). Finally, Staszewska-Wolley et al. (14) have shown
that Bz receptor antagonists prevent the positive chronotropic
and inotropic responses of the dog heart to topically applied
bradykinin .
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From the above, it is evident that the activation of the
sensory nerves by kinins in various tissues i s mediated by B2
receptors : these receptors have been characterized by using an
tagonists (52, 56) and therefore the following will be devoted
to this group of compounds and i n particular to recent work per
formed to improve their pharmacologic f eatur e s .

Ba receptor antagonists: history , discovery, improvements , uti
llzation

Identified in 1985 by Vavrek and stewart (56), B receptor
antagonists have been uti lized by numerous investiga~ors and
further improved by stewart and Vavrek (58) and by others (27,
52, 54) . Published data indicate that these compounds antagonize
kinin effects in vivo and in vitro and act as analgetics (5, 8,
27, 38, 46, 52) but they maintain agonistic effects and are po
tent histamine r e l e as e r s (27, 49, 51, 52) . In various smooth
muscle preparations, several of the compounds that are listed
i n Table 111 act as partial agonists while in other tissues they
are inactive (see examples of the rabbit jugular vein and the
r abb i t aorta in Table 111).

Work has been performed to increase antagonist affinity and
eliminate the partial agonistic effects (27, 52 , 56, 57) with
some success. As shown in Table 111, affinity has been increased

Table 111
Apparent affinity (pAz) of kinin receptor antagonists

on rabbit jugular vein , rabbit aorta and their
ability to release histamine from rat mast cells

Rahbit jugular vein Hist am in Rab bi! aorta
rel ease

pA2 A.A. poten ey(a) pA2 A.A.

I) [Th iS•8.DPhe7IBK 6.70 + +++ 6.23

2) DArg[Hyp3,T hiS,8.DPh e7IBK 7.86 ++ ++ 6. 16

3) AeDArg[Hy p3.T hiS,8,DPhe7JBK 7.51 + 5.47

4) DAr g[Hyp3,DPh e7IBK 8.01 ++ N.D. 6.4 1

5) AeDArg[Hy p3.DPhe7 jBK 7.78 + N.D. 6.41

6) (LcuS.8,G ly6. DPhe7jBK P.Ag. +++ N.D. 5.68 ±

7) DArg [Hy p3. LeuS,8.Gli.DPhe 7jB K 8.84 ± N.D. 6.19

8) AeDA rg[ Hy p3, LeuS,8 ,Gli,DPhe71BK 8.07 ± N.D. 5.97

9) DAr g[Hyp3 .Leu8,DPhe71BK 8.86 ± N.D. 5.76

IO)AeDArg[Hyp3.Leu8,DPhe7JBK 8.07 N.D. 5.77

II )[Leu8j DesArg9BK Inae. ± 7.27

(a): semiquantitative eva luation of histamin release by kinin antagoni sts on rat
peritonea l rnast eell s (49, 51) .

pA!' -Log of concentration of antagonist that reduce s the effec t of a double dose of
agonist to that of a single one.

A.A.: Agoni stic activity; P.Ag.: Partial agonist; N.D.: Not determined.

~a : inactive ; ±,+: weak ; ++: intermediate; +++: strang .
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with modification in position 3 (replacement of Pro by hydroxy
proline (Hyp» or the extension of the peptide chain with a D
Arg (57) (see compound no 2 in Table III). Affinity has been
further improved by eliminating Thi in positions 5 and 8 and by
replacing Phe8 with Leu (see compounds no 7 and 9, which are the
most aotive B2 receptor antagonists to date)(27, 52). The par
tial agonistic effect, for instance on the rabbit jugular vein,
and the histamine releasing activity, are reduced or eliminated
by the acetylation of the N-terminal amine (see compounds 3, 5,
8 and 10 in Table III) (27, 52, 54). All compounds are active on
the B, receptor system (the rabbit aorta) because they are bro
ken down by kininase I into c-terminal desArg metabolites which
act on the B, receptor (53). Affinities on the B, receptor are
generally lower than those observed on the B2 of the rabbit ju
gular vein but not of other preparations (27, 52). Affinity for
the B, receptor appears to be further reduced by the utilisation
of Leu in position 8 (27, 52). This makes the B2 receptor anta
gonists more selective.

B2 receptor antagonists have been shown to be specific for
kinins since they are inactive against substance P, angiotensin
and other peptides in various isolated smooth museie prepara
tions (52, 54, 57).

CONCLUSIONS

- Kinins are the most active endogenous agents that activate
sensory afferent nerves to produce pain, raise cardiovascular
reflexes and local segmental vascular responses.

- The effects of kinins on the sensory system appear to be me
diated by receptors of the B2 type which have been identified
by historadiography and characterized by the use of agonists
and antagonists. Kinins may act directly on sensory nerves or
indirectly by the intermediary of other agents such as prosta
glandins.

- Effects of kinins on sensory nerves and reflexly evoked re
sponses have been found to be reduced or eliminated by speci
fic B2 receptor antagonists. These compounds have been re
cently improved by chemical modifications that have brought to
increase of affinity, elimination of agonistic and partial
agonistic activities and protection against the degradation
from kininase I, which converts B2 into B, receptor antago
nists.
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EVOLUTIONARY ASPECTS IN THE PERIPHERAL PEPTIDERGIC SIGNALS:

CRF-LIKE PEPTIDES AND MODULATION OF G.I. FUNCTIONS
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INTRODUCTION

In studies of peptide structure-function relationships evo
lutionary changes are important tools. A study of the differen
ces between species helps one to understand the importance of
functional and receptor addressing domains in the sequence as
weIl as of the side chains of some amino acid residues. Intra
and interpeptide relationships reveal the presence of preserved
sequences and relate many peptides in families. In biologically
active peptides, evolutionary changes may reflect additional
complexity since these peptides interact with receptors and
therefore participate in a system of co-evolving protein struc
tures and inter-cell signaling. In evolutionary studies of the
most basic properties of a peptide family, it is essential to
include variants that differ widely from one another. This is
because in closely related forms, differences are often trivial
or random, and therefore of little general value. To enable one
to draw conclusions about fundamental properties conserved
during evolution an appropriate choice would involve peptides
that are present in phylogenetically distant species. Thus, de
spite marked phylogenetic differences, in their primitive func
tional sequences these peptides clearly appear as homologues.
Furthermore, in order to link the molecular evolution with the
changes in biological activity the comparison should include
peptides with a known three-dimensional structure.

The family of CRF-like peptides underwent wide reorganiza
tion of the encoding genes throughout the phylogenetic tree,
from fishes to mammals. The expression products of these genes
are urotensin I (UI) , in fishes, sauvagine (SV) in amphibians and
corticotropin-releasing factor (CRF) in mammals. A 1055 of bio
logical activities and a reduction in the extent of tissue 10
calizations is paralleled by evolutionary changes in the peptide
sequences. However, some amino acid sequences in the primary
structure of UI and SV have been preserved during evolution and
can still be found in the primary structure of mammalian CRF
(Fig. 1). Most probably, the preserved sequences represent the
message and the address domains, essential for the biological
activity of these peptides.
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primary structures of ovine corticotropin-releasing
factor (CRF), sauvagine and urotensin I. Boxed areas
represent homologies of amino acids between peptides.

Analogies can also be found in the secondary structure of SV
and CRF (Fig. 2). The fundamental conformation for receptor
binding is the alpha-helical structure and any amino acid sub
stitution in the primary sequence that destabilizes such a
structure, deprives the moleeules of their biological activity.

What is surprising in the evolution of the CRF-like peptide
family is that, although many point mutations occurred in the
functional domains of the primary sequence, none of these de
stroyed the alpha-helical structure required for receptor fit
ting. Selection during evolution thus appears to be guided by
the conformational rules for inter-molecular recognition.

PHYLOGENY OF A PEPTIDERGIC SENSORY SYSTEM

Fishes

The main localization of UI in teleosts is the caudal neuro
secretory system. A role of this system and its neurosecretory
products in osmoregulation in fishes has been discussed at
length in reviews of the physiological functions of urotensin
(Bern, 1985). The caudal neurosecretory system consists of neu
rons located at the caudal end of the spinal cord_ Their proces
ses enter the urophysis, a neurohemal organ on the ventral sur
face of the posterior spinal cord. At least two types of immuno
reactive UI neurons are known to exist in the caudal neurosecre
tory system and their size and shape has been described. Distal
to the urophysis there is a population of very large IR-UI cells
with polymorphie nuclei, formerly called Dahlgren cells. These
neurons display thick processes, which project to the ventral
surface of the spinal cord and form two compact bilateral path
ways, which enter the urophysis. A second group of smaller IR-UI
neurons with mostly regular shaped nuclei are located just
dorsal to the urophysis . These bipolar cells are arranged in a
compact mass and display ventrally directed processes s imilar to
those described above. A rostrally directed pathway made up of
these neurons runs parasagittally along the whole length of the
spinal cord, in a parallel arrangement. The thin, beaded fibres
of these IR-UI neurons enter the brainstem and two parasagittal
clusters of fibres are visible in the mesencephalon, one located
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Fig. 2. Prediction of the secondary structures of sauvagine and
CRF, according to the Chou and Fasman method

just below the base of the cerebellum, and the other more ven
trally near the interpeduncular nucleus. In the diencephalon,
the fibres surround the mammillary body and become distributed
mainly into the posterior tuberal nucleus, lateral recessus nu
cleus and inferior lobe. Epithalamic fibres are seen in the area
pretectalis and also in the ventral region of the habenular nu
cleus. Many fibres are present in the thalamus, where they form
part of the fasciculus medialis telencephali between the thala
mus and the telencephalon. In the preoptic region they form a
plexus in the nucleus anterior periventricularis just caudal to
the preoptic nucleus. IR-UI fibres are also found in the dorso
rostral and dorso-caudal telencephalic regions.

Immunocytochemical studies have recently demonstrated that a
prompt and intense decrease of IR-UI content in the caudal neu
rosecretory system occurs when environmental osmotic pressure is
increased. In contrast, fishes transferred to hypoosmotic milieu
showed a fast and dramatic increase in IR-UI in neural endings
of the urophysis (Minniti, 1989). Radioimmunoassay of UI in the
venous drainage (caudal vein) of the urophyseal region demon
strates a prompt release of the hormone upon exposure of the
fish to a hyperosmotic environment. Urophysectomy leads to beha
vioural and metabolie changes suggestive of osmoregulatory in
sufficience. Administration of UI results in alterations in
blood ion levels and prolonged survival of the fish in a hypero
smotic environment. These observations indicate possible respon
ses to alterations in hydromineral metabolism by the caudal neu
rosecretory system and a role of UI in osmo-ionoregulation
(Lederis, 1985).

In updating and reasserting the potential role of UI in os
motic and ionic changes, one should realise that this neuropep
tide could intervene physiologically in at least three major
ways . First, by virtue of its CRF-like activity, UI may be in
volved in the regulation of ACTH release by fish pituitary and
consequential, in the control of cortisol secretion by the adre
nocortical homolog, the interrenal. Teleosts are considered to
depend primarily upon cortisol for osmoregulation. Second, in
fishes, ur almost certainly modulates transepithelial transport
directly across a variety of osmoregulatory surfaces, such as
intestine, kidney, urinary bladder, gill, swim bladder and skin
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(Lederis, 1985). Between some of these osmoregulatory organs and
the urophysis direct vascular connections exist. The renal por
tal system (eaudal vein) earries blood from urophysis to the re
nal field for example . However, some branches of the caudal vein.
are known to bypass the kidneys and conneet with the liver, uri
nary bladder, swim bladder and intestine. Henee "direct" targets
of UI released by urophysis could include the kidney, urinary
bladder, swim bladder, intestine, and liver. Third, UI receptors
have been traeed in these organs as weIl as in synaptosomal pre
parations of urophysis (Lederis, 1985). Moreover, infusion of 1
5 ng of UI into the eaudal vein produeed firing of the bipolar
neurons loeated dorsal to urophysis (Lederis, 1985) . Byaetiva
ting the same terminals that are stimulated by environmental os
motic changes, UI secreted by nerve terminals into urophyseal
vessels may therefore funetion as a loeal transmitter. In this
sense, UI is a sensory neuropeptide.

Amphibia

Sauvagine was first isolated from amphibian skin (Monteeuc
chi, 1979) and sauvagine-like immunoreactivity (IR-SV) has been
deteeted in the skin, GI tract, pancreas, retina and CNS of am
phibians (Erspamer, 1981). In the GI traet, IR-SV has been
traced to nerve fibres of the stomaeh wall and small intestine.
In the hypothalamus, IR-SV is present in the magnoeellular pery
karia, in the dorsal and ventral regions of the preoptic nu
cleus, and in the hypothalamie-hypophyseal projeetions to pars
nervosa and in fibres running from the pars nervosa to pars in
termedia of the pituitary. Encephalic sensitive ganglia of Xeno
pus levis numerous perykaria have been shown to contain IR-SV .
No IR-CRF staining has been found in neurons eontaining IR-SV,
but IR-CRF has been distinctly localized in neurons and fibres.
The use of UI speeific antisera failed to give a positive re
sponse in the frag brain and GI traet. In the frag brain, two
anatomically different systems, CRF-like and SV-like are thought
to co-exist, just as IR-UI and IR-CRF neuronal systems are re
ported to eoexist in fish brain (Lederis, 1985). However, albeit
varying degrees of reliability, until recently the functional
role of sauvagine has never been elarified.

Mammals

In rats, dogs and humans, UI, SV and CRF possess a eommon
speetrum of biological activities on the central nervous system,
anterior pituitary, cardiovascular system and gastrointestinal
tract (Broccardo, 1982; Brown, 1982; Erspamer, 1980; Improta,
1988; Lenz, 1985; Melchiorri, 1981; Melchiorri, 1982). CRF, SV
and UI evoke a practically equipotent hypophysiotropic response.
However, SV acts within the brain and is more potentthan CRF in
increasing plasma levels of catecholamines and glucose and in
elevating mean arterial pressure (Brown, 1982). Administered
icv, SV and UI, but not CRF, produce a lang-lasting increase in
mesenteric blood flow in conscious dogs (Lenz, 1985). Similarly,
outside the brain, SV is more potent than CRF in inereasing su
perior mesenteric artery flow and plasma glucose and in decrea
sing mean arterial pressure (Brown, 1982). In the gastrointesti
nal tract, CRF, SV and UI evoke anorexogenic responses in rats
and exert a potent inhibitory effect on gastric acid secretion
and motility. At least in part, these actions appear to be me
diated via the central nervaus system (Taehe, 1983; Lenz, 1985;
Improta, 1988); however, evidence also supports the importance
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of peripheral mechanisms (Taehe, 1984; Konturek, 1985; Improta,
1988) .

By the subcutaneous (sc) route, only SV (3-10 ~g/kg) and UI
(10-20 ~g/kg) inhibited feeding in 18 hr deprived rats (Negri,
1985). The anorexogenic effects of subcutaneous injections of SV
are apparently taste dependent, being 5 times more intense for a
salty food than for a low sodium diet. Peripherally injected sv
modulates drinking behaviour in the rat, favouring the choice of
tap water instead of saline solution .

Peripheral and central administration of SV, UI and CFR in
hibits gastric acid secretion evoked by vagus-dependent stimuli
(pylorus ligature, carbachol, pentagastrin) but does not modify
the gastric response to histamine (Improta, 1988; Lenz, 1986;
Tache, 1983) .

SV, UI and CRF injected sc and icv produce a dose-related
and long-lasting decrease of gastric emptying (Broccardo, 1982;
Tache, 1987).

The relative potency (calculated on the basis of EDso) for
sc injected CRF-like peptides as concerning the above mentioned
effects is reported in Table I.

TABLE I
RELATIVE POTENCY OF SC INJECTED CRF-LIKE PEPTIDES IN FEEDING,
GASTRIC SECRETION (GAS) AND GASTRIC EMPTYING (GE) INHIBITION

PEPTIDES

CRF

UROTENSIN I

SAUVAGINE

FEEDING

< 0.1

40

100

GAS

2

35

100

GE

7

45

100

The relative potency (on a molar basis) was calculated on the
EDso•

SV appears to be 100, 50 and 20 times more potent than CRF
in decreasing food intake, acid secretion and gastric emptying,
respectively. Comparing the relative potency of the three pep
tides given by icv route, SV is again more potent (10, 20 and 50
times) than CRF in modifying the studied functions (Table II) .

TABLE II
RELATIVE POTENCY OF ICV INJECTED CRF-LIKE PEPTIDES IN FEEDING,
GASTRIC SECRETION (GAS) AND GASTRIC EMPTYING (GE) INHIBITION

PEPTIDES FEEDING GAS GE

CRF 10 5 2

UROTENSIN I 50 25 45

SAUVAGINE 100 100 100

The relative potency (on a molar basis) was calculated on the
EDso•
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As both sc and icv doses of SV produced the observed ef
fects, the question arises as to which site of action, central
or peripheral, contributes more in regulating these functions.
To answer this question, IR-SV levels were measured by RIA in
plasma and CSF after sc and icv administration of the peptide.
Plasma concentration of IR-SV after sc injection was higher than
that measured in CSF (Table 111). In contrast, after icv injec
tion, CSF levels of IR-SV were 10,000 times higher than blood
levels.

TABLE 111
CSF AND PLASMA IMMUNOREACTIVITY OF S C AND I C V INJECTED

SAUVAGINE (5 ~gjrat)

ROUTES

Subcutaneous (sc)

Intracerebroventricular (icv)

CSF

0.2±0.01

3500±345

PLASMA

108±12.5

0.3±0.02

Data are means expressed in fmoljml.

Thus, the effects of sc sv on food intake, acid secretion
and gastric emptying must be peripherally mediated and not due
to the entry of the peptide in the CNS. Similarly, the effects
observed after icv injections are mediated through the CNS and
not by leakage of SV into the peripheral blood. Clearly, there
fore, SV induces satiety and promotes feeding and drinking choi
ces through two distinct mechanisms, central and peripheral.
Examination of the effects of peripherally injected SV on gas
tric emptying, acid secretion and ingestive behaviour, suggests
that they are due to messages that the peptide sends to the CNS
through peripheral afferent pathways. In order to establish the
peripheral localization of the pathways through which these sig
nals are centrally transferred, an attempt was made to detect
SV-containing fibres in the GI tract. In particular, RIA, with a
specific antibody capable of distinguishing SV from UI and CRF
(Lederis, 1987), demonstrated SV-like immunoreactivity in ex
tracts of rat gastric submucosa and muscolaris mucosa layers
(Table IV). In addition, six days after a subdiaphragmatic bila
teral vagotomy, a sharp decrease in IR-SV was measured both in
the submucosa and in the muscolaris mucosa (Table IV). This de
monstrates that IR-SV is contained in nervous terminal of pepti
dergic fibres running along the vagus nerve.

TABLE IV
IMMUNOREACTIVITY OF SAUVAGINE-LIKE PEPTIDES IN STOMACH WALLS OF

CONTROL (CO) AND VAGOTOMIZED (VAG-X) RATS

RAT STOMACH

Mucosa

Submucosa

Muscolaris Mucosa

CO

< 0.1

26 (8-41)

86 (12-98)

VAG-X

< 0.1

0.5 (0 .1-1.3)

0.7 (0.2-18)

Values are means expressed as fmoljg.
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Moreover, as Table V indicates, vagotomy completely antago
nizes sv inhibitory effects on foraging and food intake. Vagoto
my, which alone does not modify the gastric emptying in rats,
does abolish the inhibition of gastric emptying in SV-treated
animals (Table VI). Similarly, whereas vagotomy does not change
the secretory response to bethanechol in pylorus-ligated rats,
it does block the SV antisecretory response in bethanechol-sti
mulated animals (Table VII).

The fact that after vagotomy endogenous IR-SV content of GI
nerve fibres fell dramatically and sc-injected SV failed to
evoke satiety or to modulate feeding and drinking choices, con
firms that the peptide is present in sensory terminals and needs
the integrity of vagal afferent pathways to transfer the signals
evoked in periphery to the CNS.

TABLE V
EFFECTS OF VAGOTOMY ON SAUVAGINE-INDUCED FEEDING INHIBITION

TREATMENT FORAGING

Saline+Vagotomy 28 ±O.8

Sauvagine (5~g/Kg, sc) 98±1.7*

SV+Vagotomy 3.2±1.6

FOOD-INTAKE

9.8±2.6

2.7±0.9*

10.2±3.7

Values are means ± SE expressed as min.(foraging) and g. (food
intake). *P<O.OOl compared with saline.

TABLE VI
SV-INDUCED GASTRIC EMPTYING INHIBITION IN SHAM AND VAGOTOMIZED

(VAG-X) PHENOL RED FED RATS

TREATMENT SHAM-RATS

Saline 81.8±2.2

sauvagine (20~g/Kg.sc) 23.2±4.1*

VAG-X RATS

81. 5±1. 4

73.0±5.9

Data are means ± SE expressed as percent of gastric emptying.
* P<O.05 compared with Saline.

TABLE VII
SV-INDUCED INHIBITION OF BETHANECHOL (BET) STIMULATED GASTRIC

SECRETION IN SHAM AND VAGOTOMIZED (VAG-X)
2h-PYLORUS LIGATED RATS

TREATMENT SHAM-RATS

Saline 152±8

Bethanechol (4mg/Kg,sc 296±42

BET + SV (2 .5~g/Kg,sc) 47±4*

Data are means ± SE expressed as ~Eq/2h.

* P < 0.001 compared with saline.

VAG-X RATS

< 1

267±58

187±29
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CONCLUDING REMARKS

Apart from their hypophysiotropic activity, UI and SV appear
to represent a new class of sensory peptides. In fishes, amphi
bians and mammals, the sensory neurons that contain these pepti
des are not sensitive to capsaicin, and are thus distinguishable
from SP-containing neurons. Nevertheless, UI and SV meet the
general criteria of sensory neuropeptides. They are released by
the same sensory terminals that are activated by environmental
stimuli. Specific auto-receptors located on the same terminal
from which these peptides are released have been traced in sen
sory fibres of f ishes amd mammals. Binding of endogenously re
leased or injected UI and SV to these receptors decreases the
threshold of the activation of the sensory terminals by environ
mental stimuli. More generally, the specific function of the
peptidergic system throughout the phylogenetic tree may be the
initiation and modulation of neuroendocrine reflexes, with the
purpose of activating signals necessary for the maintenance of
chemical homeostasis of the body under stress conditions.
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INTRODUCTION

In recent years considerable interest has been demonstrated
in defining the role and interactions of sensory nerves and neu
ropeptides in the gastrointestinal tract, where such afferent
nerves are present and where same identical peptides occur in
endocrine cells and neuronal tissues. capsaicin (8-methyl-N-va
nillyl-6-nonenamide), the irritant principle of the Capsicum
genus peppers, has been proven to be a valuable pharmacologic

Fig. 1. This parietal cell was in the stomach of a capsaicin
pretreated (desensitized) rat subsequently acutely exposed to
ethanol . This typical electron micrograph illustrates anormal,
healthy cell in active secretory state, with dilated intracel
lular canaliculi (IC) and numerous mitochondria. X = 7,600 .
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probe of high but not absolute selectivity for its actions on
primary afferent neurons in the gastrointestinal tract and
elsewhere (Maggi and Meli, 1988). Exogenous administration of
capsaicin to animals selectively damages sensory afferents in
the gut in a manner dependent upon dose, age of animal, etc. The
damage occurs in gastric neurons containing tachykinins and cal
citonin gene-related peptide, in substance P-containing affe
rents in anorectal mucosa, and other neurons. In the nervous sy
stem of the rat, somatostatin, substance P, and other neuropep
tides are also depleted by systemic capsaicin desensitization
(Gamse et al., 1984; sternini and Brecha, 1985; Skofitsch and
Jacobowitz, 1985).

Ulcer disease, whether of spontaneous or experimentally-in
duced origin, is a complex and multifactorial syndrome in which
mucosal defense mechanisms are known to playamajor role al
though they remain poorly understood (Robert, 1979 Pfeiffer,
1981; Szabo and Pfeiffer, 1989). Capsaicin-sensitive sensory
neurons in the stomach and small intestine have been considered
as a factor in the natural defense mechanisms of the gut muco
sa, responsive to stimuli which may induce ulcerogenesis
(Szolcsanyi and Barthe, 1981; Maggi et al., 1987). consequently,
experimental ulcers have been investigated in capsaicin-desensi
tized rats. Systemic administration of capsaicin, especially
when given at high doses to neonatal rats, renders the rats more
susceptible to experimental gastric ulcers induced by pylorus
ligation, by acid distension of the stomach, and by administra
tion of indomethacin, concentrated ethanol, or acetylsalicylic
acid (Szolcsanyi and Barthe, 1981; Evangelista et al., 1986; E
vangelista et al., 1988). Further, jejunal and ileal ulcers
induced by indomethacin (Evangelista et al., 1987a), duodenal
ulcers induced by cysteamine or dulcerozine (Maggi et al.,
1987), and colonic ulcers induced by trinitrobenzene sulfonic
acid (Evangelista and Meli, 1989) are aggravated by capsaicin

Fig. 2. section through neck of gastric gland of capsaicin pre
treated rat not subjected to the ethanol ulcerogenic
procedure. Note that in this typical electron micro
graph the sensory afferent denervation did not alter
the normal morphology of mucous neck cells. The central
lumen (gastric pit) is indicated by (L), and mucous
granules by (M). X = 9,300.
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pretreatment in rats. Conversely, intragastric administration of
capsaicin to rats in close time sequence to the ulcerogenic pro
cedure, or subcutaneous administration '5- 7 days before the pro
cedure may reduce ulcer severity (Szolcsanyi and M6zsik, 1984;
Holzer and Lippe, 1988; Holzer et al., 1989) .

The above gastrointestinal actions have been explored phy
siologically, but little attention has been paid to ultrastruc
tural effects on the gastrointestinal tract following capsaicin
administration, notwithstanding a few earlier investigations on
central and peripheral nervous system fine structural changes
(Joo et al., 1969; Szolcsanyi et al., 1971; Jancs6 et al., 1977;
Jancs6, 1978; Scadding, 1980). Accordingly, the present inves
tigation was undertaken to help elucidate the actions of neona
tal capsaicin desensitization alone, and in conjunction with
acute ulcerogenesis, on gastrointestinal cell and organelle mor
phology.

MATERIAL AND METHODS

Animals and Denervation

Male, albino Sprague-Dawley Nossan strain rats aged 2-3
months (180-210 g) were used in this study. They were maintained
under constant temperature (21 ± 1°C), humidity (60%), and 12
hour light-dark conditions . Prior to testing and on the second
day after birth, rats were subjected to capsaicin desensitiza
tion, i.e., permanent degeneration of unmyelinated afferent neu
rons, by administration of 50 mg capsaicin/kg, Sc, in a volume
of 10 ul/g body weight according to standard procedure (Holzer
and Lippe, 1988). Alternatively, at the same neonatal stage,
control animals were injected with an identical volume of vehi
cle (10% ethanol, 10% Tween 80, and 80% saline, V/V/V). The in
jections were performed under ether anesthesia. The effective-

Fig. 3. Normal appearing endocrine cell in ethanol-treated
rat.This illustration depicts the normal appearance of
peptide granules. As this cell was located within the
oxyntic region, the granules are not likely gastrin,
but may be somatostatin or another peptide. Note the
typical location of the endocrine cell at the periphe
ral aspect of the gastric g1and . X = 19,000.
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ness of capsalcln treatment was assessed one day prior to expe
riments by counting the wiping movements of the eye in rats to
which one drop of 0.33' mM capsaicin solution was instilled into
one eye. capsaicin pretreated rats that showed any wiping move
ments , i.e., incomplete sensory denervation, were excluded from
this study, according to the recommendation of Lippe et al.,
1989 .

Ulcer Induction

At the age of 2-3 months the rats were divided into four
groups for testing, including: a) group of normal rats subjected
to induction of acute gastric ulcers by ethanol administration,
b) capsaicin desensitized rats also subjected to the ethanol
treatment, c) group of normal control rats subjected to induc
tion of intestinalIesions by indomethacin, and d) capsaicin de
sensitized rats also subjected to the indomethacin treatment .
The gastric lesions were induced in 24 hour fasted rats by ga
vage of absolute alcohol (1.25 ml/kg/rat). This dose was selec
ted to induce a sub-maximal degree of gastric ulcers at the
sacrifice time of 60 minutes post-administration. Control rats
received a comparable volume of saline. IntestinalIesions were
induced by administering indomethacin in aqueous suspension
(0.9% NaCl plus 0.5% carboxymethylcellulose plus 0 .5% Tween 80
in distilled water) to non-fasted rats at a dose of 8 mg/kg in a
volume of 5 ml/kg. This dose was selected to induce a submaximal
degree of intestinal ulceration. Rats were killed 72 hours after
indomethacin treatment.

Electron Microscopy

Tissue sampIes were taken for ultrastructural analysis at
time of sacrifice from the gastric oxyntic region in ethanol
treated and control rats and from the jejunum (20 cm distal to
pylorus) in indomethacin-treated and control rats. specimens
were prepared for electron microscopy in accordance with our

Fig. 4 .
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Gastric endocrine cell of rat pre-treated with capsai
ein but not sUbjected to ethanol exposure. The peptide
granules are largely replaced by vacuoles (arrow), but
surrounding cells, such as parietal cell on the right
side and chief cells on the left side appear normal.
X = 11,600.



procedures for gastrointestinal tissue (Pfeiffer et al., 1974;
Pfeiffer et al., 1987b, c). SampIes were placed immediately in
cold 5% glutaraldehyde/3% formaldehyde fixative in 0.1 M Na ca
codylate buffer at pH 7.4. specimens were subsequently washed in
0.1 M cacodylate buffer, postfixed in 1% osmium tetroxide in 0.1
M cacodylate for 1 hour, washed in buffer again, and dehydrated
in aseries of alcohols. Semi-thin sections (1 ~) were cut from
tissue embedded in Poly/Bed 812 (Polysciences, Inc.), and were
stained with 1% toluidine blue in 1% sodium borate for 30 sec,
followed by 0.5% safranin in 0.5% sodium borate for 10 seconds,
and were studied by light microscopy. Thin sections were doubly
stained with lead citrate and uranyl acetate and were studied
with a JEOL 100 eX-lI transmission electron microscope operating
at 80 KV.

RESULTS

Gross ulcerative lesions of moderate severity were observed
on the gastric body and fundic mucosal surface in alcohol- and
indomethacin-treated rats, and on the jejunal mucosa of indome
thacin-treated animals. These responses will not be described
here as they have been described elsewhere in dose-response
experiments (Kent et al, 1969; Brodie et al ., 1970; Okabe et
al., 1982; Holzer and Sametz, 1986; Kasuya et al., 1989; Tarnaw
ski and Hollander, 1989).

The stomachs of alcohol-treated rats showed by light micro
scopy typical localized areas of superficial erosion, but diffe
rences between capsaicin-treated and non-capsaicin-treated rats
were not noted. similarly, light microscopy of indomethacin
treated rats showed typical damage to the jejunal surface inclu
ding vacuolization and enhanced sloughing of surface epithelial
cells on or near apices of villi, and lymphatic dilatation, but
capsaicin did not induce any marked effects. Detailed histology
will not be described here as it is not novel.

Fig. 5. This electron micrograph clearly illustrates the cell
specific changes induced by capsaicin-pretreatment in
this rat which was also subjected to ethanol treatment.
Note that three different endocrine cells (arrows) have
become markedly degranulated , but adjacent chief cells
appear quite normal. Zymogen granules (Z) are shown in
the chief cell at the bottom of the figure. X = 7,500.
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Fig. 6. Another example of a degranulated gastric endocrine
cell in a capsaicin-treated rat, not sUbjected to etha
nol. The vacuoles are membrane-bound, with slight evi
dence of residual peptide. A portion of a normal chief
cell is shown on the right. X = 1,600.

Ultrastructural analysis of the gastric mucosa revealed both
specific effects and some lack of effects which were of inter
est. In general, capsaicin desensitization did not alter the
cell morphology of most cell types. Specifically, parietal cells
were not altered and showed anormal, healthy appearance (Fig.
1). Likewise, mucous neck cells (Fig. 2) and surface epithelial
cells (SEC) containing mucus were not altered by capsaicin de
sensitization, although the SEC were damaged in localized re
gions by the ethanol treatment, irrespective of capsaicin treat
ment. Chief cells were normal, and mucosal mast cells were not
degranulated in capsaicin-treated rats. However, electron micro
scopy revealed a striking change in gastric mucosal endocrine
ce11s which occurred in both ethanol and non-ethanol-treated a
nimals. These changes were not seen in rat gastric endocrine
cells of normal rats. Normally, the endocrine cells contain nu
merous electron-dense cytoplasmic (peptide) granules of small to
moderate size (Fig. 3), but in capsaicin-treated rats these gra
nules were swollen and void of their peptide content (Fig. 4).
This marked response was observed in most, but not all gastric
endocrine cells even though other adjacent different cell types
appeared normal (Fig. 4-6). The peptide content in this endocri
ne cell reaction was either mostly (Fig . 4) or entirely (Fig. 5)
absent, with respect to morphologie criteria. There was some li
mi ted evidence of ultrastructural changes in gastric mucosa ner
ve fibers in capsaicin-pretreated rats (exposed or non-exposed
to ethanol). Specifically, intracellular edema (Fig . 7) was pre
sent in some interglandular nerve fibers, but otherwise these
fibers appeared intact, with retention of normal neurotransmit
ter granules.

Electron microscopy of jejunal tissue samples revealed only
a few minor cellular changes which could be ascribed to the pre
treatment of capsaicin. These changes included such morphologie
alterations as localized disruptions of capillary endothelial
cells in the mucosa, and some vacuolization within the cytoplasm
of surface absorption cells and smooth museIe cells found within
the lamina propria of the villi. other changes, such as local-
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ized sites of in situ epithelial cell degeneration, including
vacuolization and microvillar degeneration (Fig . 8), were obser
ved, but cannot be proven to be exclusively due to any drug
treatment . A limited degree of in situ epithelial cell degenera
tion occurs in normal gut tissue. Interestingly, the marked en
docrine cell changes observed in the stomaehs of capsaicin
pretreated rats was not seen in the jejunal endocrine cells .

DISCUSSION

The present data are amongst the first in which electron mi
croscopic investigations have been directed toward examining
capsaicin-induced sensory afferent neuron degeneration in the
gastric and jejunal mucosa. A limited number of other ultra
structural studies on this phenomenon have been focused on cen
tral and other peripheral neural changes (Joo et al., 1969;
Szolcsanyi et al., 1971; Szolcsanyi et al ., 1975; Jancso et al.,
1977; Jancso, 1978; Scadding, 1980) . Some of the cytopathologic
changes observed in the present study, not observed in capsai
cin-treated control rats , were part of the sequence of the etha
nol- or indomethacin-induced ulcerogenic process, and were of
the expected type of morphologie epithelial changes seen with
such ulcerogens. The specific morphologie actions of capsaicin
pretreatment were of greater interest. In this regard, it was
notable that cytopathologic changes were absent in most mucosal
cell types, including those cell types which are known to be
highly sensitive to noxious agents, such as parietal cells and
chief cells (Pfeiffer, 1975). Parietal cells, perhaps because of
their high metabolie activity, undergo some rather drug-specific
ultrastructural changes in rats and ferrets in response to caf
feine, corticoid, and acetylsalicylic administration (Pfeiffer
and Stephens, 1968; Pfeiffer and Roth, 1970; Pfeiffer and
Weibel, 1973). Chief cells, in contrast, are sensitive to

Fig. 7~ Electron micrograph of gastric mucosa of capsalcln pre
treated rat not exposed to ethanol. In this figure the
portions of chief cell (left side) and parietal cell
(upper right) shown are normal. The small mucosal neu
ron between these cells shows some peripheral intracel
lular edema (arrow) and anormal content of electron
dense and clear neurotransmitter granules. X = 16,700.
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ulcerogenic agents but tend to undergo non-specific changes such
as swelling of rough endoplasmic reticula and nuclear degenera
tion, following most all ulcerogenic agents which have been stu
died at the ultrastructural level. (Pfeiffer, 1975). One speci
fic cell type of the gastric mucosa which has been shown in ear
lier studies of ulcerogenic drugs to be relatively resistant to
induced cytomorphologic alteration is the endocrine cell (Pfeif
fer, 1975). Hence, it is of particular interest in the present
experiment that this is the cell type which was most responsive
to capsaicin pretreatment. Accordingly, an interaction between
these gastric endocrine cells and capsaicin-sensitive sensory
neurons is suggested . Assuming such an interaction, the cause
and effect components remain unclear. The major part of gas
trointestinal tract tissue levels of sensory neuropeptides has
been shown to remain subsequent to systemic capsaicin desensiti
zation owing to the non-destroyed intrinsic neurons which con
tain these neuropeptides (Holzer et al., 1980; Maggi and Meli,
1988). However, neuropeptides are released from capsaicin-sensi
tive nerve fibers (Szolcsanyi and Barthe, 1981) and the present
morphologie evidence indicates a depletion of related peptides
in gastric endocrine cells after systemic capsaicin. Such pepti
des may play a protective role in the mucosal defense mechanism.
Somatostatin has long been known to afford protection against
ulcer, and duodenal ulcers have been associated with depletion
of calcitonin gene-related peptide (CGRP) in rats (Evangelista
et al., 1989). Rat gastric ulcers can also be inhibited by exo
genous administration of CGRP, bombesin, cholecystokinin-8 and
epidermal growth factor (Maggi et al., 1987; Evangelista et al.,
1987b). It will be important in future studies to identify spe
cifically by immunochemical methods which peptides are present
in the ultrastructurally affected gastric endocrine cells, as

Fig. 8.
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Capsaicin-related changes in the jejunal epithelium we
re not noted. This electron micrograph does depict, ho
wever, surface epithelial cell degeneration of two
cells between normal, intact epithelial cells. Vacuoli
zation (V) and degenerate microvilli (arrow) are evi 
dent . This animal was not desensitized by capsaicin but
was treated with the ulcerogenic agent, indomethacin.
However, this damage could also depict normal in situ
cellular degeneration which occurs in intestinal villi,
but can by enhanced by noxious drugs. X = 6,600.



many peptides are found in the stomach in both nerve fibers
(Ekblad et al., 1985) and endocrine cells (Helmstaedter et al.,
1977). Degranulation of gut endocrine cells has also been obser
ved in mice infected with Schistosoma mansoni (Farag et al.,
1989).

The ultrastructural changes we observed in small gastric
nerve fibers were somewhat similar to those reported by Szol
csanyi and co-workers (1975) in capsaiein desensitized rats, in
corneal tissue, exeept that we did not note mitoehondrial da
mage. Normal nerve fibers in the stomach do not show the edema
found in the present investigation (Faussone-Pellegrini et al.,
1989). However, the funetion eharaeterization of the type of af
fected nerve fibers remains to be undertaken, as they are not
proven to be sensory afferent fibers.
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Introduction

The gastric mucosa is constantly exposed to chemical hazard,
the threats being of both endogenous and exogenous origin. Most
tissues would rapidly disintegrate if exposed to the concentra
tions of hydrochloric acid that bathe but do not harm the gas
tric surface epithelium. This is because a multitude of mechan
isms constituting the gastric mucosal barrier (Davenport, 1972)
prevent hydrogen ions from entering the tissues in quantities
that would produce cell injury. Yet even a weakening of the bar
rier will usually not lead to any major lesion formation because
emergency or protective mechanisms will take effect, limit the
damage and promote repair of the injured tissue.

While a number of protective mechanisms has been identified
in the gastric mucosa, it is still not clear how these mechan
isms are called into operation and are coordinated in the face
of pending injury to the mucosa. A well-studied response to bar
rier disruption and back-diffusion of acid into the gastric mu
cosa is a marked rise in mucosal blood flow (Ritchie, 1975;
cheung et al ., 1975; Whittle, 1977 ; Bruggeman et al., 1979;
Starlinger et al., 1981). This increase in blood flow is thought
to be an important mechanism of protection which, by facilita
ting the disposal of acid , prevents the build-up of an injurious
concentration of hydrogen ions in the tissue. The anatomical and
functional organization of the gastric mucosal circulation re
quires submucosal arterioles to be dilated in order to increase
blood flow to the mucosa (Gannon et al., 1982; Guth and Leung,
1987). Thus the message of acid back-diffusion needs to be
transmitted over the distance of more than 500 ~m which separa
tes the surface of the mucosa from submucosal arterioles in the
rat stomach . considering this distance and the rapidity with
which mucosal blood flow is increased following barrier disrup
tion (Bruggeman et al., 1979), it would seem conceivable that
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neurons mediate the blood flow response to acid back-diffusion.
since atropine, however, does not inhibit the vasodilatation in
duced by acid back-diffusion (Bruggeman et al., 1979), this idea
has not yet attracted much attention.

Apart from autonomic and enteric neurons, the gastric mucosa
and submucosa is innervated by capsaicin-sensitive sensory neu
rons which form a particularly dense plexus of fibers around
submucosal blood vessels (Furness et al., 1982; Sharkey et al.,
1984; Sternini et al., 1987; Green and Dockray, 1988). These
nerve fibers arise from two different sources. One group are
"spinal" sensory neurons which originate from cell bodies in the
dorsal root ganglia and reach the stomach via the splanchnic and
mesenteric nerves, a route whereby they pass through the celiac
ganglion (Green and Dockray, 1988). The other group are vagal
sensory nerve fibers having their cell bodies in the nodose gan
glion.

The idea that capsaicin-sensitive sensory neurons in the
gastric mucosa and submucosa play a role in gastric mucosal pro
tection originated from the evidence that these neurons are in
volved in inflammatory reactions of the skin, eye and respirato
ry tract (see Holzer, 1988; Maggi and Meli, 1988). They are par
ticularly sensitive to chemical noxious stimuli and induce a
number of responses that are interpreted as protecting or as
promoting repair of damaged tissue. vagal sensory fibers inner
vating the stomach have been found to be sensitive to acid and
other noxious chemicals including ethanol (Clarke and Davison,
1978), and there is functional evidence that capsaicin-sensitive
sensory neurons also are sensitive to hydrogen ions (Cervero and
McRitchie, 1982; Martling and Lundberg, 1988; Bevan and Yeats,
1989). These observations clearly suggest that capsaicin-sensi
tive sensory neurons might subserve a protective role in the
gastric mucosa by sensing pending injury due to acid or other
endogenous or exogenous factors and signalling for appropriate
measures of defense and repair. To test this overall hypothesis
we set out (1) to examine whether defunctionalization of capsai
ein-sensitive neurons would weaken, and stimulation of these
neurons would strengthen, the ability of the gastric mucosa to
resist experimentally imposed injury, and (2) if so, which pro
tective mechanisms are under the control of capsaicin-sensitive
sensory neurons. This review gives abrief account of the major
findings of these studies and the conclusions that have been
drawn from them.

Defunctionalization of Sensory Neurons Exacerbates
Gastric Injury

Defunctionalization of sensory neurons, by treating rats
with a high dose of capsaicin (~ 50 mgjkg) at least a week befo
re the experiments, provided clear evidence that capsaicin-sen
sitive sensory neurons control certain mechanisms of gastric mu
cosal protection. Table 1 summarizes the findings which are
available to date in this respect. Ablation of sensory neurons
does not cause gastric mucosal damage by itself (Holzer and
Sametz, 1986; Esplugues and Whittle, 1990) but leads to exacer
bation of mucosal lesion formation in response to a variety of
exogenous and endogenous factors including acid, cysteamine, in
domethacin, ethanol, aspirin, platelet-activating factor, and
thromboxane (for references see Table 1). Injury induced by cold
and restraint stress, however, was found to be unchanged after
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TABLE 1. Effect of ablation of capsaicin-sensitive sensory
neurons on experimental lesion formation in the
rat gastric mucosa

Injurious factor Effect of nerve ablation
on lesion formation

References

Pylorus ligation
Acid distension
Acid back-diffusion
cysteamine
Indomethacin
Ethanol
Acetylsalicylic acid
Platelet-activating factor
Thromboxane mimetic
Cold restraint stress

Aggravation
Aggravation
Aggravation
Aggravation
Aggravation
Aggravation
Aggravation
Aggravation
Aggravation
No change

A
A
B
C
C,D
C,E,F,G
H
I
K
L

A: szolcsanyi and Barth6 (1981); B: Holzer et al. (1990); C:
Holzer and Sametz (1986); D: Evangelista et al. (1986); E: E
vangelista et al . (1987); F: Esplugues and Whittle (1990); G:
Yonei et al. (1990); H: Evangelista et al . (1988a); I: Esplugues
et al. (1989); K: Whittle and Esplugues (1989); L: Dugani and
Glavin (1986).

ablation of sensory neurons (Dugani and Glavin, 1986). These
data suggest that capsaicin-sensitive nerves either are not in
volved in the protection from stress-induced ulceration or their
protective role is overridden by certain stress-induced proces
ses.

stimulation of Sensory Neurons Prevents Gastric Injury

Szolcsanyi and Barth6 (1981) were the first to propose a
protective function of capsaicin-sensitive sensory neurons in
the gastric mucosa when they observed that intragastric adminis
tration of small quantities of capsaicin, to stimulate sensory
nerve endings, protected from injury following pylorus ligation.
In later experiments it was found that intragastric capsaicin
also prevented injury produced by ethanol (Holzer and Lippe,
1988; Holzer et al., 1990b) or acidified aspirin (Holzer et al.,
1989). Figure 1 shows that gross injury of the rat gastric muco
sa caused by acidified aspirin is reduced by intragastric cap
saicin in a dose-related manner (Holzer et al., 1989) . Histolo
gically, the depth of the aspirin- and ethanol-induced mucosal
erosions which involved up to two thirds of the mucosal depth
was significantly reduced (Holzer et al. , 1989, 1990b). Ethanol
induced superficial injury to the mucosa was not prevented by
capsaicin as revealed by light and scanning electron microscopy
(Holzer et al., 1990b) and by measurement of the transmucosal
potential difference (Holzer and Lippe 1988). Aspirin-induced
surface damage, however, was attenuated by capsaicin (Holzer et
al., 1989).

Pathways and Mediators of Sensory Nerve-Mediated Gastric
Mucosal Protection

The hypothesis that the protective effect of intragastric
capsaicin is mediated by sensory neurons was ascertained by the
finding that ablation of capsaicin-sensitive sensory neurons
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Effect of various concentrations of capsaicin on gross
mucosal damage (lesion index; upper panel) and on
gastric bleeding (hemoglobin content of the gastric
perfusate; lower panel) as assessed after a 30-min per
fusion of the rat stomach with aspirin (ASA; 25 mM) in
saline of pH 1.5. Means ± SEM of 7 rats. * P < 0.05,
** P < 0.01 versus rats given aspirin alone (U test).
Taken from Holzer et ale (1989; copyright by American
Gastroenterological Association).

("sensory denervation") totally prevented any protective action
of capsaicin against ethanol injury (Holzer and Lippe, 1988). Ac
cording to the neuropharmacology of capsaicin (see Szolcsanyi,
1984; Holzer, 1988; Maggi and Meli 1988) this observation indi
cates that intragastric capsaicin protects the rat gastric muco
sa by stimulation of sensory neurons. Further experiments de
signed to elucidate the neural pathways of sensory nerve-media
ted gastric mucosal protection demonstrated that the protective
effect of capsaicin remained unchanged after acute surgical or
pharmacological blockade of the autonomie nervous system and
after acute removal of the adrenal glands (Holzer and Lippe,
1988). These data show that the protective effect of capsaicin
is not brought about by a reflex via parasympathetic or sym
pathetic efferent neurons and hence is due to a local neural
mechanism within the gastric wall . In analogy to a local effec
tor function of sensory nerve endings in the skin, eye and res
piratory tract (Szolcsanyi, 1984; Holzer, 1988; Maggi and Meli,
1988) it may be hypothesized that the protective action of cap
saicin involves only sensory neurons and results from a local
release of transmitter substances from sensory nerve endings
within the gastric wall. This concept, however, does not take
account of a possible implication of the enteric nervous system .
There is good evidence that stimulation of sensory nerve endings
in the guinea-pig small intestine is capable of activating ente
ric cholinergic neurons (see Bartho and Holzer, 1985).
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Inherent in the assumption that capsaicin-induced protection
of the gastric mucosa results from a local neural mechanism
within the stomach is the question as to what mediator substan
ces are released from capsaicin-sensitive nerve endings that
strengthen gastric mucosal resistance. Sensory nerve endings in
the stomach arising from dorsal root ganglion neurons contain a
number of putative peptide transmitters which, at least in part,
coexist in the same nerve fibers (Furness et al., 1982; Sharkey
et al., 1984; sternini et al., 1987; Green and Dockray, 1988).
Particularly weIl established is the presence of calcitonin
gene-related peptide (CGRP) and substance P in these neurons. We
were able to demonstrate that capsaicin (10 ~M) administered
intra-arterially to the vascularly perfused rat stomach induces
a large increase in the release of CGRP into the venous effluent
(Holzer et al., 1990c). Identical data were obtained by Gray et
al. (1989). Further experiments showed that close arterial ad
ministration ,of CGRP to the rat stomach prevented grass injury
produced by 25% ethanol or acidified aspirin (Lippe et al.,
1989a), the two injury models in which capsaicin previously had
been found to be protective (for further details see Lippe, this
volume). Substance P also is released by capsaicin in the rat
and guinea-pig stomach (Renzi et al., 1988), and subcutaneous
administration of substance P-related peptides likewise is able
to prevent experimentally induced gastric injury (Evangelista et
al., 1989). From these data it would appear that CGRP and tachy
kinins are among the mediatars of capsaicin-induced mucosal pro
tection.

Eicosanoids have been ruled out as mediatars of sensory
nerve-mediated gastric mucosal protection. Two lines of evidence
support this contention. First, indomethacin administered at
doses shown to inhibit gastric prostagIandin synthesis failed to
alter the protective action of intragastric capsaicin against
ethanol injury (Holzer et al ., 1990b). Second, capsaicin given
intragastrically at a dose known to prevent ethanol-induced
injury did not affect the ex vivo formation of prostagIandin Ez'
6-oxo-prostaglandin F,a and leukotriene C4 (Holzer et al .,
1990b).

Mechanisms of Sensory Nerve-Mediated Gastric Mucosal Protection

As outlined above, circumstantial evidence has been put for
ward that the protective action of sensory neuron stimulation is
mediated by a local release of peptides within the gastric wall.
Same of the peptides contained in sensory nerve endings inclu
ding CGRP and substance P possess vasodilator properties (see
Holzer, 1988), and CGRP has been shown to be a powerful stimu
lant of gastric mucosal blood flow (Bauerfeind et al., 1989;
Lippe et al., 1989a). These findings suggest that sensory neu
rons facilitate gastric mucosal protection by way of an in
creased blood flow through the mucosa. We indeed were able to
demonstrate that gastric mucosal blood flow as measured by the
aniline (Lippe et al., 1989b) or hydrogen gas (Holzer et al.,
1990b) clearance technique was markedly enhanced after intra
gastric administration of capsaicin. This increase in gastric
mucosal blood flow also was seen when capsaicin was administered
tagether with an injurious concentration of ethanol (25%), in
creased blood flow being associated with a reduction in grass
lesion formation (Figure 2.) Since intragastric administration
of capsaicin had no effect on blood pressure it can be inferred
that the increase in mucosal blood flow resulted from mucosal
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vasodilatation. Further experiments established that capsa1C1n
induced mucosal vasodilatation was, like the capsaicin-induced
protection from ethanol injury (Holzer and Lippe, 1988), media
ted by sensory neurons (Lippe et al ., 1989b).

Capsaicin-induced stimulation of sensory nerve endings in
the gastric mucosa failed to affect a number of other functional
parameters of the gastric mucosa. The amount of gastric mucus as
determined by an Alcian Blue technique remained unaltered by in
tragastric capsaicin (160 ~M; Lippe and Holzer, unpublished).
Intragastric administration of capsaicin (160 ~M) had no effect
on basal gastric acid output when the stomach of urethane-anes
thetized rats was perfused with saline of pH 6 (Lippe et al.,
1989b). When the stomach was perfused with saline of pH 3 intra
gastric capsaicin significantly reduced acid output, which has
been interpreted as reflecting increased disposal of acid rather
than inhibition of acid secretion (Lippe et al., 1989b). It is
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Effect of intragastric ethanol alone (ETH; 25%; experi
ment A) or in combination with capsaicin (CAP; 160 ~M;

experiment B) on rat gastric mucosal blood flow as mea
sured by the hydrogen gas clearance technique and on
gross injury. Abscissa: time from completion of the ex
perimental setup, ethanol or ethanol plus capsaicin
being administered during the period of 90-120 min.
Gross injury is expressed as a percentage of the total
area of the glandular mucosa. Means ± SEM, n = 7.
*~P~<0.05 versus respective values in experiment A (U
test). Taken from Holzer et al. (1990b; copyright by
American Gastroenterological Association.



likely that this increased elimination of acid is a consequence
of the increase in mucosal blood flow produced by capsaicin
(Holzer et al., 1990b; Lippe et al ., 1989b), all the more since
gastric output of bicarbonate remained unchanged under these
conditions (Lippe and Holzer, unpublished). Following perfusion
of the stomach with saline of pH 2 gastric acid output became
negative, i.e. acid was lost from the perfusion medium probably
in part due to acid back-diffusion. This acid loss from the gas
tric lumen was not significantly altered by intragastric capsai
ein indicating that capsaicin did not weaken the gastric mucosal
barrier (Lippe et al., 1989b). This contention is supported by a
number of additional findings. Thus intragastric capsaicin was
also devoid of any effect on vascular permeability and transmu
cosal potential difference (Holzer and Lippe, 1988) and failed
to cause any macro- or microscopic damage to the mucosa by it
self (Lippe et al., 1989b). It can be ruled out , therefore, that
capsaicin increased mucosal blood flow and protected from injury
by virtue of a slight irritant action on the mucosa. This con
clusion is consistent with the findings that the process of
"adaptive cytoprotection" which is initiated by mild gastric ir
ritants is independent of the sensory innervation of the stomach
(Evangelista et al., 1988b; Miller et al., 1989).

Sensory Neurons Signal for an Increase in Gastric Mucosal Blood
Flow in the Face of Pending Acid Injury

The data described in the previous section of this review
clearly indicate that stimulation of sensory neurons in the sto
mach strengthens the resistance of the gastric mucosa against
injury by way of an increase in gastric mucosal blood flow. This
hypothesis is in keeping with the concept that maintenance or
facilitation of mucosal blood flow is an important mechanism of
gastric mucosal protection (Cheung et al., 1975; Ritchie, 1975;
Whittle, 1977; Gannon et al., 1982; pihan et al., 1986; Guth and
Leung, 1987) . While sensory neuron stimulation by intragastric
administration of capsaicin has been instrumental in unravelling
the mechanisms that are under the control of sensory neurons,
the physiologic or pathophysiologie conditions calling these
neurons into operation remained unknown. Since there is evidence
to suggest that capsaicin-sensitive neurons are sensitive to a
cid (cervero and McRitchie, 1982; Mart1ing and Lundberg, 1988;
Bevan and Yeats, 1989) it appeared conceivable that acid back
diffusion is a condition under which sensory neurons are activa
ted and lead to the well-documented increase in gastric mucosal
blood flow (Cheung et al., 1975; Ritchie, 1975; Whittle, 1977;
Bruggeman et al., 1979) . This hypothesis was tested by examining
whether ablation of capsaicin-sensitive neurons inhibits the
blood flow increase in response to acid back-diffusion. Gastric
mucosal blood flow was measured by the hydrogen gas clearance
technique using a needle electrode inserted at the interface
between 'gas t r i c mucosa and submucosa. Perfusion of the stomach
with 0.15 N HCl resulted in the loss of some acid (about 20 ~E

quj15 min) from the gastric perfusion medium but did not change
blood flow as compared to that seen under perfusion with saline
alone (Holzer et al ., 1990a) . However, disruption of the gastric
mucosal barrier by adding ethanol (15%) to the acid perfusion
medium markedly increased mucosal blood flow and enhanced acid
loss from the gastric perfusion medium by a factor of 5 indica
ting acid back-diffusion. Sensory denervation by a subcutaneous
pretreatment of rats with a high dose of capsaicin significantly
inhibited the blood flow increase caused by barrier disruption
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in the presence of acid (Holzer et al., 1990a). Statistical ana
lysis (Quade test) revealed that after defunctionalization of
sensory neurons there was no significant rise in blood flow. As
sociated with this inhibition of the blood flow response was a
significant exacerbation of gross lesion formation and a signi
ficant increase in the mucosal depth of thelesions. Mean arte
rial blood pressure, basal mucosal blood flow and acid loss from
the gastric perfusion medium were not altered by ablation of
sensory neurons .

Additional proof that the blood flow response to acid back
diffusion is mediated by neurons came from experiments in which
the drug tetrodotoxin (60 ngjmin), ablocker of nerve conduc
tion, was infused close arterially to the stomach (Holzer et
al., 1990a). When Krebs buffer as the vehicle was administered,
disruption of the mucosal barrier in the presence of acid was
followed by the usual increase in gastric mucosal blood flow.
Tetrodotoxin suppressed this blood flow increase and aggravated
gross damage in the gastric mucosa. The mean arterial blood
pressure was not significantly affected by this dose of tetrodo
toxin (Holzer et al., 1990a). As reported previously (Bruggeman
et al., 1979), atropine failed to change the gastric blood flow
response to acid back-diffusion indicating that postganglionic
parasympathetic neurons or cholinergic vasodilator neurons of
the enteric nervous system are not implicated. Also unlikely is
an involvement of the sympathetic nervous system since stimula
tion of sympathetic efferent neurons causes mucosal vasocon
striction (see Guth and Leung, 1987). However, the inhibitory
effect of tetrodotoxin indicates that the rise in blood flow due
to acid back-diffusion relies on nerve conduction. It would
seem, therefore, that acid back-diffusion is sensed by capsai
ein-sensitive sensory nerve endings which in turn signal for an
increase in blood flow to the mucosa by way of a reflex me
chanism. This process may be brought about by sensory neurons
only, the vasodi lator response being the result of an "axon re
flex" (Holzer, 1988), or involve effector neurons of the enteric
and/or autonomie nervous system that do not utilize norepineph
rine or acetylcholine, acting via muscarinic receptors, as their
transmitters.

Summary and Perspectives

The findings reviewed here put a new perspective on how me
chanisms of gastric mucosal resistance to injury are called into
operation and coordinated by the nervous system. Certain chemo
sensitive neurons in the stomach play a physiologie role in mo
nitoring the presence of potentially or actually injurious fac
tors in the superficial mucosa. Once activated they strengthen
gastric mucosal defense against deep injury, a key process in
this respect being an increase in blood flow through the gastric
mucosa. Facilitated blood flow is likely to facilitate a variety
of gastric protective mechanisms. On the one hand, increased
blood flow will add to the removal of· injurious factors from the
mucosa. On the other hand, enhanced blood flow will promote or
support a wide range of processes that either reduce the vulner
ability, or aid the repair, of the gastric mucosa (Gannon et
al., 1982; Guth and Leung, 1987; Silen, 1987). Facilitation of
mucosal blood flow thus can be seen as a central governing me
chanism of gastric mucosal protection. This mechanism is under
the control of sensory neurons which are on the watch for inju
rious factors such as acid.
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Our findings in the stomach are consistent with the evidence
that capsaicin-sensitive sensory neurons regulate loeal blood
flow in various regions of the gastrointestinal system (Rezsa et
al., 1988; Rezsa and Jaeobson, 1989; Thiefin et a1., 1989). AI
though blood flow appears to be a major target that is under the
control of sensory neurons, a number of other processes that
have a bearing on gastric mucosal integrity also may be regula
ted by these neurons. There is increasing evidence that sensory
neurons and their neuropeptide mediators subserve atrophie role
in certain cells or tissues (see Holzer, 1988). Furthermore,
sensory nerve endings are in close contact with components of
the immune system (Fink and weihe, 1988; Popper et al., 1988)
suggesting that functions of the immune system are regulated by
sensory neurons (see Payan et al., 1984; Stead et al., 1987;
Holzer, 1988). It would be worth examining whether these func
tional aspects of sensory neurons are relevant for restitution
and healing of damaged gastric mucosa. A completely new perspec
tive opens up if one considers that the long-term integrity of
the gastric mucosa may be under the subtle control of the ner
vous system and that, vice versa, improper functioning of these
neural control mechanisms may predispose to gastric ulcer di
sease.
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It has been recognized since the beginning of the century
that many gastric functions are independent of the extrinsic
nervous innervation but can be modulated through these nerves by
mechanisms involving afferent fibers. The visceraI afferent in
nervation may regulate gastric function in at least two ways:
first, by initiating reflexes mediated through the CNS, vago
vagal reflexes and secondly, producing changes in function
through local effector mechanisms. In the following article,
experimental evidence will be presented to suggest that vagal
afferents regulate several gastric functions, including the gas
tric phase of acid secretion and mucosal blood flow, the central
modulation of vago-vagal reflexes and postprandial gastric motor
function.

Functional Ablation of Vagal Afferents by Perineural Capsaicin

Many previous studies have investigated the role of afferent
fibers in the regulation of gastric function by sectioning the
vagus; as it is a mixed sensory and motor nerve, interpretation
of the data from these studies is difficult. The apparent ab
sence of a reflex after nerve section could simply be due to the
removal of vagal efferent "tone". In the present studies, the
technique of applying the sensory neurotoxin, capsaicin, to the
vagus nerve has been used to functionally ablate vagal affer
ents.

Local application of capsa~c~n directly onto the nerve re
produces many of the functional and morphological effects of
adult systemic treatment, but has the advantage of defining the
nerve pathway of interest and avoids central nervous system ef
fects. Jansco et al . (1980) observed that both systemic adminis
tration and local application of capsaicin to the saphenous
nerve prevents neurogenie inflammation in response to electrical
stimulation of the nerve. Capsaicin application to the sciatic
nerve in rats results in a depletion of peptides and other mar
kers for afferent C-fibers in central and peripheral terminal
fields (Ainsworth et al., 1981~ Buck and Burks, 1986) and redu
ces postsynaptic responses in the spinal cord in response to ac
tivation of C-fibers (Wall and Fitzgerald, 1981). Perineural
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application of capsaicin to the saphenous nerve reduces the C
fiber compound action potential from seven days for up to 3-4
months after treatment (Lynn, 1987). There is evidence for simi
lar functional and morphological changes following application
of capsaicin to visceral nerves, such as the vagus. Perineural
application of capsaicin results in a marked loss of C-fibers at
the site of capsaicin application and 1 cm proximal to the site
(Dinn and Ritter, 1985). Perineural application of capsaicin to
the vagus nerve inhibits axonal transport of peptides including
substance P and somatostatin (Gamse et al., 1984) and greatly
reduces the cardiovascular and respiratory reflex responses to
intravenous injection of capsaicin (Jansco and Such , 1983).

We have used perineural application of capsaicin to the cer
vical vagus nerves to functionally ablate the vagal afferent
pathway to the upper gastrointestinal tract. A 1% capsaicin so
lution or its vehicle (10% Tween 80 in olive oil) was applied to
both cervical vagi for 30 minutes 7-20 days before experiments.
Perineural treatment of the vagus nerves will result in deple
tion of peptides in the peripheral terminal fields; 80-90% of
the calcitonin gene-related peptide (CGRP) and substance P (SP)
in the lungs is of extrinsic vagal sensory origin and is reduced
by perineural capsaicin application (Lundberg and Saria, 1987).
However, in the stomach, combined immunohistochemical and retro
grade tracing techniques have demonstrated that only 2-5% of the
vagal afferents to the stomach contain the sensory peptides CGRP
and SP (Green and Dockray, 1988; sternini et al., 1987). Thus
measurement of these peptides in gastric tissue after peri
neural capsaicin treatment does not provide any information on
the effectiveness of the lesion produced by capsaicin. The chan
ges in gastric motility and acid secretion in response to elec
trical stimulation of the peripheral vagus are not modified by
perivagal capsaicin pretreatment (Raybould and Tache, 1988;
Thiefin et al., 1990). In addition, the bradycardia induced by
e1ectrica1 stimulation of the cervical vagus is una1tered by pe
rivaga1 capsaicin treatment (Yoneda and Raybou1d , unpub1ished
resu1ts). These observations suggest that the vagal efferent
pathway is functionally unaltered by the perineural application
of capsaicin .

VAGAL AFFERENT FIBERS AND GASTRIC MUCOSAL FUNCTION

Vago-Vagal Reflexes - Peripheral Modulation

The gastric phase of the gastric acid response to a meal is
mediated partly through a distension-sensitive mechanism and
partly through the presence of nutrients (Debas, 1987). The se
cretory response to gastric distension induced by isotonic sa
line or an air-filled balloon is markedly reduced by vagotomy
(Schiller et al., 1980; Feldman et al ., 1979). Distension of the
intact stomach in dogs produces a vagally-dependent increase in
gastric acid secretion in the absence of alterations in serum
gastrin concentration (Debas et al., 1974). Since the absence of
tonic vaga1 efferent discharge fol1owing vagotomy alters the re
sponse of the parietal cell to other hormonal and paracrine fac
tors, we examined the role of vagal afferent innervation in the
gastric acid secretory response to gastric distension in rats in
which the vagal afferents were functionally ablated by perineu
ral application of capsaicin (Raybould and Tache, 1989).
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Capsaicin treatment had no effect on basal gastric acid se
cretion measured in urethane-anesthetized rats with acute gas
tric fistulas 7-21 days after treatment of the vagus nerves with
capsaicin compared to rats in which the vagi were treated with
the vehicle alone. Distension of the stomach with 5 ml of saline
for 6 minutes in vehicle-treated rats produced a marked stimula
tion of gastric acid secretion to 6.2 times basal gastric acid
secretion; this response lasted for 10 min. The secretory re
sponse following gastric distension was s ignificantly reduced by
40% in capsaicin-treated rats (Figure 1). Gastric distension re
peated after bilateral cervical vagotomy produced a small, but
significant, increase in gastric acid secretion ; however, there
was no significant difference between the vehicle and capsaicin
treated groups suggesting that the vagally-mediated portion of
the response was capsaicin-sensitive. In order to establish that
the decrease in gastric acid secretion induced by gastric dis
tension was not due to a non-specific alteration of the mucosa
to secrete acid, the effects of capsaicin pretreatment on the
secretory response to secretagogues was also studied. In the
same experimental paradigm, the secretory response to adminis
tration of a cholinergic agonist, bethanechol (0.5 mgjkg sub-
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Fig. 1. The effect of perivagal capsaicin pretreatment on the
gastric acid secretory response to gastric distension
(gd). Capsaicin or vehicle was applied to both cervical
vagi under pentobarbitone anesthesia 7-14 days prior to
experiments. The secretory response to gastric disten
sion was measured before and again after bilateral va
gotomy in urethane-anesthetized rats via a double lumen
gastric cannula placed in the forestomach and conti
nuous titration of the gastric contents to pH 7.0. Gas
tric distension (5 ml for 6 min) significantly in
creased gastric acid secretion in both groups (#
p<O.Ol). Capsaicin pretreatment significantly atten
uates the response to distension (# p<0.05 vehicle vs
capsaicin treated groups). The response to gastric dis
tension was significantly reduced by vagotomy in vehi
cle- but not capsaicin-treated rats; following vagotomy
there was no significant difference in the response to
distension between the two groups. Basal gastric acid
secretion was unaltered by capsaicin treatment; vagoto
my decreased basal gastric acid secretion in both
groups but this only reached statistical significance
in vehicle-treated rat (** p<0.05). Each column repre
sents mean ± SE. From Raybould and Tache, 1989 .
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Fig. 2. Effect of perivagal capsaicin pretreatment on the se
cretory response to peripheral secretagogues. Gastric
acid secretion was measured in urethane anesthetized
rats by a double lumen catheter in the forestomachi the
gastric contents were flushed every 10 min with two 5
ml volumes of saline and acid secretion measured by ti
tration with 0 .1 N NaOH. Capsaicin pretreatment signi
ficantly reduced the secretory response to histamine
(e) but the response to bethanecho1 (A) and pentagas
trin (B) were unaltered. Each point represents mean ±
SE, 4-8 rats in each group. From Raybould and Tache,
1989.
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cutaneous~y) or pentagastrin (15 ~g/kg per h intravenously) were
unaltered by capsaicin pretreatment. However, the secretory re
sponse following subcutaneous administration of histamine (5 mg/
kg) was reduced by 42% by capsaicin pretreatment (Figure 2).

These results indicate that capsaicin-sensitive vagal affer
ent fibers partially mediate the increase in gastric acid secre
tion in response to histamine and to gastric distension. How
ever, the sensitivity to other secretagogues is unaltered, sug
gesting that functional ablation of vagal afferents does not
alter the ability of the parietal cells to secrete acid. These
results support the hypothesis that gastric distension increases
gastric acid secretion by a vago-vagal reflex, the afferent arm
of which is capsaicin-sensitive . The mechanism by which capsai
ein-sensitive vagal afferent fibers participate in the secretory
response to histamine is at present unclear. This result con
firms that of Alfoldi et al . (1986) who demonstrated that the
secretory response to histamine, but not pentagastrin or betha
nechol, in awake gastric fistula rats was markedly reduced by
systemic capsaicin pretreatment. Histamine receptors have been
identified electrophysiologically on nodose ganglion cells of
the rabbit (Higashi, 1986). Thus histamine may stimulate vagal
afferents and increase gastric acid secretion in part by a vago
vagal reflex, similar to that for gastric distension.

Vago-Vagal Reflexes - Central Modulation

Gastric acid secretion in response to intravenous injection
of 2-deoxy-D-glucose, which acts via activation of vagal reflex
pathways, is reduced by systemic capsaicin treatment (Evangeli
sta et al., 1989). It is well-established that injection of thy
rotropin releasing hormone (TRH) or its stable analog, RX77368,
into the cerebrospinal fluid or specific medullary nuclei in
creases gastric acid secretion, motor function, emptying, muco
sal blood flow, gastric erosions and release of luminal seroto
nin and histamine via activation of a vagal cholinergic pathway
(Taehe et al., 1989). The action of TRH to stimulate gastric
acid secretion may involve central modulation of vago-vagal re
flexes (McCann et al., 1989; Rogers and McCann, 1989). There
fore, we investigated the effect of vagal sensory denervation u
sing capsaicin on the gastric responses following intracisternal
administration of the stable TRH analog, RX77368 (Raybould et
al., 1990) .

Gastric acid secretion was measured in urethane-anesthetized
rats with an acute gastric fistula. Perineural capsaicin treat~
ment of the vagus significantly reduced the secretory response
to a submaximal dose of RX77368 (30 ng). The secretory response
to intracisternal (i.c.) injection of RX77368 was reduced by 60%
by capsaicin pretreatment (Figure 3). In experiments where gas
tric acid secretion and motor function were measured concomi
tantly, it was found that perivaga1 capsaicin treatment had no
significant effect on the amplitude or frequency of basal gas
tric contractions and had no effect on the increase in gastric
motor function produced by central administration of RX77368
(Table 1, Figure 3) . In contrast, the gastric acid secretory re
sponse at all effective doses of RX77368 (3-30 ng) was reduced
in capsaicin-treated compared with vehicle-treated rats (Figure
3). The degree of inhibition was 56%, 21%, and 51% for doses of
3, 10 and 30 ng respectively. We have shown previously that
intracisternal TRH-induced increase in the rate of gastric
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TABLE 1
Effect of intracisternal injection of RX77368, a stable TRH
analog, on gastric motor function in vehicle- and capsaicin
treated rats

Treatment8 Dose Motility Indexb

(ng) Vehicle capsaicin

Basal 6.7± 2 .7 6.9± 1.0
RX77368 1 9 .0± 2.6 8.1± 1.3
RX77368 3 21.1±11. 5* 12.6± 3.4*
RX77368 10 28.1± 8.8* 48.7±13.3*

a: Fasted rats were anesthetized with urethane and implanted
with a manometrie catheter into the gastric corpus through the
pylorus; a further double lumen cannula was placed in the sto
mach through the rumen for simultaneous measurement of gastric
acid secretion. RX77368 was injected intracisternally in step
increments (1-10 ng) in 5 rats.
b: Motility index calculated as area under the curve of the
trace of intraluminal pressure. Mean ± SE. *p<O.Ol significantly
different from basal.

emptying of liquids in conscious rats is unaltered by perivagal
capsaicin treatment (Raybould and Tache, 1988) . Thus, capsaicin
sensitive vagal afferent fibers are involved in the acid secre
tory response to central administration of TRH analog, but not
in the changes in gastric motor function.

Central administration of TRH increases gastric mucosal
blood flow (Thiefin et al., 1989). Since increases in gastric
acid secretion are often accompanied by increases in mucosal
blood flow (Guth and Leung, 1989), we studied the effect of pe
rineural capsaicin treatment on the increase in gastric mucosal
blood flow induced by central administration of TRH analog. Gas
tric mucosal blood flow (GMBF) was measured in urethane-anesthe
tized rats using the hydrogen gas clearance technique (Leung et
al., 1984). There was no significant difference in the basal
GMBF between vehicle and capsaicin pretreated rats. Injection of
RX77368 (30 ng i.c.) in vehicle-treated rats increased GMBF and
this increase was significantly reduced in capsaicin-treated
rats by 65% (Figure 4) . The gastric acid secretory response to
RX77368 i.c. measured concomitantly with GMBF was also reduced
by 65% in capsaicin-treated rats.

These results show that the gastric acid secretory response
and increase in gastric mucosal blood flow in response to a sta
ble TRH analog, RX77368, injected at a submaximal dose (30 ng)
in urethane-anesthetized rats is decreased by 61-65% and 65% re
spectively by lesion of capsaicin-sensitive vagal afferent
fibers. In contrast, the stimulatory effect of intracisternal
RX77368 on gastric motor activity is not modified by perineural
capsaicin treatment . Therefore, capsaicin-sensitive vagal
afferent fibers are necessary for full expression of the secre
tory and vascular responses to TRH, but not in the changes in
gastric motor function .

Recent electrophysiological data has shown that the dis
charge of around 50% of neurons in the nucleus of the solitary
tract, the region where vagal afferents terminate, that received
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Fig. 3. The effect of intracisternal (i.c .) administration of
the stable TRH analog, RX77368, on gastric secretory
and motor function in urethane-anesthetized rats. Gas
tric motor function was measured manometrically simul
taneously with gastric acid secretion. Injection of
RX77368 increased gastric acid output and the amplitude
of phasic gastric contractions (*p<0.01 RX77368
stimulated vs basal). Perivagal capsaicin treatment had
no effect on basal secretory or motor function but sig
nificantly reduced the gastric secretory response to
RX77368 (# p<O.Ol vehicle- vs capsaicin-treated
groups). In contrast, the increase in amplitude of pha
sie gastric contractions induced by RX7768 was unalte
red by capsaicin pretreatment. Each point represents
mean ± SE. From Raybould et al., 1990.

an input from the stomaeh, was inhibited by microinjection of
TRH, regardless of whether the discharge of the neuron was inhi
bited or excited by gastric distension (Rogers and MCCann,
1989). In addition, the neuronal response to gastric distension
was abolished by microinjection of TRH. These observations sug
gest that TRH acts to stimulate gastric function by increasing
the discharge of vagal preganglionic neurons and also by modula
ting the sensory arm of vago-vagal reflexes. Thus, perivagal
capsaicin may remove the vagal afferent pathway upon which TRH
acts and thus results in a diminution of the gastric response.

It is also possible that the reduction in the gastric acid
secretory response to TRH by lesion of capsaicin-sensitive vagal
afferents is the result of some alteration in the peripheral
rather than central mechanisms involved in stimulation of gas
tric acid secretion and gastric mucosal blood flow. It is weIl
established that the stimulatory action of TRH on gastric acid
secretion, motility and blood flow are all cholinergic (Taehe et
al., 1989). Recent evidence indicates that TRH releases hista
mine into the gastric lumen and portal blood (Yanigasawa et al.,
1990); the gastric acid secretory response to i.c .TRH i s reduced
by around 62% following administration of the specific H2 anta
gonist cimetidine suggesting that histamine may play a role in
the gastric acid response to central TRH . Therefore, it is pos
sible that the reduction in the secretory and vascular responses
following administration of the TRH analog may be explained by a
reduction in the response to histamine. Alternatively, the
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Fig. 4. The effect of perivagal capsaicin treatment on the in
crease in gastric mucosal blood flow (GMBF) in response
to intracisternal injection of the stable TRH analog
RX77368 (30 ng) . GMBF was measured in urethane-anesthe
tized rats by the hydrogen gas clearance technique with
the needle electrode inserted into the basal portion of
the gastric mucosa. Gastric acid secretion was measured
concomitantly. Blood flow and acid secretion were de
termined for a 15 min period before and again after ad
ministration of RX77368. There was no significant dif
ference in basal GMBF in vehicle- and capsaicin-pre
treated rats. Intracisternal administration of RX77368
increased gastric GMBF (*P<0.01) in both groups. How
ever, the response to RX77368 was reduced by 65% in the
capsaicin-pretreated group (#p<0 .05 vehicle- vs capsai
cin-treated group). In these same rats, the gastric
acid response to RX77368 was also reduced by 65%. Re
sults expressed as mean ± SE. From Raybould et al .,
1990.

decreased vascu1ar response to central administration of RX77368
by perineural capsaicin treatment may limit the magnitude of the
secretory response. Previous studies have shown an increase in
blood flow in association with increases in gastric acid secre
tion, presumably to meet the higher metabolie requirements of
the tissue (Guth and Leung, 1989).

Vagal Afferents and Local Effector Mechanisms

Evidence is accumulating that in addition to transmission of
sensory information, afferent nerve endings mayaIso subserve a
local effector role (Holzer, 1988); the evidence is best for
their role in the regulation of the vasculature. Antidromic ac
tivation of sensory nerve fibers induces vasodilation in various
tissues including skin, tooth pulp and nose (Holzer, 1988). The
release of neuropeptides from peripheral sensoryendings may
produce these vascular changes. A similar phenomenon has been
proposed for sensory nerve endings in the regulation of gas
trointestinal blood flow (Holzer, 1988). Electrical stimulation
of the peripheral cut end of the vagus nerve increases gastric
blood flow in cats (Martinson, 1965), dogs (Peter et al., 1963;
Swan and Jacobsen, 1967) and rats (Yano et al., 1983) and di
lates gastric submucosal arterioles in rats and cats (Guth and
smith, 1977). The prompt increase in gastric mucosal blood flow
(Yano et al., 1983) and gastric submucosal arteriolar diameter

116



(Guth and Smith, 1977) after the onset of vagal stimulation sug
gests a direct vasodilator effect of vagal activation, not se
condary to augmented acid secretion. The vascular response to
electrical stimulation of high-threshold vagal fibers partly in
volves a non-cholinergic pathway (Martinson, 1965~ Morishito and
Guth, 1986~ Vagne et al., 1982). We investigated a possible con
tribution of peptidergic vagal afferent fibers in the gastric
vascular response to electrical vagal stimulation.

Gastric mucosal blood flow (GMBF) was measured by hydrogen
gas clearance in urethane-anesthetized rats pretreated with
either capsaicin or vehicle to the vagus nerves. Electrical sti
mulation of the peripheral cut end of the sUbdiaphragmatic vagus
nerve significantly increased GMBF and gastric acid secretion in
both capsaicin- and vehicle-pretreated rats (Figure 5). This in
crease in GMBF in response to vagal stimulation was significant
ly reduced by 48% in capsaicin-pretreated rats. Gastric acid se
cretion was significantly increased in both groups but there was
no significant difference in the acid response between the two
groups of animals. Electrical vagal stimulation in rats treated
with atropine to block vagal efferent pathway GMBF was signifi
cantly increased in the vehicle group~ in contrast, there was a
small but not significant increase in GMBF in the capsaicin
treated group. In both groups , atropine completely abolished the
secretory response to electrical vagal stimulation. These
results demonstrate that the non-cholinergic increase in GMBF
induced by electrical vagal stimulation, which represented
around 25% of the vascular response, is mediated through activa
tion of capsaicin-sensitive vagal afferent fibers. However,
these fibers do not contribute to the gastric secretory response
to electrical vagal stimulation.

The mechanism by which capsaicin-sensitive vagal afferent
fibers mediate part of the vascular response to electrical vagal
stimulation may be through antidromic stimulation resulting in
release of mediator substances from nerve terminals. Neuropepti
des can be released from sensory nerve endings and are pro
posed to be mediators of this vascular effect (Holzer, 1988:
Rozsa et al., 1985). Candidate substances that may mediate the
non-cholinergic increase in GMBF induced by electrical vagal
stimulation include calcitonin gene-related peptide (CGRP), sub
stance P and vasoactive intestinal peptide (VIP). These peptides
are present i n 2-5% of vagal afferent fibers (Green and Dockray,
1988; sternini et al, 1987) and both VIP and substance P are re
leased from the stomach in response to electrical stimulation of
the vagus nerve (Pederson et al., 1981). Recently it has been
demonstrated that CGRP can be released from the vascularly per
fused stomach by intra-arterial administration of capsaicin
(Holzer et al., 1990). These peptides exert a vasodilator effect
in different vascular beds and in particular, intra-arterial
injection of a-CGRP and VIP, unlike substance P and neurokinin
A, increases gastric mucosal blood flow (Bauerfeind et al.,
1989; Holzer et al., 1990).

VAGAL AFFERENT FIBERS AND GASTRIC MOTOR FUNCTION

The emptying of meals from the stomach is regulated by che
moreceptive mechanisms in the intestine. These mechanisms are
capable of producing selective responses to different meal com
ponents. Intraduodenal infusion of acid, fatty acids, fats, car
bohydrates, amino acids or proteins have all been shown to alter
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Fiq. 5. Effect of electrical stimulation of the vagus nerve on
gastric acid secretion and gastric mucosa1 b100d f10w
(GMBF) in capsaicin-treated rats. GMBF was measured
using the hydrogen gas clearance technique. Each point
or bar represents mean ± SE of 8 rats in each group.
The effects of electrical vagal stimulation were stu
died twice, before (VS1) and again after administra
tion of atropine (VS2). Increased GMBF during VSl was
significant1y increased in both vehicle- and capsaicin
treated rats (*p<0.05 compared with previous basal
value in the same group); however, the response was
significantly reduced by capsaicin pretreatment (#
p<0.05) . Following atropine, in the vehicle-treated
groups VS2 significant1y increases GMBF (**p<0.05). VS2
significantly lower during VS2 than VS1. In contrast,
there is no significant increase in GMBF in the capsai
ein treated group. From Thiefin et al., 1990.

gastroduodenal motor function and de1ay gastric emptying. The
action of different nutrients to delay gastric emptying may be
mediated by both neural and hormonal pathways.

Neural Mechanisms

Malagelada has provided evidence for reflex control of gas
tric motility from the duodenum in conscious dogs (De Ponti and
Malagelada, 1987; Azpiroz and Malagelada, 1986). Duodenal acid
perfusion or distension decreases proximal gastric motility and
there is good evidence that in the dog this is mediated through
a vagal non-adrenergic, non-cholinergic pathway. Duodenal infu
sion of different components of a meal also produce changes in
gastric motility . In conscious dogs, intestinal perfusion with
an isotonic mixture of protein, fat and carbohydrate decreased
gastric tone by a vago-vagal non-adrenergic, non-muscarinic
pathway (Azpiroz and Malagelada, 1986). In these studies, vagal
efferent tone was replaced by continuous infusion of cholinergic
agonist .

The nature of the afferent signals that may constitute the
afferent arm of these reflex alterations in gastroduodenal moti
lity have been studied electrophysiologica1ly in single fiber
studies or extracellular recordings from nodose ganglion cells
(for reviews see Grundy and Scratcherd, 1989; Mei, 1985) . Two
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types of mechanoreceptor have been identified in the wall of the
gastrointestinal tract, in the muscle and mucosa . The receptors
localized in the muscle respond to distension and active con
traetion of the muscle. Due to their ability to respond to both
isometrie and isotonic contractions they are considered to be in
series tension reeeptors . speeific ehemoreceptors have been
identified in the intestine of the cat, ineluding glueoreeep
tors, amino acid receptors, lipid and acid receptors. However,
many of these ehemoreeeptors also exhibit meehanieal sensitivi
ty. It has been proposed that the response of these afferents to
chemical stimulants is a result of loeal ehanges in museIe ten
sion produeed by the stimuli and that the afferent fiber dis
charge is a result of local mechanical changes rather than che
mieal sensitivity.

Hormonal Mechanisms

In addition to neural pathways involved in the intestinal
feedback inhibition of gastric function, there is evidence for a
role of CCK in the regulation of postprandial gastrie motor fun
etion. CCK is a potent inhibitor of gastrie emptying of both li
quids and solids in several speeies ineluding man. In man, re
produetion of postprandial plasma levels of CCK by infusion of
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vagotomy on the decrease in intraluminal pressure indu
eed by intravenous administration of CCK-8 (33 pmol).
Eaeh eolumn represents mean ± SE of 6 rats in eaeh
group . Gastric motility was measured manometrically in
urethane-anesthetized rats in whieh the vagus nerves
had been treated with either vehicle or eapsaicin 7-14
days before experiments. Intravenous injection of CCK
decreases intraluminal pressurei removal of the celiac
superior mesenteric ganglion in vehiele-treated rats
decreased the response to CCK (** p<O.01)i subsequent
vagal seetion abolishes the response. In contrast, in
eapsaiein-treated rats, the response is signifieantly
redueed compared to vehiele treated eontrols (**
p<O.01)i in addition, removal of the eeliae-superior
mesenteric ganglion alone abolishes the response to
CCK. From Raybould and Tache, 1988.
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the exogenous peptide delayed gastric emptying (LiddIe et al.,
1986). In the dog, the dose of CCK-8 required to inhibit gastric
emptying was the same as the EDso for stimulation of pancreatic
secretion and gallbladder contraction (Debas et al., 1975).
These observations are consistent with a physiological role for
CCK in the regulation of post-prandial gastric emptying. Re
cently, this hypothesis has been directly tested with the use of
specific and potent CCK antagonists. Administration of L364,718,
a potent CCK receptor antagonist for the peripheral type recep
tor (the "A" receptor), reverses the inhibition of gastric
emptying following intragastric protein in the rat (Green et
al., 1989) . The effects of a mixed nutrient or glucose meal on
gastric emptying was reversed by administration of the CCK anta
gonist loxiglumide in man (Fried et al ., 1989) .

Vagal Afferent Fibers and Hormonal Mechanisms

Recently, we have obtained evidence that CCK released
postprandially may act via stimulation of a vagal afferent
pathway to modify gastric function and that this may be an im
portant mechanism in intestinal feedback regulation of gastric
emptying (Raybould, 1990). CCK decreases proximal gastric moti
lity (Raybould et al., 1987) but enhances antral and pyloric
contractions (Murphy et al., 1987). In dogs, both of these ef
fects seem to be important for CCK to inhibit gastric emptying
(Yamagishi and Debas, 1978). Pyloroplasty and antrectomy inhibit
the action of low doses of CCK but higher doses are still effec
tive and abolished only by vagotomy. However, in the rat, the
action of CCK on gastric emptying was unimpaired by pyloric re
section or pyloroplasty (Smith et al., 1988) . until recently,
the mechanism by which CCK inhibits proximal gastric tone was
unclear although there is evidence that it is partially depen
dent on the integrity of the vagus nerve (Okike and Kelly,
1977). Exogenous administration of sulphated cholecystokinin
octapeptide (CCK-8) in urethane-anesthetized rats decreases in
tragastric pressure in the proximal stomach by pathways invol
ving both the vagal and splanchnic nerves; the vagal pathway is
non-adrenergic and hexamethonium-sensitive suggesting CCK is
acting via a vago-vagal reflex (Raybould et al ., 1987).

In urethane-anesthetized rats pretreated with perivagal ap
plication of capsaicin, the decrease in intraluminal pressure
produced by CCK (0.1-100 pmol i.v.) was reduced by 44-69% (Ray
bould and Tache, 1988). In these rats, sympathetic denervation
completely abolished the residual response to CCK, suggesting
that perivagal capsaicin treatment removed the vagal reflex
pathway by which CCK decreases proximal gastric motility (Figure
6). The role of the vagal afferent pathway in CCK-induced delay
in gastric emptying of a non nutrient liquid meal was also stu
died. In normal rats and in rats in which the vagus had been
pretreated with vehicle, intravenous administration of CCK (300
pmol) inhibited the emptying of liquid meal by 55%, 20 minutes
after orogastric administration of the liquid (Figure 7). Peri
vagal capsaicin treatment completely abolished the CCK-induced
delay in gastric emptying. These results suggest that CCK acts
via a vagal afferent pathway to decrease gastric motility and
that this pathway is important in mediating the CCK-induced
delay in gastric emptying . Perivagal capsaicin treatment alone
significantly increased the rate of gastric emptying; this sug
gests a tonic action of the vagal afferent fibers to delay
gastric emptying. The action of capsaicin was specific for CCK
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Fig. 7. Effect of perineural treatment of vagus nerves with ca
psaicin on the CCK-induced delay in gastric emptying in
conscious rats . CCK-8 was administered intravenously
under light ether anesthesia 5 min before administra
tion of the liquid meal and gastric emptying measured
after 20 mine CCK-8 (300 pmol) significantly reduced
the rate of gastric emptying in both control and vehi
cle-treated rats compared to administration of BA (bo
vine serum albumin) (**p<0.002). Perivagal capsaicin
treatment 7-14 days before experiments abolished the
delay in gastric emptying induced by CCK (*p<O.002); in
addition, this treatment alone significantly increased
gastric emptying (*p<O .05). Each column represents mean
± SE of the number of rats indicated at the base. From
Raybould and Tache, 1988 .

and had no effect on atropine- or CRF-induced delay of gastric
emptying (Raybould and Tache, 1988; Raybould et al., 1990).

Electrophysiological Evidence for Sensitivity of Vagal Afferents
to CCK

Candidate CCK receptor populations for the mediation of
changes in gastric motility and emptying have been identified on
the vagus nerve. CCK binding sites have been demonstrated on the
vagus nerve and to be transported towards the periphery (Zarbin
et al., 1981). More importantly, these binding sites occur on
all sUbdiaphragmatic branches of the vagus (Moran et al., 1987).
These receptor sites are of the peripheral subtype (A receptors)
as binding with CCK-8(s) is not displaced by the desulfated pep
tide (Moran et al., 1987). CCK binding sites are relatively spe
cific to the vagus nerve since no sites are found on the rat
sciatic nerve. High affinity binding sites for CCK have been de
monstrated in the caudal subnucleus of the NTS, the site of cen
tral termination of vagal afferent fibers (Ladenheim et al.,
1988). Unilateral nodose ganglionectomy produced a marked reduc
tion in the density of CCK binding sites in the medial NTS on
the ipsilateral side. This suggests that these putative CCK re
ceptors are of vagal origin and that they may be located on
vagal afferent fibers. Since the inhibition of gastric emptying
by CCK is not abolished by resection of the pylorus but is abo
lished by perivagal capsaicin, it is suggested that CCK binding
sites on vagal afferent fibers are important for mediating its
action on gastric motor function. In the intestine it appears,
at least in ferret and sheep, that the action of CCK on polymo-
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dal receptive endings (i.e. endings responding to both mechanica]
and chemical stimuli) is secondary to changes in smooth muscle
tone (Cottrell and Iggo, 1986). Increased afferent fiber di
scharge in response to CCK in an in vitro preparation of the
sheep intestine is abolished when smoothmuscle contraction is
inhibited by hexamethonium or adrenergic agonists (Cottrell and
Iggo, 1986). However, rat gastric mechanoreceptors seem to be
directly stimulated by exogenous CCK (Davison and Clarke, 1988;
Raybould and Davison, 1989). Intravenous administration of CCK
(2-4 nmoljkg) stimulated the discharge of gastric mechanorecep
tor despite a decrease in intraluminal pressure. However, in
vagal capsaicin-treated rats, the units still responded to gas
tric distension but there was no response to CCK (Raybould and
Davison, 1989).

capsaicin-sensitive Vagal Afferents and Duodenal Nutrients

Physiological saline, then nutrients, were infused at 37°C
at 0.05 mljmin into the duodenum immediately distal to the pylo
rus and drained 4-5 cm distal to the pylorus. Intraduodenal in
fusion with peptone, casein, acid, glucose or soya bean trypsin
inhibitor (SBTI) decreased baseline gastric intraluminal pres
sure and the height but not the frequency of phasic contractions
of the gastric corpus. We examined the afferent pathway that me
diates the effects of intraduodenal nutrients by using perineu
ral application of capsaicin. Perivagal application of capsaicin
significantly reduced the effects of peptone, glucose and SBTI
on gastric motility by 42%, 68% and 99% respectively (Figure 8).
Thus it seems that intraduodenal peptone and glucose inhibit ga
stric motility by a capsaicin-sensitive vagal afferent pathway.

The decrease in proximal gastric motility in the urethane
anesthetized rat is mediated via an action of CCK at an "A" type
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Effect of perivagal capsaicin treatment on the decrease
in gastric motility induced by introduodenal infusion
of nutrient. Gastric motor function was measured mano
metrically in urethane-anesthetized rats and cannulas
were placed in the duodenum 0.5 and 4-5 cm distal to
the pylorus to infuse and drain infusates respectively.
Infusion of saline (0.1 mljmin at 37°C was replaced by
peptone (9%), glucose (10%) or soya bean trypsin inhi
bitor (0.02%, SBTI). perivagal capsaicin treatment de
creased the nutrient induced decrease in gastric moti
lity. Each column represents mean ± SE of 6-8 rats.



receptor site since administration of the CCK "A" receptor anta
gonist, L364,718 abolished the action of low doses of CCK and
markedly reduced that of higher doses. The effect of exogenous
administration of CCK on gastric emptying is also abolished by
CCK "A" receptor antagonists (Green et al. , 1988; Lotti et al. ,
1987; Pendleton, 1987). The effect of release of endogenous CCK
from endocrine cells and subsequent increases in plasma levels
of CCK on proximal gastric motility was studied using intraduo
denal infusion of nutrients . We infused nutrients that should
increase plasma levels of CCK, that is, casein (18%), peptone
(9%) and SBTI (0.2%) and nutrients that do not: glucose (10%)
and acid (O.lN HCI) (LiddIe et al., 1986) . The response to duo
denal peptone, casein, SBTI were inhibited by 82%, 73% and 74%
respectively following administration of the CCK "A" receptor
antagonist L364,718 (0.1 mg/kg intraperitoneally). However, the
response to glucose and acid were unaltered by administration of
the antagonist (decrease in gastric motility reduced by 25% and
5%). Thus nutrients shown to increase plasma levels in the rat
(protein and SBTI) act to decrease gastric motility via a CCK
sensitive mechanism.

SUMMARY

In this article, we have presented evidence that vagal
capsaicin-sensitive afferent fibers are involved in the regula
tion of gastric mucosal and motor function. Gastric acid secre
tion stimulated by gastric distension, histamine and central
injection of TRH analog are all partly dependent on vagal
capsaicin-sensitive afferent mechanisms. It is possible that as
vagal efferent activity releases histamine, the common final
pathway is the reduction in the response to histamine. At pre
sent, it is unclear as to the mechanism by which capsaicin
sensitive afferents are involved in the secretory response to
histamine. with regard to the gastric acid and mucosal blood
flow responses to TRH, it is not clear whether the sensory neu
rons represent a component of the efferent pathway that is ac
tivated by TRH or whether their role is to set the sensitivity
of, or exert feedback control on this efferent pathway. As peri
neural capsaicin application decreases peptide content in the
peripheral terminal fields of sensory neurons and these peptides
may produce local effector functions within the tissue, it is
possible that alterations in the gastric responses to TRH result
from a decrease in the loeal effector functions of vagal neu
rons. From the experiments on electrical stimulation of the
vagus nerve, it is evident that antidromie stimulation of vagal
afferents can stimulate gastrie mucosal blood flow, although
under these experimental eonditions there was no evidence for a
capsaicin-sensitive stimulation of gastric acid secretion. The
physiological relevanee of this stimulation of gastric mucosal
blood flow is at present unelear, but it is possible that phy
siological stimuli, such as distension or nutrients, may stimu
late afferents and signal for an inerease in gastric mucosal
blood flow. In addition, pathophysiologieal or noxious stimula
tion of vagal afferents mayaIso signal for an inerease in gas
tric mueosal blood flow and may play a role in the response of
the mucosa to injury.
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SUMMARY

We have investigated the endogenaus levels of duodenal eal
eitonin gene-related peptide- (CGRP) and Substanee P- (SP) like
immunoreaetivity (li) fol16wing the induetion of duodenal uleers
in rats.

Using three duodenal uleerogens, namely eysteamine , duleero
zine or mepirizole given in a s ingle oral dose, a deerease of
duodenal CGRP-li and SP-li was observed. Time-relationship
studies of this phenomenon show that CGRP-li and SP-li were de
ereased eoneomitantly to the formation of gastroduodenal uleers
after the administration of eysteamine (900 mg/kg p.o.).

Pretreatment with the seleetive sensory neurotoxin eapsaiein
indueed CGPR-li deerease in the duodenum, whieh was not further
deereased by an uleerogenie dose of eysteamine, indieating that
eysteamine indueed arelease of CGRP-li of eapsaiein-sensitive
origin. Otherwise duodenal SP-liwas not sensitive to eapsaiein
pretreatment and its duodenal eontent deereased by eysteamine
originates from an intrinsie souree.

Our observations indieate that CGRP and SP may play an im
portant loeal role in duodenal uleerogenesis.

INTRODUCTION

Calcitonin gene-related peptide (CGRP) and Substance P (SP)
are the major components of the afferent peptidergie innervation
of the upper gastrointestinal tract (Doekray, 1988). Approxi
mately 80 % of the peptides contained in the afferent nerve fi
bers sensitive to neurotoxin capsaicin are transported to the
periphery (Dockray, 1988) and high levels of both peptides have
been found in the rat stomaeh and duodenum (Holzer et al., 1980 ;
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sternini et al., 1987). As yet the physiological role of these
peptides is almost unknown.

Recently it has been reported that this afferent innervation
is involved in the defence mechanism(s) against gastroduodenal
ulcers (Holzer, 1988). Thus rats treated as newborns with cap
saicin are more prone than controls to develop gastric lesions
in response to a variety of ulcerogenic stimuli (Holzer and
Sametz, 1986; Evangelista et al ., 1988) and duodenal ulcers in
duced by cysteamine and dulcerozine (Maggi et al., 1987a). Mo
reover, exogenous administration of some peptides has been shown
to afford protection against duodenal ulcer in rats (Evangelista
et al., 1990a; Maggi et al., 1987b).

In view of the above, we have investigated the relationships
between duodenal ulcers induced by several ulcerogens and endo
genous levels of CGRP and SP. Similar studies were carried out
in rats treated as newborns with the sensory neurotoxin capsai
cin to assess the origin of CGRP-li and SP-li released by
cysteamine. Changes in gastric CGRP-li were also examined in
view of the causative role of gastric acid hypersecretion in the
duodenal ulcerogenesis (Szabo, 1987) and the potent antisecre
tory effect exerted by CGRP (Tache et al, 1984.)

MATERIALS AND METHODS

General. Female albino rats, Sprague-Dawley Nossan strain,
weighing 180-210 g, were housed at constant room temperature
(21±1·C), relative humidity (60%) and with 12 h light-dark cycle
(light on at 6.00 a.m.)

Induction of gastric and duodenal ulcers. Duodenal ulcers
were induced in 24 h fasted rats by gavage administration of
dulcerozine (300 mg/kg). Controls received saline. The animals
were sacrificed 0.5, 6, 16 or 24 h after cysteamine challenge"
and their duodenal ulcers scored by an observer unaware of the
treatments, according to an arbitrary scale between 0 and 4:
O=no ulcers, 0.5=redness, 1 or 1.5=superficial mucosal erosion
covering a small or large duodenal area, 2 or 2.5=deep ulcer
usually with a small or large transmural necrosis, 3 or
3.5=small or large perforated ulcer, 4=death (Evangelista et
al., 1989). Gastric ulcers were scored as described above accor
ding to an arbitrary scale between 0 and 3 in relation to size
(Evangelista et al., 1988). In other experiments, histamine (40
mg/kg s.c.) was given three times (at 2.5 h intervals) and the
animals sacrificed 7.5 h after the first treatment.

Gastric and duodenal CGRP-li determination. Gastric mucosal
sampIes were scraped from the oxyntic region, immediately frozen
and weighed. Duodenal sampIes (the first 2 cm caudal to the py
lorus) were excised, blotted in filter paper, weighed and imme
diately frozen at -20 ·C.

All sampIes were extracted with 2 N acetic acid (1/10, w/v)
at 95 ·C, freeze-dried and reconstituted in phosphate buffer (0.1
M, pH 7.4) for CGRP-li-radioimmunoassay (Evangelista et al.,
1989) and SP-li (Renzi et al., 1988).

Sensory denervation. On the second day of life, rats re
ceived 50 mg/kg s.c. of capsaicin in a volume of 10 ~l/g body
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weight. This treatment has been reported to cause a permanent
degeneration of unmyelinated afferent neurons (Holzer and Lippe,
1988). Controls received equal volumes of vehicle (10% ethanol,
10% Tween 80 and 80% saline v/v/v). All injections were performed
under ether anesthesia. The rats were then grown to adulthood
and used for the experiments at the age of 2-3 months. In order
to check the effectiveness of the treatment, one day before the
experiments a drop of 0.33 mM solution of capsaicin was in
stilled into one eye of the rats and the wiping movements were
counted. Capsaicin-pretreated rats that showed any wiping move
ments were excluded from the study (Holzer and Lippe, 1988).

statistical analysis. Statistical analysis was performed by
means of Student's t test for unpaired data and regression ana
lysis.

RESULTS AND DISCUSSION

Our results show that experimentally-induced duodenal ulcers
are coupled with decrease in CGRP-li and SP-li (Table 1). The
degree of the duodenal ulcers induced by cysteamine, dulcerozine
or mepirizole is inversely correlated with the levels of duode
nal CGRP-li (Evangelista et al., 1989). Similar relationships
were found for SP-li and duodenal ulcer formation induced by
cysteamine (Evangelista et al., 1990b), but not in those induced
by mepirizole and dulcerozine.

The differences observed with ulcerogens acting through si
milar mechanisms (Scremin et al., 1989; Szabo, 1987) and the ob
servation that other neuropeptides such as galanin, NKA, NPY and
VIP were not decreased by cysteamine (Theodorsson, Evangelista
and Renzi, unpublished data) indicate that duodenal CGRP-li and
SP-li decrease is not only the consequence of tissue damage, but
they are selectively decreased in duodenal ulcers .

Temporal relationship studies show that although (Fig. 1)
gastric (Panel A) and duodenal (Panel B) ulcers were present 16
h after cysteamine challenge, a significant decrease in either
gastric or duodenal CGRP-li and SP-li was observed only 24 h
after cysteamine administration.

A prompt (1-6 h) increase in gastric acid secretion is a
known causative factor in duodenal ulcers (Szabo, 1987). This
phenomenon is concomitant to or followed by aseries of local
effects which contribute to the pathogenesis of ulcer such as
decrease in bicarbonate secretion, alterations in duodenal moti
lity and blood flow and delayed gastroduodenal emptying (Szabo,
1987).

Endogenous CGRP-li is not affected during earlier phases of
cysteamine-induced increase of gastric acid secretion (4-6 h
after a single cysteamine dose). This is substantiated by the
observation that repeated hypersecretory doses of histamine
(Takeuchi et al., 1986) were unable to produce lesions in the
duodenum and did not affect gastric and duodenal CGRP-li up to
8 h after the first histamine administration (data not shown).

Dissociation between acid load and blood flow in the duode
num has been recently shown following the administration of me
pirizole in rats (Scremin et al. , 1989). The hypothesis was
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Table 1

Effeet of duleerozine, mepirizole and eysteamine on duodenal
uleers and CGRP- or SP-like immunoreaetivity (li) at 24 h after
the uleerogen.

Treatments: pathologie
seore

(mean ± S.E.)

duodenal
CGRP-li

(pmol/g
tissue)

duodenal
SP-li
(pmol/g
tissue)

Saline -
Ouleerozine (300 mg/kg p.o.)
Mepirizole (200 mg(kg p.o.)
Cysteamine (900 mg/kg p.o.)

2.71±0.21
1. 90±0. 42
1. 43±0. 38

55.8±3.2
23.2±3.5**
40.3±2.9*
26.0±2.7**

7.33±0.73
5.45±0 .46*
5.56±0.46**
4.78±0.53**

* and ** = P < 0.05 and 0.01 as eompared to group treated with
saline. n = 8 for eaeh group .
(Modified from Evangelista, S., Renzi, 0., ManteIlini, P., Sur
renti C., and Meli, A. , 1989, Eur. J. Pharmaeol., 164:389.

advaneed that deeline in blood flow, in spite of sustained hy
perseeretion at the time of the development of duodenal uleers,
eould be related to a transmitter depletion after a prolonged
stimulation of blood flow (Seremin et al., 1989). In this ease,
CGRP and SP may be among the likely eandidates sinee both pepti
des have been reported to inerease duodenal blood flow (OiPette
et al ., 1987; Gronstad et al., 1983) .

Gastroduodenal CGRP and SP are eontained in eapsa1e1n-sensi
tive afferent fibers, whieh are widely distributed around blood
vessels (Sharkey et al., 1984; sternini et al ., 1987) . Systemie
administration of high doses of eapsaiein in newborn rats pro
dueed a marked depletion in duodenal CGRP-li (78% as eompared to
eontrols), whieh was not further deereased by an uleerogenie do
se of eysteamine (Table 2), indieating that eysteamine indueed a
CGRP-li release from a eapsaiein-sensitive pool.

On the other hand, the almost completely intrinsic origin of
SP neurons in the rat duodenum (Table 2) suggests that SP may
have a loeal role in duodenal uleers. Moreover, loeal release of
SP-li in the small intestine has been reported in a hyperseere
tory situation such as after vagal nerve stimulation (Gronstad
et al., 1985). Peripheral release of CGRP and other sensory

Table 2

Effect of cysteamine (900 mg/kg p.o., saerifice 24 hIater) and
neonatal pretreatment with capsaicin (50 mg/kg s.c.) or both on
duodenal ulcers and SP- and CGRP-like immunoreactivity (li).

Pretreatments:

Vehicle
Vehicle
Capsaiein
capsaiein

Treatments:

Saline
cysteamine

Saline
Cysteamine

duodenal SP-li
(pmol/g tissue)

14. 8±1. 0
10.1±0 .8*
14.0tO.5
11. 4±1. 6*

duodenal CGRP-li
(pmol/g tissue)

41.8±0.8
20.5±2.7**
9. 2±1. 0**

14.6±1.6**

* and **
group. n
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Fig. 1. Gastric CGRP-li (panel A) and duodenal CGRP-li and SP
li (panel B) at various times following the administra
tion of a single dose of cysteamine (900 mg/kg p.o.).
The mean score of gastric (scale 0-3) and duodenal
(scale 0-4) ulcers is shown inside the columns.stati
stical significance from the contra1 group (time 0) is
shown as * = P < 0.05, ** = P < 0.01. n = 8-10 for each
group.

peptides has been hypothesized to participate in a capsaicin
sensitive "defence mechanism" against the ulcerogenic stimuli
(Holzer and Lippe, 1988; Renzi et al., 1988).

In fact, in eapsaiein pretreated rats there is a worsening
of gastrie uleers indueed by several stimuli (Evangelista et
al., 1988) and duodenal ulcers indueed by cysteamine and dulee
rozine (Maggi et al., 1987a). The lack of antiulcer peptides
contained in these afferents has been proposed to playa pivotal
role in this phenomenon (Evangelista et al., 1988).

In addition, intragastrie administration of eapsaiein af
fords gastrie proteetion against gastric damage, and this effect
seems brought about by a loeal release of these peptides from
afferent nerve endings aeting also through loeal ehanges in mu
eosal blood flow (Holzer et al., 1989; Holzer and Lippe, 1988).

In conclusion, duodenal CGRP-li and SP-li are selectively
affeeted by several duodenal uleerogens during the late phases
of ulcer formation and they might be among the loeal mediators
whieh afford proteetion against the uleerogenic stimuli.
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INTRODUCTION

There is growing evidence that capsaicin-sensitive afferent
neurones participate in the protective mechanisms of the gastric
mucosa against damage. Animals pretreated systemically with cap
saicin, at doses that lead to the ablation of capsaicin-sensi
tive afferent neurons, show an increase in the level of macro
scopically apparent mucosal damage in different experimental
models of ulceration (Szolcsanyi and Barthe, 1981; Holzer and
Sametz, 1986). Furthermore, acute stimulation with capsaicin of
afferent nerve endings located in the gastric mucosa protects
against different ulcerogenic mechanisms (Szolcsanyi and Barthe,
1981; Holzer and Lippe, 1988; Holzer et al., 1989).

Morphine and other opioids have been shown to potentiate
gastric mucosal injury in various experimental models (Selye,
1935; Gyires et al., 1985; Till et al., 1988), although the me
chanisms responsible for such action remain unclear. Following
early observations on the regulatory effects of opioids and en
kephalins on neuropeptide-release by sensory nerve endings
(Konishi et al., 1980; Brodin et al., 1983), studies on vaseular
permeability and blood flow in the skin have suggested that
opioids can inhibit the activity of primary afferent neurons
(Barthe and Szolcsanyi, 1981; smith et al., 1982 ; Lembeck and
Donnerer, 1985; Gamse and saria, 1987). Furthermore, analgesia
studies have indicated that morphine-like opioids can modulate
afferent sensory neurons by an action on peripheral sites (Fer
reira and Nakamura, 1979; Bentley et al., 1981; Russel et al .,
1987) •

In the present paper, we have therefore examined the possi
bility that opioids could influence the ability of the mucosa to
withstand damage by exerting a peripheral action on loeal
capsaicin-sensitive neuronal meehanisms. To evaluate this rela
tionship, we have investigated, both maeroseopieally and histo
logieally, the effects of primary afferent neuronal desensitiza
tion following systemie capsaiein pretreatment, and have com-
pared this with the actions of morphine and other opioids on the
gastric damage elieited by two injurious agents. In the first
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series of studies, gastric mucosal injury was induced by the
local intra-arterial infusion of the endogenaus phospholipid Paf
(platelet activating factar, PAF-acether). Intravascular Paf is
one of the most potent ulceragens so far described (Rosam et
al., 1986), and in low doses induces extensive mucosal damage
which may result from changes in the mucosal microcirculation
(Whittle et al., 1986; Esplugues and Whittle, 1989a). In con
trast, ethanol, the second ulceragen employed in this study, can
exert a direct irritant effect on the luminal side of the mucosa
when administered intragastrically.

GASTRIC DAMAGE INDUCED BY INTRAVASCULAR PAF

Ta administer substances by close-arterial infusion, the
left gastric artery of the pentobarbitone-anesthetized rat was
cannulated as previously described (Esplugues and Whittle,
1988). The local intra-arterial infusion of Paf (50 ng kg-'
min-') for 10 min induced extensive damage to the rat gastric
mucosa, macroscopically characterized as extensive hyperemia and
vasocongestion, with areas of hemorrhagic damage . On histologi
cal evaluation, microvascular engorgement and congestion was the
predominant feature, with extravasation of red blood cells being
apparent, as weIl as epithelial and glandular destruction, with
focal areas of necrosis that extended throughout the depth of
the mucosal tissue .

The neuronal mechanisms that may modulate the damaging ac
tions of Paf were then investigated . Paf-induced gastric damage
was not affected by vagotomy or by pretreatment with atropine,
ganglion blockade with hexamethonium or by a and ß adrenoceptor
blockade, but was greatly augmented in rats receiving a local
infusion of tetrodotoxin (TTX) as shown in Fig. 1. This neuro
toxin specifically binds to and blocks axonal fast sodium chan
nels and thus prevents nervaus conduction and mediator release
from nerve terminals (Kao, 1966) . Administration of TTX alone
did not lead to any macroscopically detectable mucosal damage
(Fig. 1).

These observations thus suggested that a neuronal mechanism
was involved in modulating the damaging effect of Paf which was
local and non-adrenergic non-cholinergic in nature. Furtherrnare,
inactivation of such mucosal neuronal mechanism did not directly
disrupt the mucosa, at least under these acute conditions.

Effects of opioids on Paf-Induced Gastric Mucosal Damage

Pretreatment with morphine (0.75 - 3 mg kg-' i.v.) induced a
significant and dose-dependent potentiation in the extent of
gastric mucosal damage induced by the local infusion of Paf.
Macroscopically, the nature of the injury was comparable to that
appearing after Paf infusion in rats pretreated with TTX, and
was characterized by extensive hyperemia and hemorrhage of dif
fuse location. Pretreatment with morphine alone did not induce
any macroscopically detectable damage to the gastric mucosa.

When analyzed histologically, pretreatment with morphine
also augmented the degree of Paf-induced damage that could be
observed in the wax-embedded sections of the corpus mucosa. The
nature of the damage was characterized by the same histological
features that were observed with Paf alone, but with a signifi-
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Fig. 1. Effects of vagotomy or pretreatment with atropine (5 mg
kg-', Lv.), hexamethonium (5 mg kg- 1 Lv.), the combi
nation of phentolamine and propanolol (10 mg kg-' and
1 mg kg- 1 , Lv.) or tetrodotoxin (0.25 J.Lg kg-' min- 1 in
fused locally throughout the experiment with 3 ml of a
20 J.LM solution of tetrodotoxin instilled into the gas
tric lumen) on the level of gastric damage induced by
the local intra-arterial infusion of Paf (50 ng kg- 1

min-, f or 10 mi.n) . Results, shown as the % of the total
mucosal area that exhibited macroscopically assessed
damage, are the mean ± SEM of (n) experiments in each
group. Significant difference from the control intra
arterial infusion of Paf is given as ***p<O.OOl.

cantly greater degree of vasocongestion throughout the whole mu
cosa, with extensive subepithelial oedema being also observed.

The infusion of Paf induced a consistent fall in systemic
arterial blood pressure. Administration of morphine at the doses
used in our experiments (0.75 - 3 mg kg- 1 ) did not significantly
increase the hypotensive effects of Paf (Esplugues et al.,
1989), therefore obviating any non-specific augmentation of
damage by this mechanism. Any involvement of a change in luminal
acidity appears unlikely, since antisecretory doses of cimeti
dine did not influence the gastric damage induced by this combi
nation, while other studies have shown that intragastric acid
did not augment Paf-induced gastric damage (Rosam et al., 1986).

The enhancing effect of morphine on gastric damage induced
by Paf appeared to be mediated through a specific interaction
with classical opiate receptors since the opioid antagonist na
loxone, which can act on both central and peripheral opioid re
ceptors, abolished such potentiation (Fig. 2). Furthermore, the
opioid receptors involved appear to be located peripherally
since N-methyl nalorphine, a peripherally-acting quaternary
opioid receptor antagonist which does not penetrate the blood
brain barrier (Smith et al., 1982) equally inhibited the poten
tiating action of morphine (Fig. 2). In addition, administration
of the peripherally-acting morphine analogue N-methyl morphine
(Smith et al., 1982), which itself does not induce any macrosco-
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pic damage to the gastric mucosa, significantly augmented the
level of mucosal damage appearing after the local infusion of
Paf (Fig. 3), further reinforcing the idea of a peripheral site
of action of opioids in this model.

Effects of Capsaicin Pretreatment on Paf-Induced Gastric Mucosal
Damage

To deplete sensory neuropeptides, adult rats (190 - 210g)
were treated under halothane anesthesia with increasing doses of
capsaicin (20, 30 and 50 mg kg- 1, s.c.) for three consecutive
days and the animals were used 2 weeks later, as described pre
viously in detail (Esplugues et al., 1989). As with TTX and mor
phine, capsaicin-pretreatment itself did not induce any macro
scopic damage to the rat gastric mucosa when analyzed two weeks
later. Furthermore, in capsaicin-pretreated rats, the local
intra-arterial infusion of saline did not cause any macroscopic
damage to the rat gastric mucosa. However, animals pretreated
with capsaicin showed a significant enhancement in the extent of
gastric mucosal damage induced by the local intra-arterial infu
sion of Paf (Fig. 3). The mucosal damage was hemorrhagic and
diffuse, affecting both corpus and antral regions .

When studied histologically, animals pretreated with capsai
cin also had a significantly higher degree of damage than those
receiving Paf alone. The features of this augmented damage were
similar to those present in animals receiving TTX or morphine
pretreatment, being characterized by an enhanced vasocongestion
throughout the mucosa, with extensive subepithelial oedema
(Esplugues et al., 1989).
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Effects of the opiate antagonist naloxone (1 mg kg-1
,

i. v , ) and N-methyl nalorphine (3 mg kg- 1
, i. v , ) on the

potentiation by morphine (0.75 and 3 mg kg- 1, i.v.) of
the gastric damage induced by the local intra-arterial
infusion of Paf (50 ng kg- 1 min- 1 for 10 mi.n) . Results,
shown as the % of the total mucosal area that exhibited
macroscopically assessed damage, are the mean ± SEM of
(n) experiments in each group. Significant difference
from the control intra-arterial infusion of Paf is
given as *p<0.05 and ***p<O.OOl, and from the combina
tion of morphine and Paf by +<p 0 .05.



MUCOSAL DAMAGE INDUCED BY INTRAGASTRIC ETHANOL

Effects of Morphine Pretreatment on Ethanol-Induced Gastric
Damage

The extent of gastric mucosal damage elicited by the intra
gastric administration of 1 ml of ethanol at various concentra
tions (25%, 50% and 100%), was significantly increased by 15 min
pretreatment wi th morphine (3 - 9 mg kg- 1 i. v , ) as shown in Fig.
4. Macroscopically, the potentiation by morphine of mucosal
damage following challenge with ethanol was characterized as a
significant increase in the area of the lesions affecting the
corpus region. Furthermore, morphine induced the appearance of
hemorrhagic lesions in the antral mucosa, an area not exhibiting
distinct macroscopic damage following challenge with ethanol
alone.

The potentiating effect of morphine on ethanol-induced gas
tric damage cannot be attributed to variations in the rate of
gastric emptying since intragastric volume determined after
challenge with ethanol was not different in control or morphine
pretreated rats. Furthermore, intragastric concentration of the
nonabsorbable marker phenol red, administered simultaneously
with ethanol to control and morphine-pretreated rats, was like
wise not significantly different in the two groups, indicating
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Potentiation by pretreatment with N-methyl morphine (15
mg kg- 1 , i.v., 10 min previously) or capsaicin (2 weeks
before), af the gastric mucasal damage induced by the
LocaL intra-arterial infusion of Paf (50 ng kg -1 min-1

for 10 min). Results, shown as the % of the total muco
sal area that exhibited macrascapically assessed da
mage, are the mean ± SEM of (n) experiments in each
group. Significant difference fram the control intra
arterial infusion af Paf is given as *p<0.05 and
***p<O.OOI.
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no difference in the rate of gastric emptying (Esplugues and
Whittle, 1990).

The potentiation by morphine of ethanol-induced gastric
damage was abolished by low doses of the opioid antagonists na
loxone and N-methyl nalorphine. In the absence of morphine pre
treatment, neither naloxone nor N-methyl nalorphine significan
tly modified the level of mucosal damage induced by ethanol
alone (Esplugues and Whittle, 1990). Although the opioid recep
tors involved in this potentiating effect have not been fully
characterized, the specificity of morphine, naloxone and N
methyl nalorphine seems to indicate the involvement of ~ recep
tors in this mechanism.

Effects of capsaicin Pretreatment on Ethanol-Induced Gastric
Mucosal Damage

Animals systemically pretreated with capsaicin showed an in
crease in the levels of macroscopically apparent gastric mucosal
damage observed after the intragastric administration (1 ml) of
a range of ethanol concentrations (25%, 50% and 100%) as shown
in Fig. 4. Macroscopically, there was an increase in the area of
hemorrhagic damage to the corpus mucosa, with the appearance of
distinct hemorrhagic lesions in the antral mucosa to an extent
comparable to that observed following morphine administration.

Histological Evaluation of the Potentiation by Morphine and
Capsaicin-Pretreatment of Ethanol-Induced Gastric Damage

Histological evaluation of the effects of morphine and
capsaicin pre-treatment following ethanol challenge was conduc
ted on the mucosal sections obtained from the groups receiving
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Potentiation by pretreatment with morphine (9 mg kg- 1

i.v ., 15 min) or capsaicin (2 weeks earlier) of the rat
gastric mucosal damage induced by various intragastric
concentrations of ethanol (25% - 100%). Results, shown
as the % of the total mucosal area that exhibited ma
croscopically assessed damage 5 min after challenge,
are the mean ± SEM of (n) experiments in each group.
Significant difference from the control ethanol-alone
groups is given as *p<0 .05, **p<O.Ol
and***p<O .OOl .. pa



50% ethanol. As shown in Fig. 5, this concentration of ethanol
alone induced damage to the epithelial cell layer (Type I dama
gel involving nearly two thirds of the total length evaluated.
However, only moderate disruption of the subepithelial glandular
structure (Type II damage) was noted, with less than 10% of the
length of the section exhibiting deep necrotic and hemorrhagic
damage (Type III damage).

Pretreatment with capsaicin, or administration of morphine
(9 mg kg-1 i.v.) before challenge with 50% ethanol caused a
small, but significant, enhancement of Type I damage, while in
ducing a twofold i nc r e as e in the l engt h of section exhibiting
Type II damage and a fivefo1d increase in the length of section
with Type III damage. There were no significant differences in
the degree of any type of histologically assessed damage after
ethanol between animals pretreated e ither with capsaicin or mor
phine. The potentiation by morphine of all ~ypes of histologi
cally assessed damage following challenge with 50% ethanol, was
abo1ished by pretreatment with either naloxone or N-methyl
nalorphine. Neither capsaicin pretreatment nor administration of
morphine alone did significant1y modified type I, II or III da
mage compared with the vehicle control group in the absence of
ethanol challenge.

Effects of Capsaicin Pretreatment on Morphine Potentiation of
Ethanol-Induced Gastric Mucosal Damage

The similarities of the effects of morphine to those of
capsaicin pretreatment in potentiating both Paf- and ethanol
induced gastric damage suggest a common mechanism of action. To
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Fig. 5. Histological evaluation of the rat gastric corpus muco
sa following a 5-min intragastric challenge with 50%
ethanol (1 ml) and the effects of systemic capsaicin
desensitization (2 weeks earlier) or pretreatment with
morphine (9 mg kg -1 i. v., 15 min before). Data are
shown as the length of section eXhibiting damage of va
rying degrees, type I (epithelial cell damage), type II
(glandular disruption in the mid to upper mucosa) and
type III (deeper hemorrhage and necrosis), expressed as
percent of total section length. Results are given as
mean ± SEM of (n) values, and statistically significant
difference f r om the ethano1-alone group is given as
*p<0.05.
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study such possibility, in a further series of experiments, gas
tric damage was assessed after oral administration of ethanol
(50%) in rats that had received a submaximal dose of morphine (6
mg kg- 1 i.v.), capsaicin pretreatment or both. As described be
fore, the level of damage induced by ethanol was increased in
animals that had been treated with either morphine or capsaicin .
However, administration of morphine to capsaicin-pretreated rats
does not induce any further significant enhancement in the sub
maximal level of damage induced by ethanol, as assessed by both
macroscopic and histological techniques (Esplugues and Whittle,
1990).

CONCLUSIONS

These resu1ts indicate that opioids enhance the degree of
gastric mucosal damage induced by two agents that act through
different ulcerogenic mechanisms, topical ethanol and intravas
cular Paf. This effect appears to be brought about by interac
tion at classical opiate receptors, located in the periphery, as
demonstrated by the effects of peripherally acting agonists and
antagonists.

Ablation of primary afferent neurons, following capsa1c1n
pretreatment in adult rats, augmented the damaging effects of
Paf and ethanol on the gastric mucosa to an extent similar to
that observed after morphine administration. When compared ma
croscopically and histologically, the major features of the in
creased damage appearing after both treatments were also similar
suggesting, therefore, a common mechanism of action . The finding
that morphine can not further increase the gastric mucosal da
mage elicited by submaximal concentrations of ethanol in capsai
cin-pretreated rats implies that an intact sensory neuronal sys
tem in the gastric mucosa is needed for morphine to induce this
peripheral action. This concept would be in keeping with the
idea, demonstrated in other tissues, that opioids modulate the
activity of primary afferent neurons.

Recent studies have demonstrated that the fall in gastric
mucosal blood flow induced by Paf infusion is significantly en
hanced by capsaicin pretreatment or the administration of mor
phine (P ique et al., 1990). These findings suggest that primary
afferent neurones may modulate blood flow in the gastric micro
circulation, perhaps by the release of vasodilator sensory neu
ropeptides, and that such endogenous neuropeptides may thus pro
tect against mucosal injury by a local vascular mechanism.

Treatment with the neurotoxin tetrodotoxin, acute morphine
administration or capsaicin pretreatment did not induce any de
tectable mucosal damage when administered alone to non-challenge
stomachs. These observations suggest that peripheral sensory
neurons playa protective modulatory role in the gastric mucosa
only under pathological situations such as those following chal
lenge by noxious stimuli . The lack of effect of the opioid-anta
gonists used in our experiments to influence the degree of Paf
or ethanol mucosal damage when administered alone, implies that
in these models of acute gastric damage, endogenous enkepha1ins
do not modulate the activity of peripheral sensory neurons. How
ever, this finding does not rule out the possibility that,
during certain stress situations, the release of high levels of
enkephalins could inhibit the activity of such neurones and,
therefore, aggravate gastric mucosal damage.
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VASOACTIVE MEDIATORS IN MODULATING GASTRIC MUCOSAL INTEGRITY
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INTRODUCTION

The local release of sensory neuropeptides such as substance
P and calcitonin gene-related factor (CGRP) from primary affer
ent neurones is considered to playa protective function in the
gastric mucosa (see Holzer, 1988). Evidence for such a role is
based predominantly on the findings in the rat that capsaicin
pretreatment, which induces functional derangement of primary
sensory neurones, sUbstantially augments the gastric mucosal
injury induced by a number of procedures including pylorus liga
tion and acid distension (Szolcsanyi and Barthe, 1981) and ad
ministration of ulcerogens including ethanol and indomethacin
(Holzer and Sametz, 1986; Esplugues and Whittle, 1990). Further
more, acute exposure of the gastric mucosa to i nt r a l umi na l
capsaicin, which is considered to cause an initial stimulation
of these afferent neurons and hence induce the release of senso
ry neuropeptides, has been shown to inhibit the mucosal damage
induced by ethanol (Holzer and Lippe, 1988).

Recently, the gastric damage induced by PAF (Paf-acether;
platelet-activating factor) has been demonstrated to be poten
tiated by capsaicin-pretreatment, the administration of capsai
ein being either toneonatal rats or two weeks before study in
adult rats (Esplugues, Whittle and Moncada, 1989; pique,
Esplugues and Whittle, 1990). Capsaicin-pretreatment signifi
cantly enhanced the fall in gastric mucosal blood flow observed
following PAF-administration, suggesting that removal of vasodi
lator neuropeptides was i nvol ved in the mechanisms underlying
the augmented damage (Pique et al., 1990). Furthermore, acute
capsaicin instillation into the gastric lumen to stimulate af
ferent neurones increased mucosal blood flow, also suggesting a
potential vasodilator role of the released neuropeptides (Lippe,
Pabst and Holzer, 1989) . To explore further the interactions of
sensory neuropeptides with pro-ulcerogenic vasoactive mediators,
the effects of capsaicin-pretreatment on the gastric damage in
duced by local intra-arterial infusion of the thromboxane mime
tic U-46619 (Esplugues and whittle, 1988) was investigated .
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Other endogenous vasodilator mediators, such as prostacy
clin, also appear to playa local protective function within the
mucosa (Whittle, 1977, 1986). In addition to prostacyclin, the
endothelium can also elaborate a labile moiety originally de
scribed as endothelium-derived relaxing factor or EDRF
(Furchgott and zawadski, 1980i Furchgott, 1983). Nitric oxide
(NO), biosynthesized by vascular endothelial cells from the ami
no-acid precursor, L-arginine, has now been shown to account for
the biological activity of EDRF (Palmer et al., 1987, 1988a).
The endogenous formation of NO can be selectively i nhi b i t e d by
the L-arginine analogue, NG-monomethyl-L-arginine (L-NMMA), but
not by its enantiomer D-NMMA (Palmer et al ., 1988bi Rees et ale
1989) . Thus, the interactions between this putative endogenous
vasodilator in the gastric microcirculation and the sensory neu
ropeptides in the regulation of mucosal integrity have also been
investigated .

METHODS

Male wistar rats (230-260g body weight) were anesthetized
with sodium pentobarbitone (60 mg kg -1 , i.p.) and the trachea
was cannulated to facilitate respiration. Rectal temperature was
maintained at 37°C by thermistor-controlled radiant heat. Syste
mic arterial blood pressure was recorded from a cannula inserted
into a carotid artery. A femoral vein was cannulated, or a 25
gauge butterfly needle was inserted into tail vein, for the ad
ministration of drugs.

For the close-arterial administration (10~1 min-1 ) of the
thromboxane mimetic U-46619 (lla, 9a epoxy-methano-PGH2 ; Caymen
Chemicals), the stomach of the anesthetized rat was exposed by a
mid-line incision and the left gastric artery was cannulated
under a stereomicroscope with a 23 gauge teflon cannula. sto
machs were removed 20 min following termination of the infusion,
opened and assessed macroscopically for the area of mucosal da
mage, as described below.

For further studies on gastric damage, 2ml of acid saline
(100 mM HCl) was instilled into the gastric lumen, followed by
bolus intravenous administration of L-NMMA (Dept. Medicinal Che
mistry, Wellcome Research Labs) . Forty-five minutes later, the
stomachs were opened along the greater curvature, pinned to a
wax block, immersed in neutral buffered formalin and photo
graphed. The percentage of the total gastric mucosa showing ma
croscopically visible damage was determined via computerized
planimetry in a randomized manner, its severity assessed on a
1-3 scale, and the resulting product of area x severity was di
vided by three to yield a damage index (the maximum thus being
100). The nature of the mucosal injury was assessed histologi
cally in 4~m wax-embedded sections excised from the corpus muco
sa and processed using routine techniques.

To deplete sensory neuropeptides, adult rats (190 - 210g)
were treated under halothane anesthesia with capsaicin (Fluka
Chemic AG) prepared as a 50mg ml -1 solution in absolute ethanol,
tween 80 and saline (10:10:80 v/v/v). capsaicin was administered
in increasing doses (20, 30 and 50mg kg - , s.c.) for three con
secutive days and the animals were used 2 weeks later, as de
scribed previously (Esplugues et al., 1989). To counteract res
piratory impairment associated with capsaicin administration,
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Fig. 1. Gastric mucosal damage induced by close-arterial infu
sion of the thromboxane mimetic, U-46619 (100 ng kg- 1

mi.n" for 10 min) in vehicle-pretreated or capsaicin
pretreated rats. In control studies, local infusion of
isotonic saline (10 /LI mi.n" i.a.) did not induce muco
sal damage. Results, shown as the % of the total muco
sal area eXhibiting macroscopic damage, are the mean ±
s.e. mean of (n) studies, where significant difference
from the vehicle group is given as ** P<0.01.

rats were pretreated with terbutaline (0.1 mg kg-' i.m.) and am
inophylline (10 mg kg-' i.m.).

All data are expressed as mean ± s.e. mean. comparisons bet
ween groups of parametric data were made by Student's t-test for
unpaired data. Comparisons between groups of non-parametric data
(darnage index) were made by Mann-Whitney U-test, where P values
of less than 0.05 were taken as significant.

RESULTS

Effects of Capsaicin Pretreatment on U-46619 Mucosal Damage

Local intra-arterial infusion of U-46619 (100ng kg-' mi.n")
for 10 min, with the stornach being removed 20 min later, induced
distinct macroscopically-observed damage to the gastric mucosa
of vehiele-pretreated rats. This damage was signifieantly
(P<O.Ol) augmented in rats that had been pretreated with eapsai
ein, two weeks earlier (Figure 1). Capsaiein pretreatment alone
had no detectable effeet on the maeroseopie or histologieal ap
pearance of the gastrie mueosa (n=5).

Effects of L-NMMA on Resting BP and on Substance P CGRP-Induced
Hypotension

Intravenous bolus administration of L-NMMA (12 .5 - 100 mg
kg -') dose-dependently increased systemic BP from its resting
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value of 119 ± 1 mmHg, (n = 36) as shown in Figure 2. The in
crease in BP reached peak values within 10 min and was main
tained over the 45 min observation period. Concomitant intrave
nous administration of L-arginine (300 mg kg- 1 ) significantly
reduced the increase in BP produced by L-NMMA (Figure 2). The
enantiomer, D-NMMA (100 mg kg- 1) did not significantly elevate
BP (Figure 2).

Bolus intravenous administration of substance P (3.75 - 300
pmol kg- 1 ) or rat a - CGRP (42 - 336 pmol kg-1 ) , both obtained
from Cambridge Research Chemicals (stored frozen in distilled
water and diluted freshly in isotonic saline) induced dose
dependent falls in BP (Figure 3).

Following administration of L-NMMA (50mg kg-1 i.v ), the hypo
tensive actions of substance P (7.5 - 30 pmol kg-1 i.v.) were
significantly attenuated, as shown in Figure 3. Likewise, L-NMMA
significrntly reduced the fall in BP induced by CGRP (42-168
pmol kg- i.v.) although t~e hypotensive response to the higher
dose of CGRP (336 pmol kg- i.v.) was not significantly inhibi
ted (Figure 3).

Effects of L-NKMA on the Gastric Mucosa: Interactions with Ca
psaicin Pretreatment

Intravenous administration of L-NMMA (25 - 100 mg kg- 1 ) did
not induce any detectable damage to the gastric mucosa over the
45 min observation period, as determined by macroscopic observa
tion (Figure 4) and confirmed by histological assessment .
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Effects of bolus intravenous administration of L-NMMA
(12.5-100 mg kg- 1) on systemic arterial blood pressure
(BP) in the anesthetized rat, and its reversal bl con
current administration of L-arginine (300 mg kg-
i.v.). Results, shown as changes in BP (mmHg), are the
mean ± s.e. mean of 5-8 experiments in each group, whe
re significant vasodepressor effects from resting le
vels are shown as * P<0.05, ** P<O.Ol, *** P<O.Ol, and
significant difference from the corresponding L-NMMA
alone group as ++ P<O.Ol.
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Pretreatment with capsaicin, two weeks before the study, did
not induce any detectable damage to the gastric mucosa following
intragastric instillation of acid saline over this observation
period (Figure 4). Under these conditions, however, L-NMMA (25,
50 and 100 mg kg- l i .v.) induced a dose-related increase in the
macroscopically-observed area of damage, involving 33 ± 7% (n =
5), 39 ± 7% (n = 4) and 50 ± 3% (n = 5) respectively of the to
tal mucosal area. This increase in the area and severity of da
mage induced by L-NMMA, shown in Figure 4 as the damage index,
was charaeterized macroseopieally as surfaee eell sloughing,
vasoeongestion and hemorrhage, whieh was eonfirmed by histologi
cal assessment. Concomitant administration of L-arginine (300 mg
kg- l i. v , ) signifieantly redueed the extent of damage indueed by
L-NMMA (100 mg kg- l

) as shown in Figure 4, while administration
of D-NMMA (100 mg kg-l i.v.) in eapsaiein-pretreated rats did
not induee any gastrie mueosal damage (n = 3) .

DISCUSSION

The present observations indieate that the gastrie mueosal
damage indueed by loeal intra-arterial infusion of the thrombox
ane mimetie, U-46619 (Esplugues and Whittle, 1988) ean be poten
tiated by pretreatment with eapsaiein to deplete sensory neuro
peptides. This thromboxane mimetic, like endogenous thromboxane
A2 derived predominantly from platelets and inflammatory eells,
induces vasoeonstrietion in the gastrie mueosal mierocirculation
with marked foeal effeets on the submueosal vessels (Whittle et
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al., 1981, 1985) and such actions may underlie its ability to
induce mucosal damage. Recent studies have also demonstrated
that the mucosal injury induced by the endothelium-derived vaso
constrictor peptide, endothelin-1 (Whittle and Esplugues, 1988)
was substantially augmented by capsaicin-pretreatment (Whittle
and Lopez-Belmonte, 1990). Furthermore, gastric damage induced
by endothelin-1 was inhibited by concurrent local intra-arterial
administration of CGRP (Whittle and Lopez-Belmonte, 1990). Inhi
bition of aspirin- and ethanol-induced mucosal injury has also
been reported to be inhibited by local administration of CGRP
(Lippe et al., 1989). Since capsaicin-sensitive neurones con
taining neuropeptides including CGRP have been located in asso
ciation with the submucosal microvasculature (Sharkey et al.,
1984; Ekblad et al., 1985; Sternini et al., 1987; Su et al.,
1987; Green and Dockray, 1988), these observations could support
a functional interaction between such vasoconstrictor mediators
and the endogenous vasodilator sensory neuropeptides in the re
gulation of mucosal blood flow.

Sensory neuropeptides may interact with other local vasodi
lator mediators in the gastric microcirculation. Furthermore,
the vasodilatation induced by substance P and CGRP is dependent
on the presence of an intact endothelium, suggesting mediation
by the release of an endothelium-derived relaxing factor
(Furchgott, 1983; Brain et al., 1985). The involvement of NO in
the hypotensive responses to these neuropeptides in vive was
therefore investigated by the use of L-NMMA to inhibit its bio
synthesis from L-arginine . Intravenous administration of L-NMMA,
which increased systemic BP as previously reported (Rees et al.,
1989; Whittle et al., 1989), attenuated the hypotensive actions
of submaximal doses of substance P and CGRP. However, L-NMMA
failed to inhibit the hypotensive effects of high doses of CGRP,
supporting the competitive nature of the actions of L-NMMA.
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Previous studies with L-NMMA have demonstrated inhibition of the
hypotensive actions of other endothelium-dependent vasodilators
such as acetylcholine and bradykinin, but not those of the en
dothelium-independent vasodilators, prostacyclin and glyceryl
trinitrate (Rees et al., 1989; Whittle et al., 1989). The inhi
bitory actions of L-NMMA on the responses to the neuropeptides,
like its effect on resting BP, were reversed by concomitant ad
ministration of the precursor for NO biosynthesis, L-arginine,
while the specificity of the actions of the inhibitor were con
firmed by the failure of the enantiomer, D-NMMA, which does not
inhibit NO formation, to have any such effect (Whittle, et al.,
1989). Thus, the release of NO may contribute to the hypotensive
actions of these neuropeptides, and to their potential local
vasodilator effect on the gastric microcirculation.

Our recent studies have demonstrated that L-NMMA, in doses
comparable to those in the current studies, reduces gastric mu
cosal blood flow, indicating a role of endogenous NO in the re
gulation of the gastric microcirculation (Pique, Whittle and
Esplugues, 1989). Previous studies have shown that vasodilata
tion induced by acetylcholine in the rat gastric mucosa can be
attenuated by chemical disruption of the gastric endothelial
cells (Kitagawa, Takeda and Kohei, 1987) which is likely to re
flect the inhibition of NO release in the gastric microcircula
tion. The local release of NO could also contribute to the func
tional vasodilation in the mucosal microvasculature following
stimulation of acid secretion by cholinergic agents, as weIl as
that induced by other secretagogues including gastrin or hista
mine.

Administration of L-NMMA did not alone induce acute damage
to the gastric mucosa. However, in capsaicin-pretreated rats,
L-NMMA induced distinct mucosal injury, as assessed by both ma
croscopic and histological observation. Thus, concurrent inhibi
tion of NO formation and depletion of sensory neuropeptides can
compromise mucosal integrity. Since L-NMMA itself would be ex
pected to reduce the endothelium-dependent vasodilator activity
of endogenous CGRP or substance P in the gastric microcircula
tion, the nature of this interaction would appear complex. How
ever, L-NMMA in these doses did not abolish the cardiovascular
responses to the neuropeptides. Moreover, the inhibitory activi
ty of L-NMMA on the hypotensive responses was overcome by high
doses of CGRP. This could reflect the situation in the microvas
culature where high local endogenous levels of these neuropep
tides may be achieved and hence offset the inhibitory actions of
L-NMMA. It may therefore be necessary for capsaicin-pretreatment
to deplete these neuropeptides, and for L-NMMA to inhibit NO
formation and thus attenuate the activity of endothelium-depen
dent vasodilators other than the neuropeptides in the gastric
microcirculation, before mucosal injury is initiated. Indeed,
capsaicin-pretreatment alone, like L-NMMA alone, failed to in
duce mucosal injury. It is not yet known whether endogenous neu
ropeptides, released from sensory neurones, can modulate the re
lease of NO or other products such as prostacyclin from endothe
lial cells in the gastric mucosa or other microvascular beds.

Endogenous NO and the sensory neuropeptides may therefore
interact to modulate the gastric microcirculation, particularly
under conditions of challenge when an adequate blood flow is es
sential for tissue integrity. Furthermore, other recent studies
have demonstrated that the cyclo-oxygenase inhibitor, indo-
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methacin, greatly augments the damage induced by L-NMMA follow
ing capsaicin-pretreatment, suggesting close interactions of NO
and sensory neuropeptides with a local prostanoid, probably pro
stacyclin (Whittle et al., 1990). These local vasodilator media
tors may not only regulate microvascular perfusion, but also en
hance the resistance of the endothelium and other mucosal cells
against challenge by endogenous vasoactive mediators released
under pathological conditions, including thromboxane Az and
endothelin-1.

I am most grateful to Mr. Juan Lopez-Belmonte for excellent
technical support.
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EFFECT OF SUBSTANCE P AND RELATED NEUROKININS ON

GASTRIC ACID SECRETION

G. coruzzi, M. Adami, G. Bertaccini

Institute of Pharmacology
University of Parma
43100 Parma, Italy

SUMMARY

Substance P and aseries of related neurokinins having va
rious degrees of selectivity for tachykinin receptors have been
studied for their effects on gastric acid secretion both "in vi
tro" and "in vivo". In the isolated gastric fundus from immature
rats, substance P, the c-terminal heptapeptide of neurokinin A,
NKA(4-10), [Arg]NKB and two synthetic analogues of NKA(4-10),
namely [ß-Ala8]NKA(4-10) and [Ala5]NKA(4-10) (compounds marked
Men 10210 and Men 10209, respectively) had no effect on sponta
neous secretion but enhanced the secretory response to histami
ne. All the different neurokinins were effective in the range of
concentrations 10-7 - 10 -6 M. In the conscious cat with gastric
fistula, substance P dose-dependently increased basal acid se
cretion, whereas Men 10210 was absolutely ineffective. Men 10209
caused a slight increase in acid output which, however, was only
10% of that induced by dimaprit or pentagastrin. The secretory
effect of dimaprit and pentagastrin was not affected by the dif
ferent neurokinins, conversely the response to 2-Deoxy-D-glucose
was slightly reduced by Men 10210 (10 nmol/kg/h). The above data
suggest that the natural and synthetic neurokinins studied have
negligible effects on gastric acid secretion, thus the gastro
protective effect observed in some experimental conditions is
unlikely to be related to an antisecretory effect of these com
pounds.

INTRODUCTION

Tachykinins (TKs) are a family of natural peptides, or1g1
nally isolated by amphibian skin, which share the common C-ter
minal aminoacid sequence phe-X-Gly-LeU-Met.NHz (for review see
Bertaccini, 1976). Among natural TKs, substance P (SP) was iden
tified in mammalian tissues including gastrointestinal tract,
together with two other analogs, neurokinin A (NKA) and neuro
kinin B (NKB). Pharmacological receptors for the different neu
rokinins (NKs) were subsequently characterized by the use of
neurokinin fragments and more recently with selective synthetic
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derivatives. The terms NK1, NK2 and NK3 receptors were recently
proposed according to the "Montreal nomenclature" to indicate
receptors for substance P, NKA, and NKB, respectively (Regoli et
al., 1989).

Among the peripheral effects of neurokinins (NKs), a gastro
protective effect has been recently reported in rats in which
gastric lesions were experimentally induced by 95% ethanol
(Evangelista et al., 1989a) . This effect has been related by the
same Authors to specific activation of NK2 receptors, since the
greatest degree of rrotection was afforded by two synthetic ana
logs, namely [ß-Ala ]NKA(4-10) and [Ala5]NKA(4-10), which pos
sess higher selectivity for this receptor subtype (Rovero et
al ., 1989; Evangelista et al ., 1990). In addition chronic cap
saicin treatment, which depletes sensory neurons of neuropep
tides including tachykinins (Hua et al ., 1985), has been repor
ted to aggravate ethanol-induced gastric lesions (Holzer et al.,
1986), to induce erosive gastritis in rats (Mann, 1977) and to
aggravate ulcers of the upper intestinal tract induced by va
rious agents (Evangelista et al., 1987; Maggi et al., 1987).
This seems to suggest that neuropeptides released by capsaicin
sensitive neurons are involved in gastrointestinal defence me
chanisms.

In order to investigate the possible role of NKs on the gas
tric secretory mechanisms, SP and some synthetic NKs were tested
both "in vitro" and "in vivo" in different animal species. The
compounds selected for this study were SP, the c-terminal hepta
peptide of NKA, NKA(4-10), two synthetic analogs of NKA(4-10)
synthesized by Menarini Laboratories, namely [ß- Al a8 ]NKA ( 4- 10 )
(Men 10210) and [Ala5]NKA(4-10) (Men 10209) and [Arg]NKB. The
aminoacid sequence of the different peptides is shown in Fig. 1.

1 2 3 4 5 6 7 8 9 10

His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met.NHz Neurokinin A

NKA (4-10)

- ß-Ala - [ß-Ala8]NKA (4-10)
(Men 10210)

Ala [Ala5]NKA (4-10)
(Men 10209)

Asp-Met-His-Asp-Phe-Phe-Val-Gly-LeU-Met.NHz Neurokinin B

H-Arg - [Arg]NKB

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met.NHZ Substance P

Fig. 1. Aminoacid sequence of some natural and synthetic neuro
kinins.

MATERIALS AND METHODS

The effect of NKs was investigated on conscious cats with
gastric fistula and on the isolated gastric fundus from the im
mature rat .
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"In vivo" Experiments

Five female cats weighing approximately 3.5 kg were used.
They were equipped with a permanent gastric fistula drained by a
gastric cannula (Emas et al .,1967) at least 6 weeks before the
study. They were fasted for 18 hr before the test, with water
"ad libitum", and used once a week.

Drugs were administered through a permanent needle into a
leg vein by bolus injection or by continuous infusion in 0.15 M
NaCI (30 ml/h). Gastric juice was continuously collected
throughout the experiment at 10 min intervals~ volume was mea
sured and the acid concentration determined by automatie titra
tion to pH 7.0 with NaOH 0.1 M.

The effect of neurokinins was evaluated in basal conditions
and on the hypersecretion induced by submaximal doses of dima
prit (1 ~mol/kg/h), pentagastrin (0.005 ~mol/kg/h) and
2-deoxy-D-glucose (2-DOG) (200 mg/kg i.v.). The different neuro
kinins were administered as i.v. bolus at the plateau of acid
secretion when dimaprit was used as a stimulant~ conversely,
since both pentagastrin and 2-DOG did not induce stable levels
of acid secretions, neurokinins were infused i.v. for 2h star
ting 30 min before the stimulant.

Acid secretory responses were reported as mean values ± SEM
in mEq H+ per 10 min.

"In vitro" Experiments

The technique described by Coruzzi et al., (1984) was essen
tially followed. Fed immature male rats (30-45 g) were used. The
gastric fundus was set up at 34°C in a perspex tube with the mu
cosa facing into the lumen, bathed by 5 ml of oxygenated (100%
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Fiq. 2. Conscious gastric fistula cat.
Effect of substance P, administered in
nmol/kg/h, on basal acid ·s ec r e t i on in com
parison with dimaprit (11) (1 ~mol/kg/h)~

.D.. = SP 1~ • = SP 3 and 0 =SP 10. Mean
values ± SEM from 5 cats.
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Fig. 3. Conscious gastric fistula cat.
Effect of neurokinins (NKs) on basal acid secretion.
compounds administered were: [ß-Ala8]NKA (4-10)
10 (,6); NKA (4-10) 30 CA). [Alas]NKA (4-10)
10 (0); [Arg]NKB 10 (0) and 30 (.).
Mean values ± SEM from 5 cats.

02) unbuffered solution, whereas the serosal surface was bathed
by 30 ml of buffered solution gassed with 95% 02 and 5% CO2. The
composition of the serosal solution was (mM): NaCl 110; NaHC03

26; KCl 5; caC12 2.4; MgC12 2.4; glucose 16 .7 and the mucosal
solution contained (mM): NaCl 136; KCl 5; CaC12 2.4; MgC12 2.4;
glucose 16.7.

The acid output was measured by titrating mucosal sampies
(taken at 15 min intervals) to pH 7 with 10 mM NaOH.

After an equilibration time of about 120 min, the effect of
NKs was tested in separate experiments on spontaneous acid se
cretion or before addition of histamine (4XI0-s M), which gave
the most reproducible response in this test preparation.

Results were expressed as mean values ± SEM in uEq HCl cm-2
h- l and were considered as differences between peak effects and
basal pre-drug levels.

Drugs

Compounds used were: histamine, pentagastrin and 2-deoxy-D-glu
cose (Sigma); dimaprit was synthesized by Dr. Schiavone (Oe An
geliJ; substance P, NKA(4-10), [ß-Ala8]NKA(4-10) (Men 10210),
[Ala ]NKA(4-10) (Men 10209) and [Arg]NKB were a generous gift
from Menarini Laboratories, Florence, Italy.

RESULTS

Gastric Fistula Cat

Basal acid secretion in this experimental model is very low
(about 0.1 mEq/10 min) and tended to disappear within 10-20 min.
SP (0.3-3 nmol/kg/h) infused for 90 min caused a dose-related
increase in acid output, being however definitely less effica
cious than dimaprit (Fig . 2) or pentagastrin (data not shown).
compound Men 10210 was completely ineffective up to 30 nmol/
kg/h, whereas both compound Men 10209 and [Arg]NKB caused a
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Fig. 4. Conscious gastric fistula cat. Effect of
[ß-Ala8]NKA (4-10) on dimaprit-induced acid secre
tion (.). 0 = 10 nmol/kg/h and • = 30 nmol/kg/h.
Mean values ± SEM from 5 cats.

slight increase in basal acid output, which however was not
dose-related (Fig. 3). None of the compounds examined influenced
the hypersecretion induced by dimaprit nor did they inhibit pen
tagastrin-induced acid secretioni an example of the ineffective
ness of Men 10210 on dimaprit- and pentagastrin-induced acid se
cretion is shown in Fig. 4 and Fig. 5. conversely, a moderate
but significant inhibitory effect was observed against 2-DOG,
after administration of Men 10210 at 10 nmol/kg/h , however the
effect was not dose-re1ated and reached a maximum inhibition of
about 25% inhibition (Fig. 6).
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Fiq. 5. Conscious gastric fistula cat. Effect of
[ß-Ala8]NKA (4-10 3 (0) and 30 (~) nmol/kg/h on
pentagastrin induced secretion (~). Mean values ±
SEM from 5 cats.
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Isolated Rat Gastric Fundus

8P, [Arg]NKB, NKA(4-10) and the synthetic analogs Men 10209
and Men 10210 were all ineffective in modifying basal acid se
cretion up to 10 -5 M. conversely they caused a significant en
hancement of the response to a sub-maximal concentration of hi
stamine (Fig. 7 and 8).

DISCUSSION

Data obtained in the present study showed that both natural
and synthetic neurokinins have a negligible effect on gastric
acid secretion. The slight stimulatory effect observed after 8P
administration in the conscious cat confirmed previous results
obtained i n the atlantic cod, in which SP and eledoisin-related
peptides tended to stimulate, rather than inhibit, acid secre
tion and only high doses of physalaemin caused an inhibitory
effect on both basal and histamine-induced secretion (Holstein
and Cederberg, 1986). Data concerning the effect of neurokinin A
and B on acid secretion are not available at present; results
concerning SP, the most investigated neurokinin, are rather con
fusing: in the dog a significant reduction in the response to
pentagastrin (Martensson et al., 1984) and peptone meal (Kontu
rek et al., 1981) was observed after SP in both the vagally in
nervated and denervated stomach. The effect was evident at doses
which do not influence blood pressure, thus suggesting that the
effect is not related to changes in the blood flow to the sto
mach. Elevation of plasma SP-like immunoreactivity following a
protein meal or bombesin infusion was demonstrated in dogs
(Jaffe et al., 1982; Martensson et al., 1984), thus SP may be
involved in the postprandial control of gastric secretion. How
ever, these results were not confirmed in rats: according to
some Authors (Goto et al., 1984) SP inhibited the response to
bethanechol but not that to pentagastrin or histamine, whereas
in other studies (Yokotani et al., 1985) SP had no effect on
bethanechol but inhibited vagally-induced acid secretion.
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Fig. 6. Conscious gastric fistula cat. Effect of
[ß-Ala8]NKA (4-10 3 (0), 10 (A) and 30 (6,)
nmol/kg/h on the response to 2-DOG (2-deoxy-D-glucose)
200 mg/kg i.v. (11). Mean values ± SEM from 5 cats.
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Enhancing effect of neurokinins (~) on histamine
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On the other hand, controversial results have been ootained
concerning the effect of sensory denervation by capsaicin on ga
stric acid secretion (Alfoldi et al., 1986; Dugani and Glavin,
1986; Evangelista et al., 1989b). The effect seems to be depen
dent on the type of administration (acute or chronic) or on the
choice of animal models (anesthetized vs chronic gastric cannula
animals) .

The ineffectiveness of neurokinin analogs acting on differ
ent types of NKs receptors observed in this study, tends to ex
clude a major role of these peptides in the control of gastric
secretory process, thus the anti-ulcer effect reported in pre
vious studies must be related to an interference in defence me
chanisms and not to their antisecretory action. Indeed the gas
troprotection induced by NKA(4-10) against 95% ethanol-induced
lesions was reversed by N-ethyl maleimide and by indomethacin,
suggesting a role for endogenous sulphydryl groups (Evangelista
et a1., 1989a) or prostaglandins (Evangelista et al., 1990) .
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to histamine (4XlO ' M) (11). * = Significantly
different (P<O.05) from controls (11). Mean
values ± SEM from 6-8 observations.
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EFFECT OF CALCITONIN GENE-RELATED PEPTIDE (CGRP) ON ASPIRIN- AND
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and Moleeular Pharmaeology, Boston, Mass. USA
and Dept. of Exp. and Clin. Pharmaeology
University of Graz, Austria

INTRODUCTION

It has been shown that the mammalian stomaeh, partieularly
the mueosa and submueosa, is densely innervated by primary af 
ferent neurons eontaining ealeitonin gene-related peptide (CGRP)
(Rosenfeld et al., 1983; sternini et al., 1987; Su et al., 1987;
Green and Doekray, 1988).

Gastrie CGRP is found mainly in eapsaiein-sensitive afferent
neurons whieh have been shown to play an important role in
gastrie mueosal proteetion. Chemieal ablation of these nerves
with a high dose of the neurotoxin eapsaiein (0. 16mmoljkg) ag
gravates gastrie lesion formation in various experimental uleer
models (Szolesanyi and Barthe, 1981; Holzer and Sametz, 1986;
Evangelista et al ., 1986). On the other hand stimulation of
these nerve endings by perfusing a low eoneentration of eapsai
ein (160 ~M for 30 min) through the stomaeh was found to afford
proteetion against ethanol- and aspirin-indueed grass mueosal
lesion formation in the rat stomaeh (Holzer and Lippe, 1988;
Holzer et al., 1989; Lippe et al., 1989a) as weIl as against
histologieal damage due to the ulceragens (Holzer et al., 1989;
Holzer et al., 1990a).

Sinee the antilesion effeet of intragastrie eapsaleln is not
affeeted by either surgieal (e.g. sUbdiaphragmatie vagotomy,
eoeliae ganglioneetomy, bilateral adrenal ligation) or pharmaeo
logieal (e.g. atropine, guanethidine, phentolamine, propranolol)
blockade of the autonomie nervaus system (Holzer and Lippe,
1988; Lippe et al., 1989a), it seems eoneeivable that afferent
nerve-mediated proteetion is brought about by a loeal release of
transmitter substanees from sensory nerve endings within the ga
strie mueosa. The marked inerease in gastrie mueosal blood flow
eaused by intragastrie eapsaiein is likewise independent of the
autonomie nervous system (Lippe et al., 1989a). Thus the gastro
proteetive effeet of eapsaiein might be mediated via arelease
of vasodilator substanees within the gastrie mueosa. CGRP is a
very potent vasodilator and was shown to be released fram affe
rent nerve endings in various tissues (for review see Holzer,
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Holzer, 1988) including the mesenteric vascular bed (Kawasaki et
al., 1988) and the vascularly perfused stomach (Holzer et al.,
1990b). These observations and the fact that CGRP is contained
almost exclusively in capsaicin-sensitive afferent neurons make
CGRP a major candidate for mediating both the vasodilator and
the protective effect of capsaicin in the gastric mucosa .

The objective of the present study was therefore to investi
gate the effects of rat alpha-CGRP, the form of CGRP present in
afferent nerves (Mulderry et al., 1988), on experimentally indu
ced lesion formation in the stomach of the rat .
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Effect of CGRP and Capsaicin administered intragastri
eally and effeet of CGRP applied by elose arterial in
fusion to the stomach on aspirin- (25mM, pH 1.5) in
duced gastric bleeding (upper panel) and aspirin
induced gastric damage (lower panel) compared to con
trols (saline perfusion only) (n=6-11). ** p< 0.01 vs
the value obtained by perfusing the rat stomach with
aspirin alone.



METHODS

For all experiments adult Sprague-Dawley rats (strain OFA
SD, Forschungsinstitut für Versuchstierzucht, Himberg Austria),
of either sex and weighing 280-320g, were used. The rats were
deprived of food, but not of water, 20 h prior to experimenta
tion. Urethane (1.5gjkg subcutaneously) served as anaesthetic
and the body temperature of the rat was maintained at 37°C. The
trachea was cannulated to ensure patent airway, one carotid ar
tery was fitted with a cannula to constantly record mean arte
rial blood pressure (MAP) and to withdraw blood sampIes, and one
jugular vein was cannulated for intravenous administration of
drugs. For close arterial infusion of CGRP to the stomach a can
nula was introduced retrogradely until the tip of the cannula
lay just above the branching of the celiac artery. The stomach
was continuously perfused with bodywarm saline (0.7-0.8 mljmin)
via catheters in the esophagus and pylorus. After completion of
surgery an equilibration period of 1 h was allowed before the
experiments were begun.

Gastric mucosal lesions were induced by perfusing the sto
machs with either ethanol (25% WjW in saline) or aspirin (25mM
in acidified saline, pH 1.5) for 30 min. Lesions were scored
under a dissecting microscope by a naive observer and expressed
as severity of lesions (for details see Holzer and Sametz,
1986); CGRP was administered intragastrically concomitantly with
the ulcerogens, or intravenously or intraarterially 5 min prior
to the ulcerogens.

The clearance of [14C-dimethylamine]-aminopyrine from the
blood into the gastric lumen was measured as an index for
gastric mucosal blood flow (Tague and Jacobson, 1976).

Gastric acid output (pH) and gastric bicarbonate (pC02 ) out
put were measured by means of appropriate electrodes and calcu
lated according to Fändricks and stage (1986) and Forsell and
Olbe (1985).

In some experiments gastric bleeding, which is a common fea
ture of aspirin-induced lesions, was determined as hemoglobin
content of the gastric output (Holzer and Sametz, 1986; Holzer
and Lippe, 1988; Holzer et al., 1989 Lippe et al., 1989a, Lippe
et al., 1989b; Holzer et al, 1990a).

RESULTS AND DISCUSSION

rntragastric Administration of CGRP

Rat alpha-CGRP (260 nM) was perfused through the stomach at
a rate of 0.7-0.8 mljmin. Locally intragastrically administered
CGRP had no effect on MAP, did not exert any change in the
gastric-aminopyrine clearance and furthermore did not influence
acid or bicarbonate output from the stomach. When CGRP was per
fused concomitantly with the ulcerogens, mucosal damage induced
by ethanol was not affected by intragastric CGRP, but aspirin
induced hemorrhagic lesions were significantly reduced from 92 ±
10 to 45 ± 8 (n=10, p < 0.01, U test). Gastric bleeding was also
diminished dramatically (see fig. 1) . Maggi et al. (1987) repor
ted previously that subcutaneous injection of CGRP is without
effect on ethanol-induced gross mucosal damage but reduces
lesions caused by aspirin.
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The lack of protection against ethanol-induced lesions was
not due to a possible inactivation of the peptide by the presen
ce of ethanol (Lippe et al ., 1989b). It seems that intragastri
cally administered CGRP, unlike the mediator substance released
by intragastric capsaicin, does not gain access to the blood
vessels and hence fails to affect ethanol-induced injury (fig.
2). If so, this would also mean that the protective effect
against aspirin-induced lesions is brought about by a mechanism
other than an effect on mucosal blood vessels. If other effects
of CGRP, such as release of somatostatin (Ounning and Taborsky,
1987; Zdon et al., 1988) or formation of prostaglandins in vein
endothelial cells (crossman et al., 1987) were to contribute to
the protective effect against aspirin-induced lesions, this
would still not provide an explanation for the lack of effect
against ethanol damage. Furthermore it was found that both soma
tostatin (oiel and Szabo, 1986) and prostaglandins (Pihan et
al., 1986; Robert et al, 1979; Guth et al., 1984) do inhibit et
hanol injury in the stomach.

It seems therefore that the route of intragastric admini
stration does not consistently mimic the protective effect of
mediatars released from afferent nerve endings in the gastric
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CGRP given by close arterial infusion on ethanol- (25%)
induced gastric damage in the rat stomach compared to
controls (saline perfusion) (n=6-11). ** p< 0.01 vs the
value obtained by perfusing the rat stomach with etha
nol alone .



mucosa, probably due to lack of adequate access of the peptide
from the gastric lumen.

Intravenous Administration of CGRP

Intravenous infusion of CGRP (16.7 and 50 pmoljmin) caused
an immediate, significant and dose-dependent fall in MAP (Lippe
et al., 1989b). The formation of aspirin-induced lesions was
unaffected, whereas the lesions induced by perfusion of the sto
mach with ethanol were markedly aggravated under CGRP i.v. infu
sion.

Intravenous CGRP exerted no effect on the output of gastric
acid or gastric bicarbonate; however when the gastric acid se
cretion was stimulated with pentagastrin infusion, CGRP was able
to reduce the acid as weIl as the bicarbonate output.

The effect of intravenously applied CGRP on aminopyrine
clearance was dose-dependent and a total intravenous dose of 500
pmol caused a significant increase in gastric mucosal blood flow
(e.g. aminopyrine clearance) of about 60%; this is about the
same increase brought about by intragastric administration of
capsaicin (Lippe et al., 1989a).

Under the experimental conditions the different effects of
i.v. CGRP might be due to the overpowering hypotensive action of
the peptide. The effect on MAP is due to the vasodilator action
on various vessels (Brain et al., 1985; Marshall et al., 1986;
Uddman et al., 1986; Bauernfeind et al., 1989). The gastric mu
cosal blood flow was increased by intravenous CGRP and this in
crease roughly paralleled the fall in MAP (Lippe et al., 1989b).
An increase in mucosal blood flow is generally thought to play a
crucial role in the abil ity of the gastric mucosa to protect it
self against injuries (Guth and Leung, 1987; Cheung, 1984; pihan
et al., 1986). The beneficial effect of mucosal vasodilatation
might be overcome by the prominent hypotensive effect of intra
venously infused CGRP.

Intracerebral as weIl as intravenous administration of CGRP
(Tache, 1988) inhibits stimulated but not basal gastric acid
output in anaesthetized rats, whereas in conscious rats the
basal acid output is also reduced (Lenz et al., 1985). CGRP
given intravenously seems to be more potent in inhibiting
gastric acid output than in affecting mucosal blood flow (Leung
et al., 1987) and our data indicate that only hypotensive doses
of intravenous CGRP can raise mucosal blood flow.

Close Arterial Administration of CGRP

CGRP was infused intraarterially locally to the stomach of
the rat and at the doses given (5 pmoljmin and 50 pmoljmin)
exerted no significant effect on MAP. This lack of effect in 10
wering blood pressure suggests that the peptide is effectively
eliminated from the portal circulation. Intraarterially admini
stered CGRP dose-dependently reduced gastric lesion formation
due to ethanol, with infusion of 15 pmoljmin causing a reduction
in the lesion index of 53% (fig . 2.). The same dose of CGRP was
also able to significantly (49%) reduce aspirin-induced gastric
damage (Lippe et al., 1989b) (fig. 1) .
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It is likely that this protective effect of intraarterially
administered alpha-CGRP results from a local vasodilator effect
on the mesenteric blood vessels (Kawasaki et al., 1988; Marshall
et al., 1986; Uddman et al., 1986; Bauernfeind et al., 1989) in
cluding those supplying the rat stomach. This has been confirmed
by measurements of gastric mucosal blood flow by means of the
hydrogen gas-clearance technique as close arterial infusion of
CGRP increased gastric mucosal blood flow significantly (P.
Holzer, personal communication).

Taken together, these results strongly support the concept
that increase or maintenance of mucosal blood flow plays an im
portant role in gastric protection against injury (Guth and
Leung, 1987; Cheung, 1984; pihan et al., 1986); consistent with
this hypothesis are reports, (Pihan et al., 1986; Whittle and
Esplugues, 1988; Lopez-Belmonte and Whittle , 1990) that close
arterial infusion of vasoconstrictors weakens gastric mucosal
defence.

CONCLUSION

The protective effect of close intraarterial infusion of the
vasodilator peptide alpha-CGRP very closely resembles the stimu
lation of sensory afferent nerve endings by intragastric capsai
cin, which likewise protects against aspirin- and ethanol
induced lesion formation in the rat stomach (Holzer and Lippe,
1988; Holzer et al., 1989; Lippe et al., 1989a; Holzer et al.,
1990a). In the rat stomach CGRP is located exclusively in prima
ry afferent neurons (Green and Oockray, 1988) and from the pre
sent study it appears that CGRP may really be amongst the key
mediators which, when released locally from afferent nerve en
dings in the stomach, strengthen gastric mucosal defence.
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VISCERAL PAIN: PATHOPHYSIOLOGY AND CLINICAL ASPECTS

Paolo Procacci, Marco Maresca, and
Riccardo Maria Cersosimo

Pain Center, University of Florence, Italy

The sensations normally feIt in the viscera are generally
known as "common sensations" or "coenaesthesia" (from the Greek
koine = common and aisthesis = sensation). These sensations are
many and are not as weIl defined as somatic sensations. Typical
examples are for the stomach a feeling known as appetite and for
the rectum and the bladder a feeling of fullness.

A common sensation can become clearly unpleasant but not
painful, as in motion sickness or in the sensation of "air hun
ger". We must note that in the viscera, much more than in soma
tic tissues, transitional and unpleasant feelings are often
feIt. When they reach a certain level, they become painful.
Keele (1962), in his studies on sensations induced by chemicals
on cantharidin blister in the skin, used the term "metaesthesia"
to indicate these feelings. The term seems very appropriate for
many visceral sensations that are unpleasant but below the level
of pain, such as a feeling of disagreeable fullness or acidity
of the stomach, asensation of light cramp in the abdomen, or
the desire to micturate when it is not possib1e. These "met.aes
thesic sensations" can arise from every viscus, but more often
from the hollow viscera, i.e. from the gastrointestinal and uro
genital tract. They can remain under the level of pain even for
a long time, but they give a strong sense of malaise and anxie
ty. They can disappear, but they can also precede the onset of
visceral pain, such as a typical attack of angina pectoris, a
renal or biliary colic, or a strong gastric pain. The metaesthe
sic sensations are not generally considered in modern textbooks
of pain, but we observed that they are extremely important . Not
infrequently, a myocardial infarction is defined painless, but a
careful clinical history shows that the patient feIt a sense of
gastric fullness or "indigestion" . These sensations are also im
portant in other diseases, such as gastritis or irritable colon.

Visceral pain can arise from a visceral common sensation.
Sensations from the bladder are typical examples. The common
sensation is the feeling of fullness, accompanied by adesire to
micturate. If it is inconvenient to micturate, the desire to do
so becomes stronger and unpleasant, but it is still not painful.
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In severe urinary retention, as occurs in acute urinary bladder
obstruction, this unpleasant feeling becomes increasingly pain
ful.

The or1g1n of metaesthesic and painful visceral sensations
has been discussed in the past and recently; the discussion is
still open. High threshold receptors, considered as true noci
ceptors by some schools, have been identified in the skin
(Burgess and Perl, 1967; Bessou and Perl, 1969, Perl, 1985). As
regards visceral organs, there is some experimental evidence for
the existence of aseparate category of high threshold recep
tors in some organs such as the heart, the lungs, the gallblad
der and biliary ducts, the testes and perhaps the uterus (Widdi
combe, 1974; Baker et al., 1980; Cervero, 1982; Kumazawa, 1986;
Robbins et al., 1987) . On the other hand, Iggo (1974), Wall
(1978), Malliani et al., (1989) observed that painful stimuli
can induce an increased activity of receptors which at low level
of activity are involved in regulating reflexes. They suggested
that such receptors at high level of activity break through to
give the conscious perception of pain and consequently they did
not accept the existence of true nociceptors, at least in the
viscera. This is the old problem of specificity of sensory re
ceptors, which has been widely debated in the past and in recent
times. There are still now two main currents of thought: one as
sumes that receptors are specific for each type of sensation,
the other considers the specificity of sensation as due to a
different pattern or processing of information. We have already
extensively discussed this problem (Procacci and Maresca, 1984).

It is weIl known that most internaIorgans have a dual affe
rent innervation. Some afferent fibres are joined to sympathetic
nerves, other afferent fibres to the parasympathetic nerves. vi
sceral pain has been considered as only due to impulses trans
mitted by afferent fibres running in sympathetic nerves; how
ever, afferent fibres running in parasympathetic nerves can also
playa role in visceral pain, at least for some particular ra
diation (a typical example is cardiac pain radiated to the neck
and to the jaws).

Some particular aspects are observed in the innervation of
the gastrointestinal system. Langley (1921) defined the "enteric
nervous system" as a third autonomic division, different from
the sympathetic and parasympathetic division for its anatomical
and functional properties. Although the central nervous system
projects to the enteric nervous system, this input from the cen
tral nervous system is quantitatively minor in comparison to the
number of intrinsic enteric neurons, which may mediate reflex
activity independently of central control. The enteric nervous
system has therefore been likened to a mini-"brain" in the bowel
(Gershon and Rothman, 1984).

visceral afferent fibres are few in number in comparison to
somatic afferent fibres (about 10% of the total amount of spinal
afferent fibres in the cat) (Dounman, 1965; Cervero et al.,
1984). But the relatively small number of visceral afferent
fibres innervates an area equivalent to at least a quarter of
the body surface, with extensive ramifications of fibres and a
great overlap between the fields of adjacent dorsal roots (even
up to 100%)(Downman, 1965). As a consequence, afferent impulses
from a given visceral area enter the central nervous system via
many dorsal roots. This "multiple entry" may ensure widespread
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evocation of reflexes and spatial summation in the central ner
vous system of the impulses evoking pain.

As there is a continuum of sensations (from normal common
sensations to pain) in human pathophysiology, we can suppose
that there is a continuum in physiological mechanisms. The first
step is represented by the enteric nervous system and by locally
acting substances; the second step is represented by the sensory
nerves, with a centrifugal and a centripetal flux of fast and
slow acting substances; the third step is represented by the
most elementary spinal reflexes, or, perhaps, by a possible re
flex action through the sympathetic gangliai the fourth step is
represented by more and more integrated reflexes, up to condi
tioned reflexes. Every step corresponds to more complex actions
of different substances, fast and slow, acting in periphery or
in the synapses. The synapse itself is now considered as a very
plastic structure. Synaptic receptors can be sensitized or de
sensitized, can be masked or unmasked. The transmitters and the
modulators are many and their interplay can change at every mo
ment . The consequence is that the whole nervous system must be
considered a plastic structure. This explains why processing of
sensations can be modified in different moments and why pain can
appear in the same anatomical but not functional conditions.

The stimuli apt to induce pain in viscera are different from
those which induce pain in somatic structures . This explains why
in the past the viscera were considered to be insensitive to
pain. In fact, it was observed that viscera could be exposed to
such stimuli as burning or cutting without evoking pain. This
apparent insensitivity of the viscera was due to failure to ap
ply adequate stimuli.

The main factors capable of inducing pain i n visceral struc
tures are the following (Ayala, 1937; Procacci et al., 1986) :

1) abnormal distension and contraction of the hollow viscera
muscle wallsi

2) rapid stretching of the capsule of such solid visceral
organs as the liver, spleen and pancreasi

3) abrupt anoxemia of visceral musclesi
4) formation and accumulation of pain-producing substancesi
5) direct action of chemical stimuli, especially important

in the esophagus and stomachi
6) traction or compression of ligaments and vesselsi
7) necrosis of some structures (myocardium, pancreas).
Some of these factors may be concomitant and interact in many
clinical conditions.

As regards the contraction of the hollow viscera wall, it
must be noted that a strong contraction in isometric conditions
provokes a more severe pain than i n isotonic conditions. This
may explain the strong pain of some diseases, such as acute me
chanical intestinal obstruction and biliary or ureteral colics.

The different visceral structures show different pain sensi
tivity . Serous membranes have the lowest pain threshold and are
followed, in order of ascending threshold, by the hollow viscera
wall and by parenchymatous organs.

Experimental investigations have been carried out in man on
algogenic visceral conditions. Esophageal pain has been induced
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by many authors, using mechanical, electrical and chemical sti
muli. Gastric algogenic conditions were studied by Wolf and
Wolff (1947) on a patient with a large gastric stoma . Different
kinds of stimuli were applied. No pain could be induced when the
healthy mucosa of the fundus of the stornach was squeezed between
the blades of a forceps. Electrical stimuli, intense enough to
cause pain in the tongue, and chemical stimuli, such as 50 or
90% alcohol, 1.0 N Hel, 0.1 N Na OH and 1:30 suspension of mu
stard, were also ineffective in evoking pain when applied to
healthy gastric mucosa. However, if the mucosa was inflamed, all
the above-mentioned procedures induced strong pain . Kinsella
(1948) observed that squeezing the inflamed appendix provoked
pain.

True visceral pain is deep, dull, not weIl defined and dif
ferently described by the patients. It is difficult to locate
this type of pain , which tends to radiate and frequently reaches
parts of the body that are far from the affected organ. It is
often accompanied by a sense of malaise. It induces strong auto
nomie reflex phenomena, including diffuse sweating, vasomotor
responses, changes of arterial pressure and heart rate, and an
intense psychic alarm reaction .

When an algogenic process affecting a viscus recurs fre
quently or becomes more intense and prolonged, the location be
comes more exact and the painful sensation is progressively feIt
in more superficial structures, sometimes far from the site of
origin . This phenomenon is usually called "referred pain". It
seems to be caused by two different mechanisms which, at least
in part, overlap (Procacci et al., 1986): 1) central convergence
of visceral and cutaneous impulses, 2) visceromuscular and vi
scerocutaneous reflexes which give rise to algogenic conditions
in the periphery.

In clinical practice, the distinction between true visceral
pain, referred pain and somatic pain is often difficult: these
are the so-called "intricate conditions". The concept was first
proposed by Froment and Gonin (1956), who observed that angina
pectoris can be related to cervical osteoarthritis, esophageal
hernia or cholecystitis. A very important clinical problem often
arises, i.e. whether a symptomatology that can be defined, ac
cording to Heberden's definition, "angina pectoris", is due in
different patients to diseases of the esophagus, to ischemia of
the heart, to a fibrositis of the ehest museIes or to many of
these factors. As a matter of fact, we have observed all these
possibilities, i .e. that a single algogenic factor gives origin
to the pain, or that many factors intermingle.

The intricate conditions, weIl known for cardiac pain, are
even more complex in the gastrointestinal tract. Here, in fact,
we must consider the interactions between the nervous system and
autacoids in the extensive sense of the word, i.e. peptides and
other substances. This micromilieu can vary in every moment and
consequently the activity and the relationships of different
substances can change both at the receptor level and in the sy
naptic junction. But in the gastroenteric system we must add a
peculiar factori the action of food on receptors and the inter
actions between the products of digestion and autacoids on re
ceptors and other structures (pacemakers, etc .). The problem, as
stressed many years aga by Keele and Armstrong (1964), is extre-
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mely complex. This seems a major problem in gastroenterology and
in pathophysiology in general.

Mnemonic traces may play an important role in visceral pain.
It has been demonstrated that the mnemonic process is facilita
ted if the experience to be retained is repeated many times or
is accompanied by pleasant or, above all, unpleasant emotions
(Benedetti, 1969). It has also been demonstrated that phenomena
of learning play an important role in pain experience (Melzack,
1973). Pain experience develops not only in learning avoidance
reflexes but also as memory. Nathan (1962) observed that in some
subjects different kinds of stimuli could call to mind forgotten
painful experiences. We carried out aseries of investigations
on patients with previous myocardial infarction and on patients
with angina pectoris, who appeared normal at a complete exam of
sensibility (Procacci et al., 1968, 1972). In these patients we
provoked a sensory stimulation in the same metameres of the
heart by inducing ischemia of the upper limbs, with the limbs at
rest. In normal subjects, ischemia of the limbs at rest induces
paraesthesic sensations but never pain. In many patients with
previous myocardial infarction, ischemia of the upper limbs pro
voked the onset of pain similar to that feIt during the infarc
tioni in many patients with angina pectoris, ischemia of the up
per limbs provoked a pain attack similar to an attack of angina
pectoris. These phenomena are probably due to the activation of
mnemonic traces. The formation of mnemonic traces is facilitated
in myocardial infarction by the strong emotions which accompany
pain, in angina pectoris by the repetition of attacks.

Similar mechanisms mayaIso be active in painful diseases of
the abdominal organs. We observed that, during the first biliary
or renal cOlic, referred pain followed true visceral pain after
a variable interval. In subsequent episodes, referred pain de
veloped promptly and was not preceded by true visceral pain.
These phenomena may be considered as due to the activation of
mnemonic traces.

In conclusion, the problem of visceral pain appears ex
tremely complicated because many factors, as we have said be
fore, can interplay both at a peripheral and at C.N.S. level.
Further studies of biochemistry, neurophysiology and clinics
seem opportune.
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CENTRAL AND PERIPHERAL ACTIONS OF CALCITONIN GENE-RELATED

PEPTIDE ON GASTRIC SECRETORY AND MOTOR FUNCTION

Yvette Tache, Helen Raybould,and Jen Yu Wei

Center for Ulcer Research and Education
VA Wadsworth Medical Center
Department of Medicine and Brain Research Institute
UCLA, Los Angeles, California, USA

Calcitonin gene related peptide (CGRP) was one of the first
examples of a biologically active peptide to be identified by
recombinant DNA and molecular biological approach (Rosenfeld et
al., 1983; Amara et al., 1985). It was also the first demonstra
tion of tissue-specific alternative processing of a gene. In
1983, Rosenfeld et al. initially reported that the RNA tran
script from the calcitonin gene is processed in rat central and
peripheral neural tissues to a mRNA encoding the precursor to a
previously unknown 37-residue peptide called CGRP or a-CGRP
(Rosenfeld et al., 1983). In thyroidal cells, the calcitonin
gene generates a mRNA which encodes a calcitonin precursor pro
tein expressing the calcium-regulating hormone , calcitonin
(Rosenfeld et al., 1983). Subsequently, both intra- and inter
species variants have been discovered. A second calcitonin gene
generating a mRNA expressing p-CGRP or CGRP 11 was identified in
rats (Amara et al., 1985). Rat ß and a forms differ in only one
amino acid residue at position 35. The same mechanism of speci
fic alternate RNA processing was described in human tissue. The
calcitonin gene leads to human a-CGRP or CGRP I which differs
from rat a-CGRP by four amino-acids in positions 1, 3, 25 and 35
(Steenbergh et al., 1986). The presence of a second human calci
tonin gene encoding ß-CGRP or CGRP 11 which differs from human
a-CGRP by three amino acids in positions 3, 22 and 25 has also
been reported (Steenbergh et al., 1985). Rat a-CGRP was origi
nally identified in the absence of biological activity. However,
the first report on its characterization showed the ubiquitous
distribution of CGRP-like immunoreactivity in the central ner
vous system (CNS) with dense representation in forebrain and me
dullary nuclei, and in pathways modulating ingestive behavior
and autonomic outflow (Rosenfeld et al., 1983). In the peri
phery, CGRP-LI is present in neurons associated with blood ves
sels and visceral organs including the gastrointestinal tract
(Rosenfeld et al., 1983) . The neuroanatomical distribution of
the peptide prompted us to study the central and peripheral ac
tions of CGRP to influence gastric function. We initially repor
ted that rat a-CGRP exerts potent central and peripheral actions
to inhibit gastric acid secretion in rats (Tache et al., 1984b)
and in dogs (Tache et al., 1984a). In this chapter, the state of
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knowledge on CNS and peripheral effects of CGRP on gastric acid
secretion and motor functions, and possible physiological rele
vance will be reviewed .

CENTRAL ACTION OF CGRP TO INHIBIT GASTRIC FUNCTION

Inhibition cf Gastric Acid Secretion by Central CGRP

Injection of rat a-CGRP into the cerebrospinal fluid (CSF)
either into the lateral ventricle or cisterna magna inhibits
gastric acid secretion in awake rats with ligature of the pylo
rus (Tache et al., 1984b; Hughes et al., 1984; Lenz et al.,
1984). The inhibitory effect was further demonstrated in anes
thetized rats when acid secretion was stimulated by peripheral
injection of histamine, pentagastrin and bethanechol and by cen
tral injection of the vagal stimulant, thyrotropin-releasing
factor (TRH) (Tache et al., 1984b; Lenz et al., 1985b; Hughes et
al., 1984). In awake dogs, the injection of rat or human a-CGRP
into the third ventricle also inhibited gastric acid secretion
stimulated by pentagastrin, 2-deoxy-D-glucose, and by a peptone
meal but not by histamine (Lenz et al., 1986a; Lenz and Brown,
1987 ; Lenz et al., 1986b) . The ED50 for intracisternal or intra
cerebroventricular CGRP-induced inhibition of pentagastrin-sti
mulated acid secretion is 10-13 pmol (Figure 1) (Tache et al.,
1984b; Lenz et al., 1984; Lenz et al., 1985; Lenz et al.,
1986a) . a-CGRP is, with bombesin and calcitonin, the most potent
central inhibitor of gastric acid secretion in the rat and dog
(Tache et al ., 1980; Lenz et al., 1989; Lenz et al ., 1986b).
Structure activity studies showed that the disulfide bridge of
the N-terminus is required and that the N- and c-terminal frag
ments, a-CGRP-14 and a-CGRP-37, are devoid of biological activi
ty (Lenz et al ., 1985; Lenz et al., 1986a) . Rat and human a-CGRP
are equipotent (Lenz et al., 1985; Lenz and Brown, 1987).

The inhibitory effect of CGRP injected into the CSF repre
sents a centrally-mediated action and not leakage of the peptide
from the CSF to the periphery. When CGRP is injected at an anti
secretory dose into the dog third ventricle, there is no detec
table change in CGRP-like immunoreactivity into the circulation
(Lenz et al., 1986b). In rats, 8% leakage of CGRP from the late
ral brain ventricle to the peripheral circulation has been
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reported (Bauerfeind et al., 1989b). A central action was fur
ther ascertained by the demonstration that CGRP antiserum injec
ted intravenously does not alter the inhibitory effect of CGRP
injected into the CSF but abolishes that induced by intravenous
administration of the peptide (Lenz et al., 1984) . Studies using
microinjection of rat a-CGRP into specific brain nuclei have 10
calized responsive sites to the dorsal vagal complex and to a
lower extent in the lateral hypothalamus whereas the nucleus
arnbiguus was inactive (Ishikawa and Tache, 1989i Tache et al.,
1984bi Ishikawa and Tache, 1988). The influence of a-CGRP on ex
tracellular activity of single neurons in rat forebrain was
found to be predominantly inhibitory (Twery and Moss, 1985).
Whether such alteration of neuronal activity underlied peptide
action on preganglionic vagal neurons needs to be further in
vestigated.

Electrophysiological, surgical and pharmacological evidence
in the rat indicates that the action of CGRP from the brain to
the stomach is mediated through vagal pathways . We recently de
monstrated that intracisternal injection of a-CGRP inhibits unit
efferent discharges recorded from the gastric branch of the va
gus (Wei and Tache, 1990). The inhibitory effect is dose related
in terms of the magnitude and duration (Figure 2). Moreover, the
inhibition of pentagastrin-stimulated acid secretion induced by
CSF injection of CGRP is abolished by vagotomy (Tache et al.,
1984bi Lenz et al., 1985b). Lastly, microinjection of CGRP into
the dorsal vagal complex which regulates vagal outflow to the
stomach (Shapiro and Miselis, 1985), inhibits gastric acid se
cretion stimulated by pentagastrin or by the vagal stimulant,
baclofen (Figure 3) (Goto et al., 1985ai Ishikawa and Tache,
1989). Although central injection of CGRP was also reported to
increase selectively noradrenergic syrnpathetic activity (Fisher
et al ., 1983i Lenz and Brown, 1990), this pathway is not in
volved since neither adrenalectomy alone or cornbined with chemi 
cal syrnpathectomy with guanethidine nor bretylium pretreatment
alter the inhibitory effect of CGRP injected into the CSF (Tache
et al., 1984bi Lenz et al ., 1985bi Lenz et al. 1984). The lack
of syrnpathetic involvement is further demonstrated by the inac
tivity of intrathecal (T9 level) injection of CGRP at doses ef
fective intracisternally in conscious or anesthetized rats (Yang
et al., 1989). In the dog, by contrast, there is no evidence
that a-CGRP injected into the third ventricle acts through vagal
pathways since CGRP effect is not blocked by vagotomy or gan
glionic blockade by chlorisondamine (Lenz et al ., 1986ai Lenz et
al. , 1986b).

peripheral mechanisms through which the inhibitory effect of
CGRP i s expressed are yet to be elucidated in rats and dogs. It
does not involve changes in circulating gastrin or gastric muco
sal blood flow since these parameters are increased rather than
decreased after central injection of CGRP in the rat (Tache et
al ., 1984bi Bauerfeind et al ., 1987i Bauerfeind et al., 1989b).
In the dog, vasopressin-, opiate- and gastrin-dependent pathways
have also been ruled out (Lenz et al .,1986ai Lenz et al.,
1986b) .

Inhibition of Gastric Motor Function by Central CGRP

Less data are available on the central action of CGRP to
inhibit gastric motor function and most of them have been ob
tained in the rat. Intracisternal or intracerebroventricular
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injection of rat a-CGRP delays gastric emptying of a liquid non
caloric solution in the awake rat . The ED50 is similar to that
inhibiting acid secretion (Raybould et al., 1988; Lenz, 1988).
Brain sites of action of CGRP are still unknown. The inhibitory
effect is mediated from the brain to the stomach through the au
tonomie nervous system (Raybould et al., 1988; Lenz, 1988). There
is some disagreement concerning the autonomie pathways primarily
involved. CGRP action was found completely prevented by adrenal
ectomy and coeliac ganglionectomy and vagotomy in rats (Raybould
et al., 1988). Further pharmacological studies indicate that the
adrenergic component of CGRP action involves ß-adrenergic recep
tors (Figure 4) (Raybould et al., 1989) . By contrast, in another
study, intracerebroventricular injection of a-CGRP-induced delay
in gastric emptying of non caloric solution was completely pre
vented by vagotomy and not by adrenalectomy, noradrenergic bloc
kade or hypophysectomy in the rat (Lenz, 1988).

Intracisternal injection of CGRP at a dose inhibiting
gastric emptying is associated with a decrease in tonic and pha
sie gastric contractions as measured by changes in intraluminal
pressure in the fasted anesthetized rat (Figure 5) (Raybould et
al., 1989). Consistent with a mediation through the sympathetic
nervous system previously observed on gastric emptying (Raybould
et al., 1988), the decrease in intraluminal pressure was com
pletely blocked by adrenalectomy combined coeliac and mesenteric
ganglionectomy (Figure 6) and partly phentolamine and propranolol
(Raybould et al., 1989) . In sheep, central injection of CGRP be
fore feeding has an inhibitory effect on gastric contractility
(Bueno et al., 1986) .

Inhibition of Experimental Gastric Lesions by Central CGRP

Centrally acting peptides which inhibit gastric acid secre
tion and motor function exert a protective effect against experi
mental gastric lesions produced by stress but not by necrotizing

agents (Taehe, 1987b; Tache, 1989; Tache and Ishikawa, 1989).
Similarly, intracisternal injection of a-CGRP inhibits gastric
erosions induced by exposure to cold restraint for 3 h, or by
central injection of the vagal stimulant TRH (Goto and Tache,
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1985b) in fasted rats (Kolve and Tache, 1989). However, unexpec
tedly, intracisternal injection of a-CGRP also prevents gastric
lesions produced by intragastric administration of ethanol (40%,
1 ml) in fasted rats (Kolve and Tache, 1989). This property is
unique to CGRP (Figure 7) in as much as intracisternal i nj ec t i on
of other centrally acting antisecretory peptides such as bombe
sin, corticotropin releasing factor (CRF), or calcitonin which
inhibited stress ulcer (Gunion et al., 1990); Ishikawa and
Tache, 1988; Tache et al., 1979) do not prevent (bombesin, CRF)
or even aggravate (calcitonin) ethanol-induced gastric lesions
(Tache et al., 1987a; Kolve and Tache, 1989). The mechanisms by
which central CGRP ipduces cytoprotection are not prostagIandin
mediated (unpublished observations) and may be related to the
increase in gastric mucosal blood flow which occurs following
central peptide injection (Bauerfeind et al ., 1987; Bauerfeind
et al. , 1989b). Recent findings support the view that increased
gastric mucosal blood flow plays a protective role against
ethanol-induced lesions (Holzer et al., 1990C).

Physiological Role of Central CGRP in the Regulation of Gastric
Function

The physiological role of CGRP in central gastric control
has yet to be defined. However, existing information on CGRP
immunoreactivity and receptor distribution in specific subsets
of medullary (dorsal vagal complex, parabranchial nucleus) and
forebrain nuclei (hypothalamus, central amygdala) receiving
visceral information and influencing autonomic outflow provide
anatomical substrate for such a role (Skofitsch and Jacobowitz,
1985; Morishima et al., 1985; Schwaber et al ., 1988; Kruger et
al., 1988). a- and ß-CGRP mRNAs have the same distribution in
the brain, however the a-CGRP is the predominant form expressed
(Amara et al., 1985). Biochemical evidence indicates that both
variants act on the same receptors in the brain. Based on bind
ing assays in rat brain membrane, rat a and ß CGRP appear equi
potent (Dennis et al., 1990b) whereas human ß CGRP displays a
relatively higher potency over the a form (Kruger et al., 1988;
Dennis et al., 1990b). The recently developed CGRP antagonist ,
human CGRP-37 (Dennis et al., 1990a), will provide a useful tool
to assess physiological relevance of this peptide in relation
with central regulation of gastric function.
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PERIPHERAL ACTION OF CGRP TO INHIBIT GASTRIC ACID SECRETION

Characteristics of the Inhibitory Response

In assessing whether the inhibitory action of CGRP was spe
cific to the central vs the peripheral route of administration,
we found that intravenous injection of the peptide induces a po
tent suppression of acid secretion in the rat and dog (Taehe et
al., 1984a). since then, the inhibitory influence of peripheral
administration of CGRP on gastric acid secretion and mechanisms
through which the peptide acts have received considerable atten
tion.

In the rat, intravenous injection of rat a-CGRP inhibits
acid secretion stimulated by pentagastrin, histamine, bethane
chol and by vagal activation induced by intracisternal TRH
(Taehe et al., 1984a; Leung et al., 1987; Lenz et al., 1985a).
Intravenous doses required to produce an inhibitory effect are
in the same dose range as intracisternal doses in the rat (Lenz
et al., 1984; Lenz et al., 1985; Tache et al., 1984b; Lenz et
al., 1985a). Human and rat a-CGRP share the same biological ac
tivity whereas the linear moleeule without the disulfide bond,
the N-terminal fragments, CGRP-14, and c-terminal residues
CGRP23-27 do not influence gastric acid secretion (Lenz et al.,
1985). In awake dog, intravenous administration of rat or human
a-CGRP inhibits gastric acid secretion stimulated by pentagas
trin, a meal, sham feeding and bombesin whereas the acid re
sponse to histamine and bethanecol are not modified (Taehe et
al., 1984a; Lenz et al., 1986a; Pappas et al., 1986; Helton et
al., 1989) . Rat a-CGRP is one of the most potent inhibitors of
acid secretion in both rats and dogs (Taehe et al., 1984a;
Pappas et al., 1986). In rabbits, human ß-CGRP inhibits whereas
human a-CGRP was reported to increase pentagastrin-stimulated
acid secretion while both peptides increased gastric blood flow
(Bauerfeind et al., 1989a). Further studies in healthy volun
teers established that intravenous infusion of rat a-CGRP and
human ß-CGRP but not human a-CGRP result in a significant and
prolonged inhibition of pentagastrin and bethanechol-stimulated
acid secretion (Kraenzlin et al ., 1985 ; Beglinger et al., 1988) .

Mechanisms Involved in CGRP-Induced Inhibition of Acid Secretion

In the rat, the mechanisms through which peripheral rat a
CGRP inhibits acid secretion are independent from the vagus and
prostagIandin synthesis or gastric mucosal b100d flow which was
unchanged or increased (Taehe et al., 1984a; Leung et al., 1987;
Bauerfeind et al., 1987; Bauerfeind et al., 1989b; Holzer et
al., 199Gb). a-CGRP has been shown to either produce no change
in bombesin and gastrin release in the isolated perfused rat
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Fig. 5. Recording of changes in gastric intraluminal pressure
induced by intracisternal injection of rat a-CGRP in
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stomach (Madaus et al., 1989) or to decrease gastrin release
from antral mucosa/submucosa tissues (Young et al., 1989). In
the dog, the inhibition of bombesin- or meal-stimulated acid se
cretion induced by intravenous infusion of rat a-CGRP is not re
lated to suppression of gastrin secretion since the increase in
plasma levels of gastrin in response to a meal or bombesin was
not modified (Pappas et al., 1986). CGRP action is also indepen
dent from vagal innervation since the peptide inhibits penta
gastrin-stimulated acid secretion in dogs with Heidenhain pouch
(Tache et al., 1984a). In humans, intravenous infusion of rat a
CGRP decreases basal levels of stimulatory (gastrin), and inhi
bitory (enteroglucagon, gastric inhibitory peptide and neuroten
sin) peptides (Kraenzlin et al., 1985). Other studies in humans
showed that the antisecretory effect of human ß-CGRP was unrela
ted to increase in bicarbonate secretion, or changes in splan
chnic blood flow (Beglinger et al., 1988).

There is consistent evidence in rats and dogs that CGRP in
hibitory effect involves somatostatin release (Helton et al.,
1989). Rat a- or ß-CGRP is the most potent peptide to stimulate
in vitro somatostatin secretion from isolated vascularly perfu
sed rat stomach preparation (Yamatani et al., 1986; Koop et al.,
1987; Chiba et al., 1989; Madaus et al., 1989) or from rat an
tral mucosa/submucosa tissues (Young et al., 1989; Young et al.,
1990). The mechanisms by which a-CGRP increases somatostatin se
cretion in the isolated perfused rat stomach or rat antral muco
sa/submucosa do not involve muscarinic or ß-adrenergic receptors
(Koop et al., 1987) or intramural neurons (Koop et al., 1987;
Young et al., 1990) . Arecent study demonstrates that human a
CGRP induces a dose related release of somatostatin and parallel
increase in celular cAMP content in D-cells preparation isolated
from fundic canine mucosa (Chiba et al. , 1989) . Binding studies
show the presence of specific CGRP binding sites on D cells
(98,000 receptors/D cells) (Chiba et al., 1989) . These findings
suggest that CGRP acts directly on D-cell secretion through
specific receptors linked with cAMP production (Chiba et al.,
1989).
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In conscious and anesthetized dogs, intravenous infusion of
human a-CGRP increases intravenous plasma levels of somatosta
tin-like immunoreactivity and arterial concentrations of somato
statin-28 and somatostatin-14 (Dunning and Taborsky, 1987; Hel
ton et al., 1989; Bunnett et al., 1990; Reasbeck et al., 1988).
Human a-CGRP appears to be the most effective stimulant of gut
somatostatin currently known in the dog (Dunning and Taborsky,
1987) . CGRP action is not secondary to changes in blood pressure
(Dunning and Taborsky, 1987). Further studies in pigs demonstra
ted that intra-arterial infusion of human a-CGRP stimulates the
release of prosomatostatin-derived peptides and somatostatin 28
which originates mostly from the corpus but not from the an trum
or intestine (Bunnett et al., 1990).

However, other mechanisms in addition to somatostatin are
involved in mediating the inhibitory effect of CGRP on acid se
cretion. This is suggested by the demonstration that CGRP is a
more potent inhibitor of acid secretion than somatostatin, and
that changes in acid secretion and somatostatin levels are not
always parallel, particularly at low doses of CGRP (Pappas et
al., 1986; Helton et al., 1989). There are several reports that
CGRP alters cholinergic transmission in the enteric nervous sys
tem. a-CGRP inhibits basal or K+ stimulated acetylcholine re
lease from the fundic and antral mucosajsubmucosa of rats and
this effect is sensitive to pertussus toxin (Young et al., 1989;
Young et al., 1990; Orloff et al., 1989).

There is little evidence for an effect of CGRP directly at
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the level of the parietal cello A low number of binding sites
(7,200jcells) has been found in the parietal cells (Chiba et
al., 1989). Moreover rat a-CGRP did not alter the response to
histamine in the isolated rabbit gastric gland (Taehe et al.,
1984a). In enriched parietal cell preparation from dog fundic
mucosa, rat or human a-CGRP did not modify the aminopyrine re
sponse to bethanechol, histamine or pentagastrin (Tache et al.,
1984a: Chiba et al., 1989). By contrast, in an enriched fraction
of parietal cells from guinea-pig, human a-CGRP was reported to
induce a dose related inhibition of aminopyrine accumulation
stimulated by histamine, carbachol, pentagastrin and DBcAMP
(Umeda and Okada, 1987). Whether these different results reflect
species differences needs to be further investigated.

Inhibition of Gastric Motor Function by Peripheral CGRP

Intravenous injection of rat a-CGRP inhibits gastric
emptying of a non caloric solution in rat (Raybould et al.,
1988) and decreases gastric motility. Unlike CCK, the decrease
in intraluminal pressure induced by intravenous CGRP is not al
tered by perivagal capsaicin treatment (unpublished observa
tion). In studies using strips of guinea pig and rat fundus,
human and rat Q- and ß-CGRP induced an equipotent and sustained
relaxation of the strips (Katsoulis and Conlon, 1989). The ef
feet is not modified in the presence of tetrodotoxin, adrenergic
antagonists, somatostatin or a purinoreceptor antagonist sug
gesting a direct action on muscle cells (Katsoulis and Conlon,
1989). This has been further confirmed by the demonstration that
human or rat a-CGRP are equipotent to inhibit carbachol-induced
contraction of dispersed smooth muscle cells of guinea pig sto
mach. Two classes of specific receptors for CGRP with high and
low affinity have been characterized on smooth cells (Maton et
al., 1988). The occupation of receptors is linked to cAMP acti
vation and causes cell relaxation (Maton et al., 1988).

Physiological Role of Peripheral CGRP in the Regulation of
Gastric Function

The peripheral distribution and release of CGRP along with
its potent biological actions on gastric acid secretion and
motor activity upon intravenous injection suggest a role of the
peptide in the regulation of gastric function. Large amounts of
CGRP-like immunoreactivity are located in the stomach with high
concentrations in the pylorus and throughout the submucosa and
muscular layer (Inui et al., 1989). CGRP in the stomach is pri
marily located in neuronal processes of capsaicin-sensitive sen
sory nerve fibers of splanchnic origin (Varro et al., 1988:
Green and Dockray, 1987). Recent neuroanatomical studies have
revealed that sensory neurons express primarily Q-CGRP whereas
the intrinsic neurons in the enteric nervous system expressed
only ß-CGRP (sternini and Anderson, 1990). CGRP is present in
the venous effluent of the isolated and vascularly perfused rat
stomach (Holzer et al., 1990a: Inui et al., 1989). Moreover,
CGRP secretion is increased by stimulation of gastric sensory
afferent pathways by capsaicin or dibutyryl cyclic AMP (Inui et
al., 1989: Wimalawansa and MacIntyre, 1988). The release of CGRP
at terminals of sp1anchnic afferent fibers following physiologi
cal stimulation of chemo- or mechano-receptors may play a role
in a variety of reflex responses to modulate gastric tone and
acid secretion. However, such a role needs to be further inves
tigated by the use of specific antibodies and of newly developed
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CGRP antagonists acting at the various receptor subtypes (Dennis
et al., 1990b; Dennis et al., 1990a) .

SUMMARY AND CONCLUSIONS

CGRP exerts a potent central action to inhibit gastric acid
secretion in rats and dogs and gastric emptying, contractility
and ulcer formation in rats. The site of action to inhibit acid
secretion has been localized in the dorsal vagal complex. The
inhibition of acid secretion is related primarily to the de
crease in vagal efferent activity whereas the inhibition of
gastric motor functions involves increases in sympathetic out
flow. The central action of CGRP to prevent ethanol-induced
lesions is unique to this peptide and not shared by other cen
trally acting inhibitors of gastric function. It may be related
to the increase in gastric mucosal blood induced by central
CGRP. The presence of CGRP-like immunoreactivity and receptors
in medullary nuclei receiving visceral information and influen
cing vagal outflow suggests a possible role of- the peptide in
the vagal regulation of gastric secretion.

Peripheral injection of CGRP also inhibits acid secretion
when administered peripherally in rats, dogs, rabbits and
humans. Its antisecretory effect is unlikely to be related to a
direct action on the parietal cells. !t involves specific and
marked release of gastric somatostatin through an interaction
with CGRP receptors characterized on D cells and coupled with
cAMP. In addition, CGRP induces a decrease in acetylcholine
transmission in the enteric nervous system which may contribute
to the inhibition of acid. Peripheral CGRP inhibits gastric
emptying and motility by a direct action on smooth muscles
through receptors linked with cAMP . The release of CGRP from
spinal afferents innervating the stomach in response to stimula
tion of capsaicin-sensitive fibers suggests a role of the pep
tide in the regulation of gastric function.
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GROSS AND MICROSCOPIC ANATOMY OF PYLORUS

The pyloric region, as described by Torgersen (1) in 1942,
consists of a circular thickening of the innermost circular mus
cle layer found at the junction of the stomach and duodenum.
Schulze-Delrieu et al. (2) confirmed the presence of this ring
in all mammalian species studied, albeit with some variation in
size. This was termed the distal pyloric muscle loop. A second
thickened muscular ring, the proximal pyloric muscle loop, has
been identified in a number of species, and is connected to the
distal pyloric muscle loop by a fan-like arrangement of oblique
muscle fibres forming a loop over the distal antrum, running
from the greater to the lesser curvature. These two circular
muscle loops and their connecting fibres meet at aridge, or
torus, located on the lesser curvature aspect of the stomach.
Figure 1 illustrates schematically the muscular anatomy of the
human pyloric area.

The antral circular muscle is continuous with the pyloric
muscle loops and torus. The longitudinal muscle layer joins the
distal pyloric muscle loop along with the muscularis mucosae, in
the absence of a true submucosa in this region (2). The result
ing apposition of mucosae and muscularis mucosae results in a
tight attachment of the former with the distal loop, causing the
bulging of proximal and distal mucosa that are only loosely at
tached to muscle upon contraction of the muscle ring. The mucosa
bulging can therefore act as a luminal plug.

Contractions of the upper and lower pyloric muscle loops will
markedly alter the size of the luminal opening. Based on radio
logical observations, Keet (3) has described the pyloric segment
at rest as being partially closed by the tonic activity of the
distal loop and by the bulging of the torus from the lesser
curve. During contractions, the pyloric segment is obliterated
by contractions of the proximal muscle loop, the torus and the
longitudinal muscle fibres ending on the distal muscle loop. No
direct observation of the independent contraction of those
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Fig. 1. Muscular anatomy of the human antropyloroduodenal seg
ment. Left: Longitudinal section, Right: Mucosal view
following section of the segment along the greater cur
vature. Between the two muscle loops is the pyloric
groove bulging outward at the beginning of the pyloric
contraction resulting in the pyloric pseudodiverticu
lum. In the canine pylorus, the distal pyloric loop is
more obliquely oriented and the proximal loop is less
prominent and difficult to recognize. In the cat, the
pyloric segment is very narrow even when the muscle is
paralysed. (Reproduced with permission from Schulze
Delrieu et al., 1984 (4» .

muscle loops and of the torus have been made but if this de
scription is accurate, these would provide a basis for the re
dundancy of control of pyloric activitYi i.e. removal or damage
to the distal loop would not necessarily damage or prevent lumi
nal closure by any of the other elements.

NEURAL ORGANIZATION

A myenteric plexus separates the antral longitudinal and circu
lar muscle layers in the pyloric segment and is continuous with
the duodenal plexus, as is the longitudinal muscle layer, albeit
reduced in size by the loss of fibres to the distal pyloric loop
(4). However the duodenal circular muscle layer is not conti
nuous with the pyloric and antral circular muscle but rather
clearly separated (5). A deep muscular plexus is found within
duodenal but not pyloric circular muscle (4). As previously men
tioned, the submucous plexus is absent in the pyloric segment.

MICROSCOPIC ANATOMY

The myenteric plexus of the pyloroduodenal area is ganglionated
with large ganglia containing immunoreactive nerve eells for en
kephalins (ENK) , substanee P, VIP, neuropeptide Y (NPY) and ga
lanin (GAL) (Daniel, unpublished). The density of those immuno
reactive fibres is markedly higher at the pyloric sphincter than
in the overlying antral eireular musele or duodenal eircular mu
sele. This high immunoreactivity in the pyloric sphincter plexus
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Fig. 2. Micrographs of nerves in canine pyloric sphincter. Top:
Small nerve bundles near muscle cells (SM), showing
profiles of varicosities (arrows) with large granular
vesicles (LGV), one with (left) and the other without
(right) glial cell covering part of an lee cell profile
is present (double arrow). Bottom: A larger nerve bun
dIe containing (left) profiles of nerve varicosities
with a mixture of small agranular vesicles (SAV) and
LGV (curved arrows) as one with LGV (straight arrow)
and (right) profiles of varicosities containing SAV.
Many axons are present in all four cases. A putative
lee or f i br obl a s t was at bottom in the latter. The ca
libration bars show about 292 nm.
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layer has been documented in the dog, human and cat (6,7,8,9)
and is illustrated in Figure 2. Using histochemical methods,
Allescher et al. (10) have confirmed the previous report of
Costa et al. (11) showing the presence of adrenergic nerve
fibres in the sphincteric region. It is probable that a dense
innervation of cholinergic nerves might be present as weIl but
no studies using methods specific for these nerves have been
published yet.

Only two studies of the ultrastructure of the pyloric region
have been published to date . In the guinea pig, Cai and Gabella
(12) demonstrated a high density of nerve profiles in this re
gion where most of the varicose nerves contained a mixture of
large granular synaptic vesicles and of small agranular synaptic
vesicles rather than the usual predominance of the latter type.
Large granular vesicles have been shown in a nurnber of irnrnuno
cytochemical studies to contain neuropeptides but the content of
small agranular vesicles, often considered to be acetylcholine,
is not certain at present. We have recently completed an ultra
structural study of the canine pylorus with several striking
findings: a very high density of nerves close to muscle, 3-5
times higher than in antral circular muscle (4), an extremely
high proportion (> 50%) of nerves with LGV, in fact the highest
reported anywhere, equal to the rat anococcygeus (Figure 3). It
is likely that these LGV contain neuropeptides. Finally, there
was a lower density of gap junctions than in the antral circular
muscle, a finding similar to previous reports from other sphinc
teric areas such as the LES which has a lower density of gap
junctions than the circular muscle of the oesophageal body (13).

The distribution of interstitial cells of Cajal in the py
loric region was examined in our laboratory for the first time
(4). In general two groups of ICC can be defined based on ultra
structural appearance, possibly relevant for function in the GI
tract. These cells may be involved in the pacemaking activity of
GI smooth muscle and possibly playa role in non-adrenergic,
non-cholinergic inhibitory neurotransmission (14,15). The lee
found in the canine pylorus were mostly similar to those of the
circular muscle, not closely related to nerves, unlike the rela
t ionship noted in the LES region (Figure 3) . However the second
type of ICC, those associated with myenteric plexus cells, were
also seen. The pyloric ICC or their processes were in contact
through gap junctions with one another or with smooth muscle
cells. This would support the notion that these ICC are designed
to provide pacemaking activity to muscle rather than acting as a
pathway for neurotransmission. The canine pylorus has been shown
to possess TTX insensitive tonic and phasic activity, indepen
dent of antral or duodenal activity (16). We suggest that ICC of
one or the other type may be necessary for such an action.

An interesting finding of these ultrastructural studies of
the canine pylorus was the absence of close proximity between
varicose nerve endings and either ICC or smooth muscle cells.
This makes the observation (see below) that the pylorus could
follow single vagal stimuli or single pulses of field stimula
tion up to frequencies of 0.5 to 0.7 Hz difficult to understand
in anatomical terms.

SUMMARY

In brief, the canine pyloric sphincter appears to be very dense-
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Fig. 3. Montage of Interstitial Cell of Cajal (IC) of the cir
cular muscle type in the canine pyloric sphincter. Note
the lobulated nucleus (n), the many plasmalemmal caveo
lae (short arrow) to another ICC and the associated but
not close nerve profiles (N) . Length bar = 511 nm.

Iy innervated by nerves, many of which contain neuropeptides,
compared to antral muscle. It also contains lCC with gap junc
tions connecting them with one another and to smooth museIe. Ho
wever unlike other tissues, many lCC are not associated with
nerves and no close nerve varicosities-smooth muscle or -ICC
contacts were observed . This leaves some aspects of neural con
trol difficult to explain i n structural terms.
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NEURAL PATHWAYS INVOLVED IN GASTRODUODENAL COORDINATION

The control of pyloric activity is accomplished by a com
plex, integrated hierarchy of extrinsic and intrinsic enteric
neural pathways, associated with a number of humoral mechanisms.
Extrinsic neural pathways include both vagal and splanchnie
nerves . This complex system allows for a high degree of plasti
city in the response since compensation for the loss of a parti
cular control can be made by other mechanisms (17). Both intrin
sic and extrinsic systems are involved in the basal and post
prandial motility of this area, and the coordination of antral
pyloric and duodenal motility (17). Using the canine pyloric re
sponses to a number of stimuli in vivo we have examined the sen
sory and motor neural pathways involved in the control of pylor
ic sphincter activity in the dog (10,18). The overall system is
highly integrated and, as will be seen, involves both local en
teric reflexes and central, vagally mediated pathways.

The model we have been using has been described in detail
elsewhere (10). Briefly, under chloralose and urethane

A

Fig. 4.

204

Schema of the canine model used for pyloric motility
and the recording devices used. The manometrie assembly
consists of a multi-lumen side-hole catheter and a
sleeve sensor (S), and is inserted through a gastros
tomy. Strain gauges (SG) and silver chloride wire elec
trodes (E) are sutured in the antrum and duodenum. In
traarterial cannulae (C) are used for close intraarte
rial injections to the antrum , pylorus and duodenum.
The inset demonstrates the sleeve sensor (S) and the
antral and duodenal side holes (SH).



anaesthesia, in healthy mongrel dogs, selective intraarterial
cannulations of the gastroepiploic artery allowed selective ar
terial infusions either to the pylorus and proximal duodenum or
to the distal antrum. strain gauges were sutured to the antral
and proximal duodenal serosa, oriented so that circular museIe
activity be recorded. A manometrie assembly incorporating a
sleeve sensor was inserted through a small fundie gastrostomy
and positioned so that the sleeve sensor was straddling the py
lorus. This system allows for simultaneous intraluminal manome
try and circular museIe activity recording and is shown in Fig.
4.

using such a model, the basal activity of the pylorus was
found to consist of both a resting pyloric pressure (approxi
mately 10 mmHg) and spontaneous phasic contractions in the ab
sence of antral or duodenal activity. They are therefore isola
ted pyloric pressure waves (IPPW) (10). This activity was mar
kedly reduced by atropine but the local administration of TTX
(50-100 ~g I.A.) to the pylorus caused an increase in basal py
loric motor activity. The administration of TTX nevertheless
blocked all pyloric motor responses following vagal stimulation
and and antral and duodenal field stimulation (see below). Vagal
transection had different effects on basal pyloric motility de
pending on whether the motor activity of the pylorus was normal
(increased basal activity) or basal activity was high (where va
gal transection did not alter or only slightly decreased activi
ty). Excitation of the vagal stump resulted in pyloric excita
tion when low frequencies were used (.1-.5 Hz) but inhibition
was seen with higher frequencies (1-5 HZ). The excitatory effect
was blocked by atropine and hexamethonium but the inhibitory ef
feet of high frequency stimulation was unchanged by atropine,
hexamethonium, propranolol and phentolamine . Only TTX abolished
this effect .

Field stimulation of the duodenum at frequencies of . 5 to
1 Hz caused an immediate pyloric activation. This activation was
abolished by atropine or hexamethonium but not by propranolol or
phentolamine. Therefore this response to duodenal field stimula
tion apparently involves an orally projecting chain of choliner
gic neurones with nicotinic synapses.

Antral field stimulation , on the other hand, inhibited py
loric phasic and tonic activity as weIl as inhibiting pyloric
activation due to duodenal field stimulation (Figure 5) . This
inhibitory effect of antral field stimulation was not affected
by atropine , hexamethonium or propranolol, but was blocked by
TTX.

The effect of antral and duodenal field stimulation was abo
lished by antral and duodenal transection respectively, but this
transection had no effect on the action of vagal stimulation on
pyloric motility.

The evidence would therefore be indicative of a number of
levels of control of pyloric activity : first, the presence of
basal phasic and tonic pyloric activity even in the presence of
TTX supports a myogenic control present in the sphincter areai
secondly, vagal stimulation at low frequencies excites the py
lorus via a neural pathway involving muscarinic and nicotinic
synapsesi thirdly, the excitatory response of the pylorus after
duodenal field stimulation is mediated by a chain of orally
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Fig. 5. Inhibitory effect of antral field stimulation. Manome
trie tracing showing the effect of antral field stimu
lation (1 Hz, .5ms, 40 V) on the pyloric motor excita
tion resulting from duodenal field stimulation.

projecting cholinergic nerves
synapses; finally, antral field
tor of pyloric motility through
mechanisms.

with nicotinic and muscarinic
stimulation is a potent inhibi
non-adrenergic, non-cholinergic

We subsequently studied the response of the pylorus to in
traduodenal hydrochloric acid infusion (.1 N HCI, 1 ccjmin) and
examined the neural reflexes involved (18). This slow infusion
of acid elicited a strong phasic and tonic pyloric contraction,
with phasic duodenal activity and inhibition of antral activity
(Fig. 6). This response was not affected by prior vagotomy but
was markedly diminished by atropine and hexamethonium. Nalox
one, phentolamine, propranolol, and the eCK antagonist CR-1392
had no effect on this response. It therefore was concluded that
this response of the pylorus to intraduodenal acidification was
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Fig. 6. Manometrie tracing of the response of the canine pylo
rus following duodenal acidification (Hel .1N, .92
ccjmin). The response of the pylorus is independent of
any antral activity and is accompanied by duodenal pro
pagated activity resulting in a rapid clearance of the
acid load.

mediated through an orally projecting chain of cholinergic
nerves (18).

Vagal input did not appear to be necessary as evidenced by
the lack of effect of vagotomy on this response. Note that this
observation does not exclude the involvement of vagal sensory
nerves in the response. This response was inhibited by antral
field stimulation, antral contractions and vagal stimulation, as
was the pyloric response to duodenal field stimulation. There
fore a similar chain of muscarinic and nicotinic cholinergic
nerves appeared involved. However the prior administration of 2%
xylocaine to the duodenal mucosa prevented the response from
occurring . Intra1uminal infusion of serotonin (10-5 M 1 ccjmin)
and of the 5HT3 agonist phenylbiguanide (10-3M 1 ccjmin) mi
micked the pyloric response to acid and was similarly blocked by
prior xylocaine treatment and by atropine and hexamethonium (18,
Tougas G., unpublished) (Figure 7a,b).

since the response to intraluminal serotonin and phenylbi
guanide is blocked by the same agent as the response to duodenal
field stimulation, it is reasonable to assurne that the same
pathway of orally projecting neurones is involved. To further
characterize the type of serotoninergic receptors involved, we
then administered selective 5HT-2 and 5HT-3 antagonists and ob
served their effect in this pyloric response to acid, 5HT and
phenylbiguanide (Tougas G., unpublished). Whereas the selective
5HT-2 antagonist ketanserin (10-7 to 10-5 M) had no effect on
the pyloric response to any of these 3 agonists or on the effect
of duodenal field stimulation, the selective 5HT-3 antagonist
zacopride administered either intraluminally or intraarterially
effectively blocked the pyloric response to intraduodenal hydro
chloric acid, as weIl as the response to intraluminal serotonin
and phenylbiguanide (Figure 8). Furthermore zacopride failed to
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Fig. 7. Motor response of the antropyloroduodenal segment fol
lowing duodenal i nf usion of Serotonin (5-HT, 10 micro
molar, .92 ccjmin) (Fig. 7a) and the 5HT3 agonist
phenylbiguanide (PBG, .1 millimolar, .92 ccjmin)
(Fig. 7b) .

have any action on the response to intraduodenal field stimula
t ion suggesting that i t s effect is on sensory nerves rather than
on the chain of cholinergic nerves that is involved in this lat
ter response.

The exact source of the serotonin mediating the response to
acid remains uncertain but it must be in close proximity to the
mucosa as evidenced by the potent effect of the intraluminal ad
ministration of 5HT-3 agonists and antagonists on this response.
Two possible sources seem more likely: 1) The presence of sero
tonin-containing nerve cells is l ikely and these nerve cells
could have nerve endings that are sensitive to duodenal luminal
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EFFECT OF ZACOPRIDE IA ON ACID RESPONSE

Effect of an intraluminal infusion of the 5-HT3 antago
nist zacopride (ZAC, .1 micromolar, .92 cc/min, acidi
fied to pH 1.2) on the response to intraduodenal acidi
fication. The delay in the response is due to the dead
space of the catheter used for the infusion. The infu
sate was directed at the proximal duodenum, 1 cm distal
to the pyloric sphincter. A similar response was obtai
ned with 5-HT and PBG.

acidity resulting in excitation of these nerves through release
of serotonin and activation of the orally projecting chain of
nerves responsible for this response . 2) Alternatively, the se
rotonin that is released by duodenal acidification may origi
nate from the abundant enterochromaffin cell population present
in the proximal duodenal area of the canine intestine. We pro
pose that its release is due to a direct action of hydrochloric
acid on those cells instead of an effect on neuronal endings
with subsequent excitation of these nerves and secondary release
of serotonin by the EC cells. A few factors militate in favour
of an enterochromaffin cell origin of the 5-HT: the relative
paucity of 5-HT containing nerve endings in the mucosa of the
canine intestine (Furness J.B., personal communication), the do
cumented release of large amounts of serotonin following duode
nal acidification (19), in amounts that are difficult to concei
ve being released by neuronal cells but could easily be released
by the EC cells.

SUMMARY

The canine pylorus is the target for a large array of ex
trinsic and intrinsic nerve-produced effects. Some of them have
intermediate nicotinic synapses. In all cases observed so far
the final nerve terminals mediating excitation are cholinergic,
but those mediating inhibition are both adrenergic and non-adre
nergic non-cholinergic. The role of the dense peptidergic inner
vation is unclear especially in view of the observation that
this museIe and its nerves contain receptors to all of those
studied (VIP, PHI, GAL, SP, NKA, NKB, CCK, and others. The pylo
rus is also the target of an important reflex initiated by acid
in the duodenal lumen. Our preliminary work suggests that this
reflex is initiated by acid induced release of 5HT from the EC
cells to act on 5HT receptors on sensory nerves which acti-
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vate the ascending chain of cholinergic nerves in the myenteric
plexus. This same stimulus mayaiso activate other vagal sensory
nerves.
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INTRODUCTION

Capsaicin, the pungent ingredient of many red peppers, has
been shown to possess a selective stimulant action on certain
neuropeptide-containing primary afferents which are widely dis
tributed in the gastrointestinal tract of several species (Maggi
and Meli 1988 and Holzer 1988 for reviews). On isolated gut seg
ments from rats or guinea pigs, capsaicin exerts a variety of
motor responses (contraction, relaxation or both) which depend
upon the release from sensory nerves of certain neuropeptides,
such as tachykinins or calcitonin gene-related peptide (CGRP)
(see as examples Barth6 et al ., 1987; Maggi et al., 1986;
1988a). A specific feature of the action of capsaicin on sensory
nerves is represented by desensitization, which means that after
a single application of a maximally effective concentration of
capsaicin the sensory fibers become unresponsive to subsequent
applications of this drug.

We have investigated (Maggi et al., 1988b; 1988a) the effect
of capsaicin on the longitudinal muscle of the human ileum at
tempting to assess whether endogenous peptides such as tachy
kinins, CGRP or VIP might be held responsible for the motor ac
tion of capsaicin at this level.

METHODS

Experiments were performed on ileal strips from patients un
dergoing abdominal surgery for carcinoma of the bladder base
(enterocystoplasty). Pre-anesthetic medication and anesthesia
were made as described previously (Maggi et al., 1988b;
1989a,b). All specimens appeared macroscopically normal with no
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signs of tumor or inflammation. The tissues were placed in ice
cold Krebs solution within 2-3 min from surgical removal. The
specimens were pinned flat on a Petri dish containing Krebs so
lution and the mucosa was carefully dissected out. Small strips
(0.5 - 0.8 cm long, 2-3 mm wide) of muscle were cut along the
longitudinal axis from which tension was recorded isometrically
as described previously (Maggi et al., 1988b). Some strips were
studied within 3 h from surgery ("fresh" strips). The remainder
were stored overnight in ice-cold (4°C), and continuously oxyge
nated (96% 02' 4% CO2) Krebs solution, e.g. functional experi
ments started 16-20 h after surgery ("stored" strips).

RESULTS

Electrical field stimulation (10 Hz, 60 V, 0.5 ms pulse
width, trains of 5 s every 90 s) of longitudinal strips from the
human ileum evoked phasic contractions which were abolished or
strongly inhibited by atropine or tetrodotoxin (1 ~M each case).
Capsaicin (1 ~M), invariably inhibited the nerve-mediated con
tractions (n=15) but in some strips it also produced a delayed
increase in spontaneous motility (Maggi et al., 1988b) and in
some other strips an increase in tone, evident for a few min
from its application.

On the spontaneous activity of the longitudinal strips cap
saicin (1 ~M) was also inhibitory although the effect was not
consistently found in all strips tested (n=6) .

The inhibitory effect of 1 ~M capsaicin on the electrically
evoked contractions was also studied in the presence of 1 ~M te
trodotoxin. Tetrodotoxin produced an almost complete (>95%) in
hibition of the nerve-mediated contractions. When this inhibito
ry effect had fully developed, the parameters of stimulation we
re increased (pulse width from 0.5 to 5-10 ms, voltage from 60
to 80-100 V) in order to obtain phasic contractions having an
amplitude of at least 60% of those recorded before the addition
of tetrodotoxin. The inhibitory effect of capsaicin on the lon
gitudinal muscle was not observed in the presence of tetrodoto
xin.

Peptides displayed a variety of effects on human ileum. Ta
chykinins (substance P and neurokinin A) invariably produced a
contraction (see Giuliani et al., this book). CGRP evoked some
inhibitory effect on the nerve-mediated contractions but this
effect was not consistently observed in all strips tested (Maggi
et al., 1988b).

VIP produced a concentration-dependent (10 nM -1 ~M) inhibi
tion of the nerve-mediated contractions of longitudinal strips.
VIP was also tested on spontaneous activity of the longitudinal
strips but had a weak and inconsistent inhibitory effect.

The concentration-response curve to VIP (obtained in presen
ce of 1/25 control rabbit serum) for the inhibitory action to
ward the nerve-mediated contractions was shifted to the right in
presence of a highly specific anti VIP serum (#2, raised in a
rabbit using porcine VIP, 1/25 for 60 min). Tetrodotoxin pre
treatment prevented the inhibitory effect of VIP.

The anti VIP serum (1/25 final dilution for 60 min) signifi-
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cantly reduced the inhibitory effect of capsaicin on nerve-media
ted contractions by about 70%. By contrast, the R8 anti CGRP se
rum at a concentration (1/25 for 60 min), shown previously to be
active in blocking the specific motor responses to capsaicin in
other smooth museIes as weIl as the motor responses to exogenous
CGRP (Maggi et al., 1988C), did not significantly inhibit the
effect of capsaicin.

DISCUSSION

Capsaicin produces a variety of local motor responses in i
solated preparations from the mammalian gut, ascribable to re
lease of tachykinins and CGRP from sensory nerves of extrinsic
origin . However the human small intestine differs from other
species, since neither tachykinins nor CGRP seem to contribute
to the inhibitory effect of capsaicin. The lack of mimicry by
exogenously administered peptides supports this conclusion. In
fact, while tachykinins produced a consistent contraction of the
human small intestine (Maggi et al ., 1989b), CGRP produced an
inconsistent inhibitory effect. Moreover, as far as the human
small intestine is concerned, capsaicin was found inactive in
promoting CGRP release (Maggi et al., 1989a) and the inhibitory
effect of capsaicin was insensitive to immunoblockade by anti
CGRP serum. On the other hand the possible involvement of tachy
kinins in the delayed increase in motility or in the immediate
small tonic contraction observed in a minority of cases in re
sponse to capsaicin cannot be excluded at this stage.

Overall, our findings suggest that endogenous VIP is respon
sible, at least in part, for the specific motor response to cap
saicin of the human isolated small intestine. Evidence suppor
ting this statement may be summarized as folIows: a) exogenous
VIP closely mimicked the effect of capsaicin; b) the functional
response to capsaicin was significantly reduced by VIP antise
rum, at a concentration antagonizing the response to exogenous
VIP and c) a significant release of VIP-like material by capsai
ein was detected (Maggi et al ., 1989a).

VIP is an established enteric transmitter in various species
(Angel et a1., 1983; Grider et a1 ., 1985). VIP-LI has been de
tected in the human small intestine by radioimmunoassay where it
is confined to the nonepithelial layers (Ferri et al., 1983).
Furthermore nerve fibers containing VIP-LI have been found in
both longitudinal and circular museIe of the human small intes
tine (Wattchow et al ., 1988). A role for VIP as an enteric in
hibitory transmitter released from intrinsic neurons in the hu
man intestine might be proposed, in much the same way as it was
proposed to act in the animal intestine .

Present findings raise the possibility that at least part of
the VIP content of the human small intestine might be stored in
capsaicin-sensitive nerves and, by analogy with animal data,
that these nerves are of sensory origin . It is interesting to
note that capsaicin-sensitive nerves containing VIP-LI have been
recently described in the rat lower gut (Chery-Croze et al.,
1988) . A second possibility is that some VIP neurons of the hu
man gut are capsaicin-sensitive. Kirchgessner et al . (1988) re
ported that certain neurons in the submucosal plexus of the rat
jejunum which share some lactoseries antigens with primary affe
rents in dorsal root ganglia are somehow affected by neonatal
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capsa~c~n desensitization. These elements, which may be intrinsic
sensory neurons of the gut, also contain VIP- and neuropeptide
Y-like immunoreactivity. Finally, a third possibility may be en
tertained: capsaicin determines the release of a yet unidenti
fied transmitter from primary afferents in the human gut which,
in turn, acts on VIPergic elements of intrinsic origin.

The action of exogenous VIP, as weIl as that of capsaicin
(which presumably acted by releasing endogenous VIP) was preven
ted in presence of tetrodotoxin. The tetrodotoxin-resistant con
tractions were most likely dependent from direct activation of
muscle cells and these findings suggest that the action of VIP
in the longitudinal muscle of the human ileum was exerted via
prejunctional inhibition of transmitter release, although fur
ther studies are needed to firmly assess this point.

In conclusion, the present findings provide a functional
link between the specific relaxant response to capsaicin and re
lease of VIP in the human small intestine. Further studies are
needed to assess the nature of the VIP-related peptide released
by capsaicin in the human gut as weIl as to ascertain or exclude
that other neuropeptides, such as tachykinins, might play some
role in the functional response to capsaicin.
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INTRODUCTION

Galanin (GAL) is a sensory neuropeptide of 29 amino acids
possessing an N-terminal glycine and an amidated C-terminal ala
nine (Tatemoto et al., 1983).

GAL-like immunoreactivity, originally found in the porcine
intestine, has been deteeted in myenterie and submueosal neurons
which project to the intestinal smooth muscle and mucosa, re
speetively (Melander et al., 1985; Bauer et al, 1986a; Bishop et
al., 1986) was subsequently demonstrated in the eentral nervous
system, partieularly in the paraventrieular nueleus (Skofitseh
and Jacobowitz, 1985) and in respiratory and genitourinary traet
of other mammalian species (Cheung et al. , 1985; Bauer et al.,
1986b) .

Previous studies demonstrated that administration of synthe
tie poreine GAL may affeet feeding behaviour (Kyrkouli et al.,
1986), gastric secretion (Soldani et al., 1987), intestinal mo
tility (Ferre et al., 1988) and hormone release (Dunning et al.,
1986) in experimental animals, although results obtained were
sometimes eontradietory. The diserepaney may be attributable to
differenees in neuromuseular circuitry in various anima1 spe
eies, differenees in the amino aeid eomposition among the por
eine, rat and bovine GAL (Crawley and Wenk, 1989) or different
experimental models.

The present experiments were earried out to eharaeterize the
effeets of synthetie poreine GAL on food intake and seeretomotor
funetions in animal speeies of veterinary interest and to eom
pare results with those obtained in experimental animals. In ad
dition, experiments with a 1-10 GAL fragment were also earried
out.
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METHODS

Orexogenic effects of i.c.v. slow infusions of galanin
(G)(ngjkgjmin for 30 min) during the 1st h after dosing
( )=number of replications **=P<O.Ol.

Food Intake and Digestive Motility in Sheep

Seven shorn female sheep (Bergamasca breed, 49-64 kg b.w.)
equipped with stainless steel cannulas (22 mm in length and 2 mm
in diameter) directed towards, but not entering, the lateral ce
rebral ventricle (Bueno et al., 1983), were implanted with chro
nie Nickel-Chrome (80:20) electrodes within the muscular layers
of their reticulum, abomasum (5-7 cm from pylorus), duodenal
bulb (3-4 cm after pylorus), transverse duodenum and colon
(Ruckebusch, 1970). The preparative procedures were always per
formed under surgical anesthesia (pentobarbitone sodium: 25
mgjkg, i.v.). The animals were then housed in special restrai
ning cages, maintained at constant temperature (22 ± 2 'C) and
fed with hay , water and mineral salt block. To ensure a synchro
nized daily meal rhythm and a homogeneous pattern of motility of
their gastrointestinal tract, the animals were fasted at con
stant times (9:30-11:30, 12:30-13:30 and 14:30-15:30) while al
lowed to drink water and liek a mineral salt block ad libitum.
starting during the first fasting time (at 11:20), GAL, dissol
ved in bidistilled apyrogenic water, was slowly infused (every
48 h) into the cerebral ventricle (i.c.v) (total volume 2 ml;
infusion rate = 0.066 mljmin lasting 30 min). Water and food in
take were measured gravimetrically in the morning (8:30 and
9:30) and, after dosing, at the end of each feeding period
(11:30-12:30, 13:30-14:30, 15:30-16:30). The gastrointestinal
electrical activity was always recorded for two hours (11:00
13:00), with an EEG (Neurograph ERA 9 OTE-Biomedica) at the time
constant of 0.01 sec., continuously plotted, at 5 sec. inter
vals, during aperiod of 5 days, by a multiple linear integrator
circuit connected to a potentiometrie recorder. During the first
2 hours following GAL administration, the animals were carefully
observed to register eventual behavioural changes.
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Fig. 2. Effects of GAL or GAL 1-10 infusions (~) on unsti
mUlated plasma glucose in conscious dogs. Each point
represents the mean value of 3-5 dogs ± S.E. (vertical
bars). *P<0.05 vs control.

Gastric Acid Secretion and Gastrointestinal Hormones in Dogs

Experiments were performed on 6 adult mongrel dogs (12-17 kg
b.w.) chronically implanted with gastric cannulas. After 18 h
fast, intravenous catheters were placed in a hindlimb for blood
sampling and a forelimb for administration of drugs or control
saline infusion. In a first series of experiments, dogs received
120 min infusion of saline (control), GAL (1-2 ~g/k9/h) or GAL
1-10 (4-8 ~g/k9/h). In a second series of experiments,
2-deoxy-D-glucose (2DGi 100 mg/kg i.v. bolus) was given alone
(control) or with simultaneous addition of i.v. infusion of GAL
(2-4 ~g/kg in 15 min) or GAL 1-10 (4-8 ~g/kg in 15 min). Blood
sampIes were obtained at 0, 15, 3D, 60, 90 and 120 min after
starting the infusion. All sampIes of 5 ml volume were put into
heparinized tubes with the addition of 500 KIU aprotinin (Bayer,
Leverkusen, FRG) per ml of blood, centrifuged at 4·C and the
plasma stored at -20·C. A small amount of each blood sampIe was
used for determination of plasma glucose, using a glucose-oxi
dase technique (Sclavo, Siena, Italy). The concentrations of im
munoreactive insulin (IRI), glucagon (IRG) or somatostatin (SLI)
were determined by RIA. Student's paired t test was used for
comparisons between control and treatment means.

Assay of Contractility in Longitudinal Muscle of Pig Proximal
Jejunum

The muscularis externa from a 20 cm segment of proximal
jejunum was isolated from Yorkshire pigs of either sex, dissec
ted free from epithelium and cut into thin strips (1 cm long and
0.5 cm wide) which were oriented in the longitudinal plane. Mus
eIe strips were suspended isometrically at 1.0g tension in 10 ml
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Fig. 3. Effects of GAL or GAL 1-10 infusions (~) on plasma
glucagon concentrations (IRGipg/ml) in conscious dogs.
Each point represents the mean value of 3-5 dogs ± S.E.
(vertical bars).

capacity silicon-coated organ baths. The strips were bathed in
Ringer-Hco3 buffer, maintained at pH 7.4 and 39°C (poreine core
temperature) and oxygenated continuously (5%:95% COZ/o2 ) . MuseIe
contractions were recorded with a force displacement transducer
connected to a 4-channel polygraph (Model 79-0, Grass Instru
ments Co., Quincy, MA) . Chart records of museie contractions
were quantified by planimetry and data are expressed in terms of
the motor index ratio (MIR); MIR is derived from the following
equation: MIR = (A2/Al)-1 where Al and A2 represent the area of
chart pen displacement (in mm2

) per unit time (in sec) in con
trol and GAL treatment periods, respectively .

Assay of Ion Transport in Mucosa-Submucosa of Pig Distal Jejunum

A 20 cm segment of distal jejunum was stripped of its serosa
by blunt dissection and the remaining submucosa and mucosa was
isolated as described previously (Brown et al., 1990). Mucosal
sheets were mounted between two lucite Ussing-type half chambers
having an exposed serosal surface area of 2.01 cm2

• Mucosal
sheets were bathed in Ringer-Hco3 buffer under identical condi
tions to those employed in the smooth museIe bioassay. Bathing
media was contained in 10 ml water-jacketed siliconized glass
reservoirs. O-Glucose and mannitol were added respectively to
the media bathing the contraluminal and luminal sides of each
sheet to achieve a final concentration of 10 mM. Short-circuit
current (Isc), a bioelectrical measure of active transcellular
ion transport, was measured continuously under voltage-clamped
conditions as described previously (Brown et al., 1990). In ex
periments employing electrical transmural stimulation (ES), bi
polar pulses of electrical current (300 pulses at 10 Hz, 0.5
msec pulse duration , 2.8 mA/cm2

) were delivered across mucosal
sheets by stimulator (Model S-88, Grass Instruments, Quincy, MA)
connected to aluminium foil electrodes which were placed diago
nally on opposite sides of each tissue . In each experiment, GAL
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was administered serosally in cumulative concentrations to one
tissue prior to ES; ES was delivered to a second tissue untrea
ted with the peptide which served as a paired control. Peak
changes in Isc relative to baseline were determined in response
to ES or peptide administration after stabilization of the spon
taneous Isc.

Mare Uterine and Bronchial Motility

Tissues were obtained from healthy mares (450-500 kg b.w.)
and immediately transferred in oxygenated (95% 0z; 5%COz) Krebs
Henselheit solution of the following composition (mM/1): NaCI
113, KCl 4.7, CaClz 1.9, MgS04 1.2, KHZP04 1.2, NaHC03 25 and glU
cose 11. 5 .

uterus. Myometrial longitudinal strips (1.5 cm long and 0.3
cm wide) obtained fromdioestrus uteri were suspended isometri
cally under 2.0 g tension at 37°C, according to the technique
previously described (Coruzzi et al., 1989). After an equilibra
tion time of about 90 min, the effect of GAL was evaluated on
the spontaneous phasic contractions, which were weIl maintained
up to 6-7 hours.
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Fig. 4. Effects of GAL 1-10 (infused over aperiod of 15 min;
~) on gastric acid secretion stimulated by 2DG (100
mg/kg at the arrow) from gastric fistula dogs. Each
point represents the mean value of 4-5 dogs ± S.E.
(vertical bars).

223



Bronchi. Spiral strips (2.0 cm long and 0 .3 cm wide) obtai
ned from small bronchi were suspended isometrically at 37 °C un
der 2.0-2.5 9 tension. The effect of GAL was evaluated on both
the resting tone and the contractions evoked by field stimula
tion (10 sec trains of pulses, 5 Hz, 0.5 msec, 150-200 mA, deli
vered at 2 min intervals).

RESULTS

Food Intake and Digestive Motility in sheep

As shown i n Fig. 1, i.c .v . infusion of GAL at doses of 15.0
and 30.0 ngjkgjmin for 30 min produced a significant dose-depen
dent increase of food intake in sheep during the first ho ur
after dosing (+53.01% and +76.66% vs control respectively), but
not during the successive periods of observation. At these
doses, the peptide never elicited any change in animal beha
viour. By contrast, at higher doses (75 .0 and 150.0 ngjkgjmin
for 30 min i.c .v.) GAL produced behavioural changes characte
rized by restlessness and generic signs of CNS stimulation. The
animals appeared to be voracious and packed into their mouths
food in such quantity that they were not able to chew or swallow
properly. This state resulted in food consumptions lower than
those registered with the lower doses of GAL. Moreover, these
dose-related behavioural changes lasted about one hour. Both at
orexogenic and behaviour-affecting doses, GAL never modified
water intake or gastrointestinal motility in sheep.

Gastric Acid Secretion and Gastrointestinal Hormones in Dogs

Basal acid output (0.14 ± 0.06 mEq H+j15 mini n=9) was not
significantly modified by infusion of GAL at the dose of
2 ~gjkgjh for 120 min (0.09 ± 0.03 mEq H+j15min; n=5) nor by in
fusion of GAL 1-10 at the dose of 8 ~gjkgjh for 120 min (0.11 ±
0.06 mEq H+j15 min;n=4). In these experiments, a rapid onset of
hyperglycemia after GAL, but not GAL 1-10, was also observed
(Fig. 2). within 15 min of GAL (2 ~gjkgjh), plasma glucose con
centrations rose from 92 mgjdl to 119 mgjdl; a maximum was
reached at 120 min (140 mgjdl) and concentrations dropped at the

Tab. 1. changes in plasma insulin concentrations (IRI; ~Ujml)

at various intervals under basal conditions. N=number
of dogs; means ± S.E. * P<O.05 vs control.

A IRI
IRI basal

H lJdIIIl I

1511n. ~ Iin. 60 Iin. 90 Iin. 1201in.

Conlrol 16.7! -O.I! -O .lI! -1.51 -0.2! 0.1!
CHaCI 0.'1\) 1.7 1.7 2.0 2.3 1.8 1.4

GAL 5 12·51 -7.1! • -9.0! • -8.4! I -6.51 • -5.3! •
1I j/!V1lVbl 1.8 2.3 1.8 1.2 2.6 1.8

GAL 14.3! -9.51 • -ll.lI! • -10.61 I -9.7! • ID.8! •
(2Jl!V1lVbl 2.2 4.2 1.6 4.2 3.3 2.9

GAL 1 - 10 18.7! -1.61 -3.4! -1.9! O.?! -0.3!
(4)I9I1!J"b1 1.5 2.3 1.7 1.3 1.8 2.6

GAL I - 10 15.0! -2.31 -1.61 2.2! I. I! -1.6!
(8j/!V1!J"b1 1.4 1.6 2.2 1.8 1.4 2.4
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Tab. 2. changes in plasma somatostatin concentrations (SLl;
pg/ml) at various intervals under basal conditions.
N=number of dogs; means ± S.E.

L1 SLI
SLI basal

N (pglml)

30 min 60 min 90 mrn

Control 5 54.6 t -3 .4 t 8.8 t -4 .2 t
(NaC t 0 .9%) 7.9 5.7 9.5 6.3

GI\L 5 49.5 t 8.4 t 9.5 t - 1.5 t
(2 WKglh) 12.6 6.2 7.3 4.4

GI\L 1-10 4 57.3 t 10.9 t 4.0 t 4 .0 t
(8 WKglh) 11.4 3 .5 2.2 3.1

end of the infusion. Reciprocal changes were observed in plasma
insulin concentrations (Tab. 1). An immediate decrease in plasma
insulin concentrations occurred within 15 min of GAL infusion;
by contrast, GAL 1-10 was ineffective (Tab. 1). On these condi
tions, plasma concentrations of somatostatin (Tab. 2) and gluca
gon (Fig. 3) were not significantly modified by GAL or GAL 1-10.

GAL, given i .v., dose-dependently inhibited 2DG-stimulated
gastric acid secretion: maximal inhibition was obtained with GAL
at the dose of 4 ~g/kg (2.87 ± 0.74 mEq H+/15 min vs 8.62 ± 2.54
mEq H+/15 min at 30 mini P<0.05: n=5); by contrast, GAL 1-10 was
ineffective (Fig. 4).

The activation of autonomic nerves was produced by neurogly
copenia induced by 2DG and elevated glucose and insulin plasma
levels. On these experimental conditions, GAL, but not GAL 1-10,
further increased plasma glucose levels and induced a marked but
short-Iasting inhibition of insulin release (Fig. 5 and 6).

Intestinal contractility and Ion Transport in Pigs

Under baseline conditions, longitudinal muscle strips from
the porcine proximal jejunum displayed irregular phasic contrac
tions with a frequency of approximately 15/min. GAL increased
the amplitude of phasic contractions without altering basal
muscle tone with an EC50 or 13 nM; the maximum contraction pro
duced by GAL was 25% of that produced by 10'5 M carbachol. The
effects of GAL were unaltered by the neuronal conduction blocker
tetrodotoxin (TTX; 10.7 M) but were inhibited by omega-conotoxin
GVlA (CgTX; Fig . 7). Additional experiments revealed that ace
tylcholine and substance P do not mediate the contractile
actions of GAL.

Under baseline conditions, the distal jejunal mucosa mani
fests net Na and Cl absorption (Brown et al., 1990). ES produces
a transient rise in Isc attributable to the stimulation of
active anion secretion; this effect of Es is inhibited by TTX or
cgTX indicating that it results from activation of submucosal
neurons (Hildebrand and Brown, MS submitted). In 4 out of every
5 tissues examined, the contraluminal additio~ of 10'7 GAL pro
duced a slight (6-10 ~A/cm2) decrease in basal Isc. Over a wide
concentration range, contraluminal GAL attenuated mucosal
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Fig. 5. Effects of GAL or GAL 1-10 (infused over aperiod of 15
mini arrrro) on 2DG-induced hyperglycemia (control) from
gastric fistula dogs. Each point represents the mean
value of 4-5 dogs ± S.E. (vertical bars). *P<0.05 vs
control.

responses to ES in a concentration-dependent manner with an ICsoof 13 nM (Fig. 8). The results of additional experiments indica
ted that GAL effects are not mediated through enteric opioids or
norepinephrine.

Mare uterine and Bronchial Motility

uterus. GAL (10-8 - 5x10-7 M) did not modify the amplitude
and the frequency of spontaneous contractions (Fig. 9), nor did
it induce the appearance of phasic motility in quiescent strips.

Bronchi . GAL (10 -8 - 3x10-7 M) had no effect on the resting
tone of the muscle or the contractile effect of acetylcholine.
The peptide was also ineffective in altering the contractile re
sponse to field stimulation (Fig. 10).

DISCUSSION

As observed in rats injected with GAL into their paraventri
cular nucleus (PVN) (Kyrkouli et al., 1986), GAL stimulates food
intake also in sheep when injected i.c.v. The orexogenic effect
of the peptide is at the lower assayed doses (i.e. 15.0 and 30.0
ngjkgjmin for 30 min) but is concealed by other behavioural
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plasma levels of insulin (IRI; ~U/ml) induced by 2DG
from gastric fistula dogs. Each point represents the
mean value of 4-5 dogs ± S.E. (vertical bars). *P<0.05
vs control.

changes at higher doses (i .e. 75.0 and 150.0 ng/kg/min for 30
min). In any case, however, GAL does not affect water intake or
gastrointestinal motility in sheep . These findings suggest a
central site of action of GAL administered by the i.c.v. route:
a moderate inhibition of the medial hypothalamic area at lower
doses and a more intense inhibition of the same area at higher
ones . On this basis, GAL could play the role of a short-term
signal for hunger in sheep, probably by an involvement of adren
ergic pathways. The high concentrations of GAL into PVN
(Skofitsch and Jacobovitz, 1985), the colocalization of GAL with
norepinephrine in neuronal cells of the locus coeruleus (Rokaeus

3

.2
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a:
)( 2
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"tl
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o 1
Ö
::;

0'----'----

1° -CgTXI
• +CgTX

Fig. 7 . Histogram depicting the contractile actions of 3 x 10-7

M GAL on longitudinal muscle from porcine proximal
jejunum in the absence (-CgTX) and presence of 10 -7 M
CgTX (+CgTX). The motor index ratio produced by GAL was
reduced by 66% in the presence of CgTX (**P<0.01,n=5
tissues, paired t test).
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Inhibition of GAL of mucosal Isc responses to electri
cal stimulation (ES,10Hz for 30 sec, 0.5 msec pulse du
ration, 2 .8mA/cm 2

) . Bars represent mean ± S.E. of per
centage changes in Isc elevations induced by ES in the
absence (Control) and presence (Gal) of GAL at the cu
mulative concentrations indicated compared to initial
tissue response to ES (*P<0.05 and ***P<0.001 vs con
trol mean , n=3-6, unpaired t test). Note that tachyphy
laxis did not develop in control tissue responses to
repeated ES deliveries.

et al., 1984), the observed release of norepinephrine induced by
i.c .v . GAL in the PVN (Melander et al., 1986), the lack of the
effect when the peptide is injected in other regions of CNS or
peripherally (Kyrkouli et al., 1986) and the central excitation
observed at higher doses might explain this hypothesis.

The absence of activity of i.c.v. GAL on sheep gastrointes
tinal motility may be explained by its inability to cross the
blood-brain barrier and reach peripheral gastrointestinal sites
(Gonda et al., 1986; Fox et al., 1986). This suggestion seems
only partially in disagreement with the inhibition of duodeno
jejunal and stimulation of colonic motilities (Ferre et a1.,
1988) exerted by very high doses of i.c.v. GAL in rats and ex
plained as effects on spinal pathways.

In dogs, GAL had no effect on basal acid secretion, but it
significantly decreased acid secretion stimulated by 2DG that
activates cholinergic neuronal pathways through a central me
chanism. The fact that gastrin release was not significantly af
fected by GAL indicates that changes in the plasma levels of
gastrin are not the major mechanism by which GAL inhibits
gastric acid secretion in dogs. It is thus possible that the in
hibitory effect of GAL on gastric secretion might be due to an
impairment of cholinergic transmission (Soldani et al., 1987).
The absence of any significant influence of GAL 1-10 on vagally
induced gastric acid secretion indicates that this fragment is
unable to impair cholinergic transmission.

Further, the present experiments demonstrate that GAL mar
kedly inhibits not only basal insulin secretion in dogs, which
was known before (McDonald et al., 1985), but also insulin se
cretion induced by 2DG . It has been previously reported that 2DG
induces an atropine-sensitive stimulation of the secretion of
insulin (Karlsson et al., 1987). Thus GAL, but not GAL 1-10,
seems to be a general inhibitor of insulin release in the dog,
perhaps by interfering with an essential step in the secretory
mechanism of pancreatic B cells. In our experiments, GAL did not
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Fiq. 9. Isolated mare uterus . Lack of effect of galanin (G) ad
ministered in molar concentrations on the spontaneaus
phasic activity. On the ordinata tension of the trans
ducer in grams . Time in minutes.

affect unstimulated glucagon and somatostatin release, in accor
dance with McDonald et al. (1985) and Manabe et al. (1986) who
described a lack of effect of GAL on peripheral plasma glucagon
in conscious dogs. Conversely, Dunning et al. (1986) have repor
ted that, in anesthetized dogs, injection of GAL into the pan
creatic artery stimulated glucagon output as measured in the su
perior pancreatic-duodenal vein. The discrepancies between these
results might be due to different experimental conditions (pe
ripheral vs local blood) and suggest the possible existence of
differential sensitivity to GAL of the B-, A- and D-pancreatic
cells (Hermansen, 1987).

GAL alters both propulsive activity and electrolyte trans
port in the porcine jejunum. GAL potency in porcine tissues was
remarkably similar to that determined in other experiments
(Ekblad et al., 1985; Maggi et al., 1989). Although the pre
synaptic neurotoxin CgTX inhibited the contractile effects of
GAL, the neurotransmitters mediating GAL effects have yet to be
identified. In addition to its motility action, GAL inhibited
basal and ES-stimulated Isc. Its potency in inhibiting mucosal
responses to ES was identical to its contractile potency. The
ionic bases of GAL actions on the Isc remain to be clearly de
fined, but probably reflect a GAL-induced reduction of tonic ac
tivity in submucosal neurons. GAL has also been reported to in
hibit ES-induced elevations in Isc across the guinea-pig distal
colon i n vitra, although it exhibits considerably lower efficacy
in this preparation (McCulloch et al., 1987) . Located as it is
in myenteric and submucosal neurons of the small intestine, GAL
may act in some fashion to coordinate the ongoing activities of
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Fig. 1.0. Isolated mare bronchial muscle. Lack of effect of gala
nin (G) administeredin molar concentrations on elec
trically-stimulated strips (upper panel) and on unsti
mulated preparations (lower panel). Galanin did not mo
dify the contractions evoked by acetylcholine (.). On
the ordinata tension of the transducer in grams . Time
in minutes.

the distinct but neurally-interconnected intestinal epithelium
and smooth muscle.

Porcine GAL seems to be without effect on mare uterine and
bronchial musculature. The ineffectiveness of this peptide on
mare bronchial muscle is in accordance with data obtained in the
guinea-pig, in which GAL had no effect on carbachol- or electri
cally-induced contractions, nor did it have any effect on
resting preparations (Ekblad et al., 1985). However, the possi
bility that the mare muscle would require a specific (equine)
GAL, different from porcine GAL used, cannot be discarded.
Though immunohistochemical findings demonstrated the presence of
GAL-like immunoreactivity in the genital and respiratory tract
of different species (Rokaeus, 1987), the functional role of
this peptide in these systems remains to be elucidated.
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ABSTRACT

Both intrinsic and extrinsic neurons of the gut respond to
mechanical and chemical stimuli by the release of neurotransmit
ters. We summarize here some of our recent work on the role of
vasoactive intestinal polypeptide (VIP), substance P (SP) and
neurokinin A (NKA) in the secretory, motor and vascular effects
of hydrochloric acid stimulation in the isolated rat duodenal
loop and electrical nerve stimulation and mechanical stimulation
of the cat colon. Isolated duodenal loops of conscious rats were
perfused with isotonic saline, and challenged at hourly inter
vals with brief exposures to increasing concentrations of HCL.
The concentrations of bicarbonate and prostagiandin E2 (PGE2)
released from the duodenal mucosa were significantly augmented
already by pH 5.0 whereas VIP was significantly augmented at pH
3.0 and the tachykinins SP and NKA at pH 2 .0. continuous elec
tric stimulation of the pelvic nerve in cats at 4 Hz during 1 s
with 10 s rest produced a marked release of NKA-LI and SP-LI
from the colon to blood . Reflex activation of the pelvic nervae
by mechanical stimulation of the anus or rectal distension pro
duced a less pronounced release of NKA-LI and SP-LI from the co
lon to blood. There was a simultaneous colonic contraction and
vasodilation during each nerve stimulation. Close intraarterial
infusions of NKA, neurokinin B, SP, neuropeptide K (NPK), ele
doisin and physalemin at doses of 0.1-100 pmoljmin induced dose
dependent proximal and distal colonic contractions and vasodila
tion, NKA being the most potent. The effects of the tachykinins
were reduced after tetrodotoxin and atropine, but unchanged a
fter treatment with hexamethonium. Taken together, the present
findings indicate that peptides present in primary afferents in
cluding VIP, SP, and NKA are involved in physiological regulato
ry mechanisms including smooth museie contraction, bicarbonate
secretion and vasodilation in the gut.
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INTRODUCTION

The nervous system of the gastrointestinal tract consists of
both intrisic and extrinsic neurons. Both types of neurons re
spond to mechanical and chemical stimuli by release of neuro
transmitters. The present paper summarizes some of our recent
work on the role of vasoactive intestinal polypeptide and tachy
kinins in the secretory, motor and vascular effects of hydro
chloric acid stimulation in the isolated rat duodenal loop and
electrical nerve stimulation and mechanical stimulation of the
cat colon.

There are two major sources of vasoactive intestinal poly
peptide and tachykinins in the gastrointestinal tract: intrinsic
neurons of the submucosal and myenteric plexa and peripheral
endings of capsaicin-sensitive sensory neurons . Capsaicin-sensi
tive neurons are widely distributed in the gastrointestinal
tract of several species (Matthews and Cuello, 1984; Sharkey et
al., 1984). However, in contrast to the other parts of the body,
capsaicin only partially depletes the tissue concentrations of
sensory neuropeptides in the gut since they are to a large ex
tent present in intrinsic neurons (Holzer et al., 1986; Ekblad
et al., 1987). Neuropeptides in sensory neurons include sub
stance P (SP), neurokinin A (NKA), calcitonin gene-related pep
tide (CGRP) and vasoactive intestinal polypeptide (VIP) which
are believed to participate in the regulation of secretion,
blood flow, motility and cell growth (Holzer, 1988).

Locally released VIP is a probable regulator of mucosal
functions, such as water secretion. Dilution by water secretion
is an intestinal defence mechanism against potentially injurious
luminaI substances. A decade aga Flemström proved the long su
spected existence of another protective mechanism, the HC03_

secretion by which the gastroduodenal mucosa neutralizes HCL
(Flemström, 1977). The duodenum has a supply of VIP and tachy
kinin containing neurons, and these mediators may participate
also in the HCL stimulated duodenal HCO _ response. Duodenal
acidification releases VIP into the portal blood of pigs, and
peripheral blood of man, and HCL stimulated duodenal HC03_
secretion can be reduced by a VIP receptor antagonist in rats.
Furthermore, exogenous VIP potently stimulates duodenal HC03_

secretion in different species, including man.

stimulation of the pelvic nerve and activating the pelvo
pelvic reflex by distending the rectum or by mechanical stimula
tion of the anal wall elicits a non-adrenergic non-cholinergic
vasodilation and smooth museIe contraction of the colon in the
cat. Studies have suggested a role for VIP and kinins in the va
sodilation and opioids in the contraction. However the role of
tachykinins in this reflex is unknown. In the present work we
present evidence that tachykinins may be involved in this re
sponse by investigating the presence, molecular forms, release
mechanisms and effects of multiple tachykinins in the cat colon.

MATERIALS AND METHODS

Rat Duodenal Loop

A two cm duodenal loop, from the pylorus to a few millime
ters proximal to the entrance of the pancreatico-biliary duct
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was prepared as described earlier (Isenberg et al., 1985). A
polyethylene catheter, placed in the duodenal bulb, was threaded
subcutaneously to exit interscapularly. The duodenal segment was
drained to the exterior. After recovering from surgery, the rats
were trained to accept the test conditions restrained in BolIman
cages. The loop was perfused with saline, and effluents were
collected in 15 min a1iquots at a perfusion rate of 0.5 mL/min .
After four 15 min saline perfusion periods, duodenal HC03_
secretion was stimulated with either luminaI HCL perfusion or
i.v. VIP infusion. Three 15 min saline perfusion periods separa
ted the exposures to HCL of increased acidity (0.01, 1, 10, 50,
100 and 150 nmol/L). In some test series, prostagIandin synthe
sis was inhibited with an intraperitoneal injection of 4 mg/kg
indomethacin one hour before exposure to HCL. Perfusate ef
fluents were analyzed for HC03_ by backtitration and VIP, SP and
NKA by radio-immunoassays and PGEz by gas chromatography-mass
spectrometry (Aly et al., 1984).

Cat Colon

The experiments were performed on 29 cats of both sexes
weighing 3-5 kg. The greater omentum, the spleen and the small
intestine were extirpated, leaving the colon intact in position.
The volume changes of the proximal and distal colon were measu
red using volume recording devices.

Extraction of Plasma and Luminal Perfusate

Plasma was extracted by acid ethanol and luminal perfusates
using Sep Pack cartridges as described by Theodorsson-Norheim et
al. , 1987 .

Radioimmunoassays

Substance P and neurokinin A were measured using C-termi
nally directed antisera SP2 (Brodin et al., 1986) and K12 (Theo
dorsson-Norheim et al., 1985) respectively. Vasoactive intesti
nal polypeptide was analyzed using a slightly modified method
described by Fahrenkrug and Schaffalitzky de Muckatell, 1977).

High Performance Liquid Chromatography (HPLC)

Reverse-phase high performance liquid chromatography was
performed with a supelcoR LC-18-DB, 5 ~m, 4.6x250 mm column e
luted with a 40 min linear gradient of 20-40% acetonitrile in
water containing 0.1% trifluoroacetic acid.

RESULTS

Rat Duodenal Loop

HC03_ and PGEz were present in all basal effluents whereas
VIP, NKA and SP were only detected in basal effluents from a mi
n6rity of the rats. Brief exposures of the duodenal loop to
stepwise, increasing concentrations of HCL (from 0 .01 to 150
nmol/L) elevated the alkalinization of the duodenal contents i n
a concentration-dependent manner. Challenge with 0.01 nmol/L HCL
(pH 5) increased duodenal HC03 _ secretion significantly as com
pared to both basal saline perfused at pH 6 (p<0.05), and a bi
carbonate-saline solution perfused at pH 7.6 (p<0.05) . The duo-
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denal HC03_ responses to 0.01, 1 and 10 nmol/L HCL were tran
sient and of moderate magnitude, but exposures to higher aeidi
ties (50, 100 and 150 nmol/L were followed by sustained inerea
ses in seeretion rate up to four-fold the basal seeretion.

PGE~ was present in basal duodenal perfusates from all rats.
The lum~nal output of PGE2 was elevated three-fold from basal
levels by as little as 0.01 nmol/L HCL, and was further elevated
in a eoneentration related manner by inereasing aeidity.

VIP-like immunoreaetivity was deteeted in basal duodenal
perfusates from four out of ten rats. Perfusion with 1 nmol/L
HCL resulted in a statistieally signifieant (p<0.05) elevation
of luminal VIP, and subsequent perfusions with stronger solu
tions of HCL were assoeiated with eoneentration-related inere
ments. Luminal VIP was present in all effluents from duodenal
loops exposed to 100 and 150 nmol/L HCL. Inereases of luminal
VIP were transient at low aeidities. However, exposures to 100
and 150 nmol/L HCL produeed sustained elevations. Chromatogra
phie eharaeterization showed the presenee of a single eomponent
eorresponding to intaet VIP.

NKA- and SP-LI were deteeted in basal duodenal contents of
three out of nine, and four out of eight rats respeetively. Lu
minal NKA was signifieantly raised by 10 nmol/L HCL (p<O.OOl),
and was present in effluents from all rats exposed to 50 nmol/L
or higher eoneentrations of HCL. Luminal SP was signifieantly
raised by 50 nmol/L HCL (p<0.05) and was deteeted in effluents
from all but one rat at 100 nmol/L HCL. In eontrast to lumina1
VIP and PGE2 , elevations of NKA and SP were not sustained at any
of the HCL eoneentrations tested. Chromatographie eharaeteriza
tion showed the presenee of single eomponents eorresponding to
intaet NKA and SP, respeetively.

Indomethaein augmented the luminal output of VIP in response
to HCL and also augmented the HC03 _ response to an intravenous
infusion of VIP. However, intravenous infusion of VIP did not
change the luminal output of PGE2 , nor did luminal perfusion of
PGE2 (0.1 nmol/L, a dose whieh potently stimulates HC03_) affeet
basal eoneentrations of VIP.

Cat Colon

Oeeurenee and eharaeterization of taehykinins. NKA-LI and
SP-LI were found in picomolar amounts in eolonie tissues and
almost in an order of magnitude higher amounts in vagal, pelvie,
splanchnie and lumbar eolonie nerves of the eat (Table 1). The
plasma eoneentrations of NKA-LI and SP-LI were higher in the
venous effluent (19.0±2.8 pmol/L and 10.6±0.8 pmol/L, respee
tively) than in arterial plasma (16 .5±1.8 pmol/L and 9.2±0 .5
pmol/L, respeetively) indieating that the peptides were released
from the colon under basal eonditions. Chromatographie eharae
terization of SP-LI both in extraets of eolonie tissues and in
the venous effluent showed a major eomponent eluting in the po
sition of 8P, and a smaller eomponent eluting in the position of
oxidized SP. Chromatographie eharaeterization of NKA-LI in ex
traets of eolonie tissues showed a major eomponent eluting in
the position of NKA, a seeond eomponent in the position of oxi
dized NKA, and a small eomponent eluting in the position of
NKA(3-l0)/NKA(4-l0) and NPK. NKA-LI in the venous effluent eor
responded mainly to NKA.
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Table 1. Concentrations of neurokinin A-like immunoreactivity
(NKA-LI) and substance P-like immunoreactivity (SP-LI)
in acid and water extracts of cat colonic tissues and
nerves.

Tissue

Colon
Proximal
Distal

Nerves
Vagal
Pelvic
Splanchnic
Lumbar colonic

NKA-LI (pmoljg)

3.5±O.6
5.0±1 .6

39.2±22.2
30.4±17.6
37.6±8.4

171.2±70.9

SP-LI (pmoljg)

18.5±17.1
4.1±1.7

37.7±19.7
29.4±22.6
56.5±29.0

194.8±55 .3

stimulation of tachykinin release. continuous electric sti
mulation of the pelvic nerve at 4 Hz during 3 min (n=7) released
NKA-LI to the colonic venous effluent from 646.8±155.0 to maxi
mally 4994.2±1051.6 fmoljminj100g (p<O.OOl). The release of SP
LI increased from 270±23.0 to maximally 2168±300.6 fmoljminj100g
(p<O.OOl). Plasma levels of NKA-LI returned to prestimulation
values within 3 and 1 min, respectively, after cessation of ner
ve stimulation . During nerve stimulation colonic contraction was
registered with a decrease in proximal colonic volume from
18.3±3.4 to O.4±0.1 mL (p<O.Ol), and in distal colonic volume
from 19.1 ±2.7 to 0.3±0.1 mL (p<O.Ol) . Simultaneously, colonic
blood flow increased from 29.3±6.7 to 60.5±23.3 mLjminj100g
(p<O.Ol).

Intermittent electric burst stimulation of the pelvic nerve
at 40 Hz for 1 s at lOs intervals during 3 min (n=7) produced a
release of NKA-LI to blood from prestimulation levels of
456±95.0 to maximally 2726.8±648.2 fmoljminj100g (p<O.OOl). The
release of SP-LI increased from 264.0±24.0 to maximally
2020.6±426.6 fmolj minj100g (p<O.OOl). The levels of NKA-LI and
SP-LI returned to prestimulation values within 3 and 1 min, re
spectively, after cessation of nerve stimulation. During nerve
stimulation the motility and vascular volumes decreased only mi
nimally from 18±3.5 to 15.6 ±O.2 mL, and 18.7±O.9 to 13.6±O .3
mL, respectively, whi le colonic blood flow increased from
34.4±6.4 to 73.6±17.3 mLjminj100g (p<O.Ol).

Mechanical stimulation of the anus (n=7) produced arelease
of NKA-LI from prestimulation levels of 647±282.8 to maximally
l650.0± fmoljminj100g (p<O.Ol), and arelease of SP-LI from
264.6±14.0 to maximally 887.2±71.4 fmoljminj10og (p<O.Ol). The
levels of NKA-LI and SP-LI returned to pre-stimulation levels
within 1 min after cessation of nerve stimulation. During stimu
lation the proximal colonic volumes decreased from 18.6±3.2 to
3.l±1.O mL (p<O.Ol), and the distal calanic valume fram 19 .4±2.6
ta 2.7±1.1 mL (p<O.Ol). simultaneausly, calanic blaad flaw in
creased fram 35.7±5.2 to 67.8±12.3 mLjminjlOOg (p<O.Ol).

Rectal distensian (n=7) caused arelease af NKA-LI fram pre
stimulation levels of 747.2±282.8 to maximally 1650.0±439.8
fmoljminjlOOg (p<O.Ol) and arelease of SP-LI from 264.6±14.0 ta
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maximally 887.2±71.4 fmoljminj100g (p<O.Ol). The levels of NKA-LI
and SP-LI returned to pre-stimulation values within 1 min after
cessation of nerve stimulation . During stimulation, the proximal
colonic volume decreased from 18.6±3.2 to 3.1±1.0 mL (p<O.Ol),
and the distal colonic volume from 19.4±2.6 to 2.7±1.1 mL
(p<O.Ol). Simultaneously, colonic blood flow increased from
32.3±7 .4 to 63.1±17.4 mLjminj100g (p<O.Ol).

Effects of tachykinins. NKA, NKB, SP, NPK, eledoisin and
physalemin were given as close intraarterial infusions (n=10) at
a dose range of 0.1-100 pmoljmin. All tachykinins produced a
dose-dependent contraction of the proximal and distal colon as
well as increased blood flow. The colonic contractions produced
by NKA, NKB, SP and NPK, but not eledoisin and physalemin, were
reduced after treatment with tetrodotoxin, and atropin also in
hibited all but the effects of ELE on the proximal colon . On the
other hand, hexamethonium had no effects on the contractile re
sponses. Tetrodotoxin, hexamethonium and atropine did not result
in any statistically significant changes in the blood flow.

DISCUSSION

Bicarbonate Secretion in the Rat Duodenum

The duodenal mucosal bicarbonate defence against increasing
acidity may involves cooperation of several mediators (Smedfors
et al., 1989). PGE~, present in the basal state and increased
even by low acidit1es may well represent a first line of de
fence . At higher acidities VIP is likely to start having a role.
Thus the concentrations of HC03_ and PGEz were significantly aug
mented already by pH 5.0 whereas VIP was significantly augmented
at pH 3.0 and the tachykinins SP and NKA at pH 2.0.

Measuring luminal concentrations of mediators, as in the
present study, reflects local formation and release. It is like
ly that apart of the role of the measured mediators is played
in such a paracrine fashion even if the site of action of the
regulatory peptides is not known. However, a simple overflow of
the mediators involved in neurocrine or endocrine processes can
not be excluded in the present model. The prostaglandin synthe
sis inhibitor indomethacin which markedly inhibits the HCL
stimulated HCO~. secretion in the duodenum, augmented the HCL
stimulated lum1nal output of VIP. This indicates that endogenou
sly formed prostaglandins, besides acting as stimulators of
HC0

3
_ in response to HCL, also exert an inhibitory tone on VIP

release.

OCcurrence, Release and Effects of Tachykinins in the Cat Colon

We have shown that NKA-LI and SP-LI occur in the picomolar
concentration range in cat colonic tissues and nerves. The NKA
LIjSP-LI ratio was 1:2.6 in colonic gut wall, and 1:1.2 in ner
vous tissue. HPLC characterization showed that NKA-LI in tissue
extracts was heterogeneous and contained components correspon
ding to NKA, NKA(3-10)jNKA(4-10) and NPK. However, the NKA-LI in
plasma corresponded mainly to NKA. The SP-LI both in tissue ex
tracts and plasma corresponded to intact SP. The higher NKA-LI
than SP-LI concentrations in the venous effluent probably re
flect a more rapid rate of metabolism of SP than for NKA in the
circulation (Martling et al., 1987).
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NKA-LI and SP-LI can be released from the colon to the cir
culation upon electrical stimulation of the pelvic nerves. Re
flex activation of the pelvic nerves by mechanical stimulation
of the anus or rectal distension produced a less pronounced re
lease of NKA-LI and SP-LI from the colon to blood than direct
nerve stimulation. There was a simultaneaus colonic contraction
and vasodilation in response to all modes of nerve stimulation.

On a molar basis, NKA was found to be more potent than the
other tachykinins tested to induce colonic contractions and
vasodilation.

Taken tagether, the present findings open the possibility
that peptides present in primary afferents are involved in
physiological regulatory mechanisms including smooth muscle con
tractions, bicarbonate secretion and vasodilation in the gut.
Furthermore, inflammatory reactions can be elicited by activa
tion of sensory nerves with subsequent local release of local
mediatars including tachykinins which are also known to in
fluence the immune system and cell proliferation.
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INTRODUCTION

sequential or double immunostaining studies revealed the
coexistence of substance P and CGRP in perivascular nerve fibers
in mesenteric arteries (Uddman et al., 1986) and veins (Warthon
et al., 1986). The potential role of capsaicin-sensitive primary
afferents in the physiological regulation of dog intestinal
blood flow was first suggested by Rozsa et al. (1984, 1985).
Later on, it was shown that intraluminal capsaicin administra
tion in isolated perfused rat mesenteric bed elicits remarkable
vasodilation which is unaffected by cholinergic or adrenergic
blockade, hexamethonium and tetrodotoxin (Manzini and Perretti,
1988). This relaxation was markedly reduced or even abolished
after "in vivo" or "in vitra" capsaicin pretreatment suggesting
desensitization, a typical feature of a certain subset of prima
ry sensory nerves (Maggi and Meli, 1988). Kawasaki et al. (1988)
have presented functional evidence that in mesenteric resistance
vessels calcitonin gene-related peptide (CGRP) released from ca
psaicin-sensitive nonadrenergic-noncholinergic (NANC) fibers may
act as a potent endogenaus vasodilator. As a whole these fin
dings may indicate that the "efferent" function of these sensory
nerves (i.e. local release of sensory neuropeptides) might re
present an intramural vascular neuroeffector mechanism for a
prompt regulation of mesenteric vascular resistance. This hypo
thesis is further corroborated by functional and neurochemical
data presented in this work.

MATERIALS AND METHODS

Functional Studies

Male albino rats, wistar Nossan strain, weighing 280-300 9
were used. Animals were anesthetized with ether, then abdomen
was opened and the superior mesenteric artery isolated and can-
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nulated with a polyethylene cannula. Preparations were then sus
pended in a thermostatically controlled (37°C) organ bath (fluid
volume, 7 ml, kept constant by drainage) and perfused intra and
extraluminally (at a rate of 6 mljmin) with oxygenated (02 100%)
physiological salt solution (PSS). Drugs were usually added to
the reservoir supplying the peristaltic pump. Perfusion pres
sure, recorded by means of apressure transducer (Bentley Tran
tee) attached to the inlet side of the perfusion system, was
taken as an indirect measure of the arterial contractile tone .
Intraluminal pressure was continuously recorded by means of a
poligraph (Basile Unirecord 7050). The preparations were allowed
to equilibrate for 30 min and then contracted with norepine
phrine (NE) (1 ~M) or with a high-K+ depolarizing medium. Preli
minary experiments (n=4) indicated that NE- and high-~-induced

tonic vasoconstriction usually remained stable for at least 60
min. Those preparations which did not reach a steady vasocon
striction within 20 min were discarded . When a stable tone was
reached, capsaicin was administered as single concentration. In
each preparation only one concentration of capsaicin was tested.
capsaicin was administered both intra and extraluminally. In
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Typical tracings showing capsaicin-induced relaxation
of tonic vasoconstriction elicited by NE (1 ~M)(upper

tracing) or high-K+ medium (40 mM)(lower tracing) in
isolated perfused rat mesenteric bed. Capsaicin and NE
were administered intraluminally, while high K+ medium
was perfused both intra- and extra-luminally.
W = washing out.



some experiments, endothelium was chemically removed by intralu
minal administration of a bolus (200 ~l) of collagenase 0.2%,
through a side arm of the perfusing system, just above polyethy
lene cannula.

Assessment of CGRP-LI and SP-LI Release

Mesenteric arteries and veins were rapidly removed, trimmed,
pooled together (at least from 4 animals) and placed in a 2 ml
organ bath (at 37·C). Preparations were superfused at a rate of
0.7 ml/min with oxygenated (96% 0, and 4% CO

J
) PSS containing

bovine serum albumin (1 g/l) and thiorphan (10 ~M). After a 30
min equilibration period, preparations were exposed to capsaicin
(1 ~M) for 15 mine Superfusates were collected every 4 min in
tubes containing enough acetic acid to give a final concentra
tion of 2 N. Capsaicin administration was repeated at a 30 min
interval. At the end of the experiment, the tissues were blotted
2-3 times on filter papers and weighed . Superfusates were
freeze-dried and stored at -20C· until assay.

CGRP-LI and SP-LI radioimmunoassay was performed as pre
viously described (Manzini et al ., 1989). Tissue contents are
expressed as pmol/g w/w. Release was measured as Total Evoked
Release (pmol/g w/w) , which was calculated as the sum of values
obtained during 15 min of exposure to capsaicin subtracted by
the mean basal values.

Solutions

Throughout the experiments a physiological salt solution of
the following composition (mM) was used: NaCl 150, KCl 5.6,
CaC12 2.2, MgC12 0.5, Glucose 5, NaHC03 6. Isotonic high-K+ (20
40 or 60 mM) solutions were obtained by replacement of NaCl with
an equimolar amount of KCl.
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Fig. 2. Concentration-dependent inhibition by capsaicin of NE
(1 ~M)-induced tonic vasoconstriction in isolated per
fused rat mesenteric bed (panel A). Panel B shows the
inhibitory effects of capsaicin (0 .1 ~M) on the tonic
vasoconstriction produced by various high K+ media (20
40 and 60 mM).
Each value is the mean ± S.E . of six experiments.
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statistical Analysis

All data in the text and figures are given as the mean ±
S.E. statistical analysis of the data was performed by means of
Student's t test for paired and unpaired data when appropriate.

Drugs

Drugs used were: Albumin (SIGMA-st. Louis U.S.A.), capsaicin
(SERVA-Heidelberg FRG), Carbachol (MERCK-Darmstadt FRG), Colla
genase (SERVA-Heidelberg FRG), Norepinephrine L-Tartrate (SERVA
Heidelberg FRG), Papaverine HCI (SIGMA-St. Louis U.S.A.), Thior
phan (PENINSULA-Belmont U.S.A.

RESULTS

Capsaicin-Induced Vasodilation of NE- or High-~-InducedTonic
Vasoconstriction in Isolated Perfused Rat Mesenteric Bed

Administration of a high-K+ medium (20-60 mM) produced a
concentration-related tonic vasoconstriction (n=18). The mean
amplitudes of these vasoconstrictions were 58 ± 6, 93 ± 9 and
109 ± 7 mm Hg at KCI concentration of 20, 40 and 60 mM, respec
tively. On these tonic responses capsaicin (0.1 ~M) intraluminal
administration produced a relaxation whose amplitude was in
versely related to potassium concentration being virtually abo
lished at a KCl concentration of 60 mM (fig. 1 and 2; n=18). On
the other hand, intra and extraluminaI administration of NE 1
(~M) elicited a tonic vasoconstriction of 82.5 ± 5 mm Hg and on
this response capsaicin elicited a prompt, sustained and concen
tration-dependent relaxation (fig . 1 and 2; n=6).
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Fig. 3. Effect of collagenase pretreatment (bolus injection of
200~l of a solution 0.2%) on relaxation elicited by
capsaicin, carbachol or papaverine on NE (1 ~M)-induced

tonic vasoconstriction. Filled bars represent relaxa
tion obtained in control preparations, while empty bars
refer to vasodilation recorded in collagenase-pretrea
ted mesenteric beds.
Vasodilations were assessed as % of the maximal relaxa
tion taken as abolition of NE-induced tone.
Each bar represents the mean ± S .E. of six experiments.
Each significativity is related to its own control.
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In some experiments, preparations were previously challenged
with a high-K+ medium (60 mM) and when a steady tone was reached
mesenteric beds were also perfused with NE (1 ~M) which determi
ned a further increase in vascular tone (from 74 ± 7 to 106 ± 7
mm Hg) . In these experimental conditions capsaicin (0.1 ~M) did
not elicit any relaxation (n=5).

Effect of Endothelium Removal on capsaicin-Induced Vasodilation
of NE-Induced Vasoconstriction

Furchgott et ale (1987) showed that the intraluminal admini
stration of collagenase might be a suitable method for endothe
lium removal in perfused tissues. In this set of experiments, we
have tried to apply this method to mesenteric bed for assessing
the potential role of endothelium in capsaicin responses.

Bolus injection of collagenase (0.2% in 200 ~l) did not mo
dify "per se" the amplitude of tonic vasoconstriction elicited
by NE (1 ~M) (n=6). However, after collagenase challenge, the
intraluminal administration of carbachol (10 ~M), which in con
trol conditions elicited a relaxation of 40 ± 7 mm Hg, was no
longer able to reduce the vascular tone (n=6, fig. 3). On the
other hand, the vasodilation produced by a direct smooth muscle
relaxant agent such as papaverine (100 ~M) was unaffected by
collagenase pretreatment (n=6, fig. 3). Collagenase pretreatment
significantly reduced the vasodilatory properties of capsaicin
(0.1 ~M). In fact, amplitude of relaxation was 76 ± 4 and 39 ±
10 mm Hg in control and in endothelium-deprived preparations,
respectively (n=6i p<O.Ol, fig. 3).

Capsaicin-Induced SP-LI and CGRP-LI Release from Mesenteric
Arteries and Veins

Superfusion of isolated vessels with capsaicin (1 ~M) resul
ted in a prompt and remarkable release of both SP-LI and CGRP-LI
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Fig. 4. Capsaicin (1 ~M)-induced CGRP-LI (left panel) and SP-LI
(right panel) release from mesenteric arteries (black
bars) and veins (grey bars). For each tissue the two
bars refer to the first challenge (left bar) and the
second challenge 30 min later (right bar) with capsai
ein.
Each bar represents the mean ± S.E. of five experiments.
* P<O.Ol as compared to the first challenge
** P<O.OOl as compared to the first challenge
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which can be evoked only once in each preparation, indicating
desensitization (n=6) (fig. 4). In both vessels the amounts of
CGRP-LI released were significantly greater than those measured
for SP-LI (P<O.Ol). On a molar basis, the outflow of SP-LI eli
cited by capsaicin was 2.9 - 4.6% of the CGRP-LI released, i.e.
very close to the SP-LI/CGRP-LI ratio obtained in the same ves
sels as tissue contents (Geppetti, personal communication).

DISCUSSION

Capsaicin selectively stimulates a certain subgroup of pri
mary afferents leading to a local release of sensory neuropep
tides (Holzer, '1988 ) . Desensitization follows this release and
therefore these fibers become refractory to further activation
by either capsaicin or other stimulatory agents (Maggi and Meli,
1988) capsaicin-induced vasodilation of mesenteric circulation
seems to rely on a similar mechanism since: a) it is unaffected
by atropine, guanethidine, hexamethonium or tetrodotoxin (Manzi
ni and Perretti, 1988); b) it undergoes desensitization (Manzini
and Perretti, 1988); and c) it is strictly coupled to arelease
of sensory neuropeptides such as SP-LI and CGRP-LI.

Amplitude of capsaicin-induced relaxation was greater on NE
as compared to high-K+-induced tonic vasoconstriction, and in
versely related to the KCl concentration in the medium. A pos
sible postjunctional reason for this capsaicin selectivity of
action could be a preferential ability of locally released neu
ropeptides to block calcium influx in vascular smooth muscle
through receptor- more than potential-operated channel. However,
this hypothesis seems unlikely since when vasoconstriction was
elicited by simultaneous administration of NE and high-K+ me
dium, capsaicin was devoid of relaxant effect. Alternatively, a
more suitable prejunctional explanation for this finding might
be that since capsaicin stimulates sensory nerves by depolari
zing their terminal region through opening a cation non-selec
tive channel (Marsch et al., 1987), its effect will disappear
progressively due to a high-K+ media-induced depolarization of
nerve endings.

Experiments with collagenase were performed with the aim of
obtaining additional clues for the identity of the putative me
diators of capsaicin effects. This procedure seems to be suit
able for endothelium removal from isolated perfused mesenteric
bed; in fact, functional results indicate a complete loss of
carbachol vasodilatory properties, classically linked to the re
lease of an endothelium relaxing factor (Furchgott et al.,
1980), while on the other hand the relaxant properties of a drug
directly acting on smooth muscle (papaverine) were unaffected.
Collagenase treatment determined a reduction to about half of
capsaicin-induced relaxation, suggesting that in this response
both endothelium-dependent and endothelium-resistant mechan
ism(s) are involved. Substance P and CGRP are, among other neu
ropeptides, the most likely candidates for a mediator role of
vascular capsaicin effects, and indeed, in this study, we have
demonstrated that they are simultaneously released by capsaicin
in mesenteric vessels. Both these substances have prominent
vasodilatory properties which usually are endothelium-dependent
for substance P (Stewart-Lee and Burnstock, 1989) and endothe
lium-independent for CGRP (Greenberg et al., 1987; Grace et al.,
1987). Quite surprisingly, in isolated mesenteric bed substance
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P, even at the concentration of 1 ~M and in the presence of neu
tral endopeptidase inhibitor, is completely devoid of relaxing
properties (Kawasaki et al., 1988; Perretti et al., 1988). On the
other hand, CGRP has been demonstrated to be a potent endogenous
vasodilator of mesenteric circulation in various experimental
conditions (Marshall et al., 1986; Manzini and Perretti, 1988;
Kawasaki et al., 1988). However no cross desensitization was ob
served between the relaxing action of exogenous CGRP and that of
capsaicin (Manzini and Perretti, 1988. As a whole, these data
might indicate CGRP as a major candidate for a neurotransmitter
role in the local vasodilatatory action of capsaicin-sensitive
nerves, however other substance(s) (possibly acting through en
dothelium) should concur as weIl. Immunoblockade studies have
shown that the intestinal vasodilatory properties of capsaicin
in dog mesenteric circulation can be reduced by prior adminis
tration of selective antisera toward substance P, cholecystoki
nin and vasoactive intestinal polypeptide (Rozsa et al ., 1985).
Furthermore, recent neurochemical studies performed in the human
ileum indicate that capsaicin-induced motor effects are strictly
coupled to arelease of VIP (Maggi et al., 1989). Further stu
dies are necessary to identify if also in rat mesenteric circu
lation VIP or other neuropeptides are contained in capsaicin
sensitive structures and may therefore concur in capsaicin re
laxant effects.

In conclusion, functional and neurochemical evidence indi
cates that a capsaicin-sensitive neurogenie vasodilating mecha
nism could play a relevant role in the physiological regulation
of rat mesenteric blood flow. This local 'efferent' mechanism
could be activated ' i n vivo' through reflexes originating in
other intestinal tissues such as duodenum (Rozsa and Jacobsen,
1989), or by local axon reflexes (Kawasaki et al., 1988) andjor
by a direct stimulation of the same sensory nerve endings by
chemieals or endogenous substances locally produced (Holzer,
1988; Maggi and Meli, 1988). In this respect, it is interesting
to note that capsaicin elicited a remarkable release of sensory
neuropeptides also in mesenteric vein which, for anatomical rea
sons, might be extremely suitable to monitor potentially harmful
substances absorbed from the intestine and therefore this mecha
nism might also playa crucial role in local protective respon
ses such as inflammation and oedema.
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INTRODUCTION

Tachykinins are a family of peptides which share the common
c-terminal sequence Phe - x - Gly - Leu - Met NH2 • Ample evi
dence, based on pharmacological, physiologieal, anatomical and
neurochemical bases indicates that tachykinins, such as sub
stance P (SP), playa physiological role as excitatory transmit
ters in the guinea-pig ileum (Costa et al ., 1985; see also
Barth6 & Holzer 1985 for review) . In the guinea-pig intestine,
SP and other tachykinins, such as neurokinin A (NKA) are mainly
stored in certain intrinsic neurons which are thought to play a
role as final effectors of atropine-resistant peristaIsis
(Barth6 and Holzer 1985 for review) .

The contractile response of the guinea-pig ileum to tachy
kinins is mediated by specific receptors (Lee et al., 1982).
Studies on the longitudinal museIe have shown that at least two
distinct tachykinin receptors are present at this level, one of
which (NK-1 receptor) mediates the direct response of museIe
cells to these peptides while the other (NK- 3 receptor) activa
tes intramural effector neurons (Laufer et al., 1986, 1988). So
me studies have suggested that also the third type of receptor
(NK-2) may mediate the contractile response of the longitudinal
museIe of the guinea-pig ileum to these peptides (Dion et al.,
1987) . In the longitudinal museIe of the rat duodenum, both NK-1
and NK-2 receptors seem to be present (Maggi et al., 1986). The
refore noticeable species-related differences exist with regard
to tachykinin receptors mediating the spasmogenic effect of the
se peptides in the mammalian gut.

As tachykinins are present in the human gastrointestinal
tract (Llewellyn-smith et al., 1984; Wattchow et al., 1984) we
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dinal and circular muscle of the human ileum and attempted to
characterize the receptors involved by means of synthetic, re
ceptor-selective agonists (Maggi et al., 1989;1990).

METHODS

The motor responses to electrical field stimulation and neu
ropeptides were investigated on 25 ileal strips from 14 patients
(age 48-75 years) who underwent abdominal surgery for carcinoma
of the bladder base (enterocystoplasty). Pre-anesthetic medica
tion and induction of anesthesia was as described previously
(Maggi et al., 1989; 1990). Mucosa-free muscle strips were cut
along the longitudinal or circular axis of the ileum and prepa
red for tension recording in isolated organ baths, as described
previously (Maggi et al., 1989; 1990).

Peptides used were: substance P and neurokinin A (NKA) from
Peninsula, San Carlos CA, USA. [Pro9]-sp sulfone and [MePhe7 ] 
neurokinin B, two selective agonists of the NK-1 and NK-3 recep
tors, respectively (Dion et al., 1987), were kind gifts of Prof.
D. Regoli, Dept. of Pharmacology and Physiology, Sherbrooke Uni
versity, Canada. [ßAla8]-NKA(4-10) a newly developed selective
NK-2 receptor agonist was synthesized at Menarini Pharmaceuti
cals, by conventional solid-phase methods.

RESULTS

Electrical field stimulation produced a frequency-dependent
contraction in both longitudinal and circular muscle strips. In
the circular strips the contractile response was often preceded
by a primary relaxation while this pattern was less frequently
observed in the longitudinal muscle (Maggi et al., 1989 i 1990).
All the motor responses to field stimulation were abolished or
greatly reduced by tetrodotoxin (1 ~M, n=4). A consistent frac
tion of the response to f ield stimulation persisted in the pre
sence of atropine at a concentration (3 ~M) which blocked the
contractile response to carbachol (0.1 mM).

Both SP and NKA (1 nM- 1 ~M) produced a concentration-depen
dent contraction of the longitudinal and circular muscle, NKA
being more potent than SP in both layers 53 and 7 times respec
tively, Table). The selective NK-1 receptor agonist, [pro9]sp

Table 1 ECso and 95% confidence limits for the contractile effect
produced by tachykinin or receptor selective tachykinin
agonists in the longitudinal or circular muscle of the
human ileum.

Peptide

SP
NKA
[pro91-sP sulfone
(ßAla t-NKA(4-10)
[MePhe ] -NKB

Longitudinal Muscle

278 (124-863)
5.2 (3.8-8.9)

>10 ~M

7.6 (5.1-11.5)
>10 ~M

circular Muscle

78 (55-102)
11 (8-18)
84 (65-110)
15 (9-21)

>10 ~M

SP = Substance Pi NKA = Ne ur ok i n i n Ai NKB
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SP = Substance P; NKA = Neurokinin A; NKB = Neurokinin B
sulfone was ineffective in the longitudinal strips while it was
equipotent to SP in the circular strips (Table). The selective
NK-2 receptor agonist, [ßAla8]NKA (4-10) produced a consistent
response in both longitudinal and circular strips, its activity
being comparable to that of NKA (Table). By contrast, the selec
tive NK-3 receptor agonist [Mephe7]-NKB was barely effective or
ineffective in both longitudinal and circular strips (Table).

DISCUSSION

Tachykinins have been shown to be potent spasmogens in the
intestine of several mammalian species. Three distinct recep
tors, termed NK-1, NK-2 and NK-3 mediate the responses to tachy
kinins in various mammalian tissues. The present findings,
(Maggi et al., 1989; 1990) demonstrate that tachykinins exert a
powerful contractile effect on both longitudinal and circular
museIes of the human ileum and that NK-2 receptors are the sole
mediators of the response in the longitudinal muscle while both
NK-l and NK-2 receptors mediate the response in the circular
muscle. contrary to the guinea-pig ileum, no evidence was found
for an involvement of NK-3 receptors in the response of the
human ileum to these peptides.

Recently Gates et ale (1989) reported that NK-2 receptors
are present on the longitudinal muscle of the human jejunumj
ileum while NK-1 and NK-2 receptors are found in the circular
museIe. These observations are in good agreement with the re
sults of our functional studies.

These findings raise the possibility that tachykinins are
involved as transmitters in the atropine-resistant excitatory
response of the human ileum to electrical field stimulation.
Preliminary experiments using [Tyr5 ,D_Trp6.8.9Argl0] -NKA(4-10) (MEN
10207) a newly developed selective NK-2 receptor antagonist,
indicated a selective suppression of the atropine-resistant re
sponse in the circular museIe of the human ileum (unpublished
data), but further studies are needed for a definitive assess
ment of the role of these peptides in the regulation of motility
of the human intestine.
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ABSTRACT

Glutamate and several neuropeptides are synthesized and re
leased by subpopulations of primary afferent neurons. These sen
sory neurons play a role in regulating the inflammatory and im
mune responses in peripheral tissues. We have explored what
ehanges oeeur in the loeation and eoneentration of reeeptor bin
ding sites for sensory neurotransmitters in two human inflamma
tory diseases, uieerative eolitis and Crohn's disease, using
quantitative reeeptor autoradiography. The sensory neurotrans
mitter receptors ineluded bombesin, ealcitonin gene-related pep
tide-a, eholeeystokinin, galanin, glutamate, somatostatin, neu
rokinin A (substanee K), substanee P, and vasoaetive intestinal
polypeptide. Of the nine reeeptor binding sites examined only
binding sites for substanee P and vasoaetive intestinal peptide
were signifieantly altered in the inflamed tissue. These data
suggest that substanee P is involved in regulating the inflamma
tory and immune responses in human inflammatory diseases and in
dieate a speeifieity of efferent action for eaeh sensory neuro
transmitter in peripheral tissues.

INTRODUCTION

Neurons that eonvey sensory information from peripheral tis
sues to the eentral nervous system are loeated in the dorsal
root ganglion (DRG); as such they are known as DRG neurons. Re
eently, several neuropeptides ineluding ealeitonin gene-related
peptide-a, eholecystokinin, galanin, gastrin re leasing peptide
(the mammalian analogue of bombesin), somatostatin, neurokinin A
(also known as substanee K), substance P (SP), and vasoaetive
intestinal peptide have each been shown to be present in various
subpopulations of DRG neurons (35, 45, 83, 107). Severalof
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these neuropeptides have been implicated in the conduction of
nociceptive information. For example, intrathecal injection of
SP, the best studied of these peptides, produces biting and
scratching behavior consistent with a role for SP as a peptide
neurotransmitter of some primary afferent nociceptors (38); SP
release in the spinal cord is inhibited by opiate analgesics
(43); depletion of SP by capsaicin (a neurotoxin relatively se
lective for unmyelinated sensory neurons (84) including those
containing SP) roughly parallels a loss of specific nociceptive
response (41); and release of SP in the spinal dorsal horn in
response to normally innocuous mechanical stimuli is enhanced in
polyarthritic rats (86).

It has become increasingly evident in the last decade that
the ORG neurons which .convey afferent somatosensory information
from peripheral tissues to the spinal cord are also involved in
the efferent regulation of the peripheral tissues they inner
vate. Thus, SP-containing ORG neurons have been implicated in
both the afferent central transmission of nociceptive informa
tion and in the efferent regulation of inflammation and sensiti
zation of joint sensoryendings in a chronic pain state such as
arthritis (49,50,51). Support for this concept includes observa
tions that: a) SP is a potent vasodilator (50,93), b) terminals
of SP-containing sensory neurons are observed in close apposi
tion to blood vessels (55), and c) electrical stimulation of pe
ripheral nerves at intensities that release SP reproduces many
of the physiological changes seen in acute inflammation (26). In
rats with experimentally induced arthritis, SP concentrations
increase in peripheral nerves innervating the affected joints
(49), and if capsaicin is administered to rats before or after
the onset of arthritis, the attendant paw swelling and tender
ness is diminished (12).

The hypothesis that sensory neurons containing SP and/or
other neuropeptides are involved in regulating the inflammatory
and immune responses in the peripheral tissues they innervate
suggests that, in a pathological state, these neuropeptide-con
taining sensory neurons may contribute to an altered or abnormal
inflammatory response such as that seen in arthritis or inflam
matory bowel diseases. In the present report we have used quan
titative receptor autoradiography to determine whether receptor
binding sites for putative sensory neurotransmitters (neuropep
tides and the excitatory amino acid glutamate) are altered in a
human inflammatory disease.

The human inflammatory disease we have explored is inflamma
tory bowel disease (IBO) which is a generic term that refers to
chronic inflammatory diseases of the intestine which are of un
known etiology, principally ulcerative colitis and Crohn's di
sease (100). Ulcerative colitis is an inflammatory, ulcerating
process of the colon; Crohn's disease is an inflammation of the
intestine characterized by nodular granulomatous inflammatory
lesions throughout the entire gut wall that may involve any part
of the intestine but primarily attacks the distal small intes
tine and colon. We chose to explore alterations in receptors far
sensory neurotransmitters in these diseases since it has pre
viously been demonstrated that the gastrointestinal tract is in
nervated by sensory fibers that contain and release neuropepti
des including SP (3,22,23,101,104,112,114). In addition, IBO is
probably one of the few human inflammatory diseases where surgi
cal removal of inflamed intestinal tissue is used to ameliorate
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the symptoms in severe eases, thus making quantitative reeeptor
autoradiographie analysis possible. The rationale for the expe
riments is that if a partieular neurotransmitter is involved in
the peripheral inflammatory response, then some alteration in
the expression of its reeeptors may be antieipated. The present
report is an exploration of sensory neurotransmitter binding si
tes in inflamed and normal human gastrointestinal tissue in
order to determine whether ehanges in the loeation andjor appa
rent density of these sites are eorrelated with these diseases.

EXPERIMENTAL PROCEDURES

Human Specimens

speeimens were obtained within 5 minutes after removal, em
bedded in Tissue-Tek (Miles) and plaeed in dry iee to minimize
post-surgieal degradation artifacts . The speeimens (Table 1) ob
tained at the margins of resection for earcinoma (n = 6) were
obtained as far from the tumor as possible; speeimens obtained
from Crohn's disease (n = 4) and uleerative eolitis (n = 4) pa
tients were from areas with the highest degree of inflammation.
In all eases the diagnosis was independently determined by a
pathologist to be either uleerative eolitis, Crohn's disease, or
histologieally normal at the site of reseetion . The tissue was
then bloeked, plaeed on a brass mierotome ehuck, frozen on dry
iee and proeessed for quantitative autoradiography as previously
deseribed (65,68,69) . The tissue was serially sectioned (30 um),
thaw-mounted onto gelatin-eoated mieroseope slides and stored at
-70°C over desieeant for no longer than 3 months.

Radioligands

Some of the radioligands used in the present study were 125I _
labelied synthetie peptides purified by reverse-phase HPLC to
essentially quantitative speeifie aetivity (approx 2000
cijmmol) .

Table 1

Specimen Site Patients
Patient 's ileum with No

Mean age ~ weight and Ster iod
Group No . (yr) M F (kg) ileum colon colon Treatment

IBO 8 35(15-58)a 2 6 63(47 -82)b 1 3 5 2

Crohn' s 4 31(15 -44) 1 3 52(47-59) 1 3 1 2

U.C. 4 35(20 -58) 1 3 66(54-82) 4 0

Carcinoma 6 68(62-78) 6 0 76(66-82) 2 4 6
resection

Details of patients used in the study. aNumbers in parentheses
are ranges of patients' ages. ~umbers in parentheses are ranges
of patient's weights. Results from the ileum were the same as
the colon (i.e. arterioles, venules and lymph nodules in in
flamed tissue eontain high eoneentrations of substanee P reeep
tor binding sites) and there was no statistieally signficant
difference between results from IBO steroid-treated and untrea
ted patients.
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Receptor Binding Protocols

Quantitative receptor autoradiography was performed by first
bringing the slide-mounted tissue sections to room temperature.
The slide-mounted tissue sections were then placed consecutively
in a preincubation medium, an incubation medium, a wash solu
tion, and a final dip in distilled water. The preincubations and
washes were performed by immersing the entire slide in the ap
propriate solution whereas the incubation with the radioligand
was performed by placing the slides on a flat surface and co
vering the sections with 1.5 ml cf the incubation medium . To de
termine the non-specific binding, paired serial sections were
incubated as described above except that a 1 ~M concentration of
the appropriate nonradioactive peptide was added to the incuba
tion solution. Each ligand required a unique set of binding con
ditions which are given below.

Bombesin

sections were first preincubated in 10 mM HEPES (pH 7.4) for
5 min followed by an incubation in a solution of 10 mM HEPES (pH
7.4), 4.7 mM KCI, 130 mM NaCI, 5 mM MgCl2, 1 mM EGT, 0.1% BSA,
100 mg/mI bacitracin and 100 pM of 12Sr - (Tyr 4 ) - bOmbes i n (116a)
for 1 hour. After the incubation the sections were washed (4
times, 2 min each) in a solution of 10 mM HEPES (pH 7.4) and
0.01% BSA (76,82,117).

Calcitonin Gene Related Peptide-a

sections were preincubated in 50 mM Tris-HCI buffer (pH 7.4)
for 5 minutes followed by an incubation in a solution of 50 mM
Tris-HCI buffer bPH 7 .4), 5 mM MgCl2, 2 mM EGTA and 100 pM of
12Sr-iodohistidyll -human-CGRP-a (Amersham) for 2 hr. After this
the sections were washed (4 times, 3 min each) in a solution of
50 mM Tris-HCI (pH 7.4), 0.1% BSA (70,106,115).

Cholecystokinin

sections were preincubated for 10 min in 50 mM Tris-HCI buf
fer (pH 7.7, 20°C) followed by an incubation in the same buffer
with 5 mM M~CI2' 0.2% BSA, 0.02% bacitracin, 1 mM dithiothreitol
and 100 pM Sr-Bolton-Hunter CCK-8 sulfated (Amersham) for 60
min. After this the sections were washed (4 times, 3 min each)
in the same buffer containing 0.1% BSA (27,63,116,120).

Galanin

Sections were preincubated for 10 min in 10 mM HEPES buffer
(pH 7.4, 20·C) followed by an incubation in the same HEPES buf
fer with 100 mM 125I-galanin (mono-iodinated pareine galanin la
beled using chloramine-T) added for 1 hr. The sections were then
washed (4 times, 3 min each) in the same buffer (80).

Glutamate

Sections were incubated for 45 min at 4 °C in 200 nM L-[3HJgluta
mate (diluted with unlabeled glutamate to a "working" specific
activity of 4.5 Ci/mmol, in order to label both the high and low
affinity receptor binding sites (31» in 50 mM Tris-HCI (pH 7.4)
containing 2.5 mM caCl2. Non-specific binding was determined in
the presence of 1 mM unlabeled glutamate. After the incubation,
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Fig. 1
Aseries of lightfield and darkfield photomicrographs showing
localization of bombesin (BBS) receptor binding sites in tran
sverse sections from normal (a,b,c), Crohn's disease (d,e,f) and
ulcerative colitis (g,h,i) patients. In these and the following
plates (Figs. 1, 3, 5, 6 and 10) , a, d and gare bright-field
photomicrographs of sections stained with hematoxylin and eosin
(H&E stain), b, e and h are autoradiograms which show the total
binding and c, fand i show the non-specific binding. Control
sections (non-specific binding) were treated identically to the
sections which show the total binding (b, e and h) except that
1 ~M of the appropriate unIabeIed peptide (in this case BBS) was
added to the incubation medium. In all the darkfield autoradio
grams the white silver grains represent concentrations of bin
ding sites . To obtain the specific binding for the normal colon
the binding in (c) was subtracted from that in (b), for the
Crohn's disease colon (f) was subtracted from (e), and for the
ulcerative colitis (U.C.) colon (i) was subtracted from (h).
Note that in surgical specimens of the normal, Crohn's disease,
and U.C. colon a moderate concentration of specific BBS binding
sites are present over the neurons of the myenteric plexus (in
dicated by arrows) whereas a low concentration is present over
the external circular and longitudinal museIe. Also note that
there does not appear to be a significant difference in either
the Iocation or density of specific BBS binding sites between
the tissues from the normal, Crohn's disease and U.C. patients.
Line bar = 0.7 mm.
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sections were rinsed three times with cold buffer, then rinsed
twice with 2 ml of cold 2.5% glutaraldehyde in neat acetone, to
minimize dissociation during drying. The total rinse time was
approximately 10 sec. (30,31).

Somatostatin

sections were preincubated in 70 mM Tris-HCl for 5 min and
then in an incubation solution of 170 mM Tris-HCl (pH 7.4), 5 mM
MgCl~, 1% BSA, 20 mg/l bacitracin, and 100 pM 125I-(Tyr3)-somato

stat1n-8 cyclic analog (D-Phe-cys-Tyr-D-Trp-Lys-Thr-cys-Thr-NH2)
(which is similar to SandostatinR (97» for 2 hr. The sections
were then washed in 170 mM Tris-HCl buffer (pH 7.4J and 0.01%
GSA (4 times, 4 min each) (97).

Neurokinin A (Substance K)

sections were brought to room temperature and placed in a
preincubation medium (19°C for 10 min) consisting of 50 mM Tris
HCI, pH 7.4. They were then incubated at 19°C for 2 hr in a so
lution of 50 mM Tris-HCl, pH 8.0, containing 3 mM MnC12, 200 mgl
bovine serum albumin, 2 mg/l ch~ostatin, 4 mg/l leupeptin, 40
mg/l bacitracin, and 100 ~M of 25I-Bolton-Hunter Neurokinin A
(substance K). Following this incubation, the sections were
rinsed with four washes of 50 mM Tris-HCI, pH 7.4 (4°C, 5 min
each) and two washes with distilled water (4 °C, 5 sec each)
(11,64,69,72).

120
Ul
:J
x 100<lJ

0:
u

' C 80
~ o Normal
c

~ Cro hn's<lJ
>- 50:::;

- u.c.
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E 40
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z
0 20
~

0
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Fig. 2 - Bombesin
Histogram showing relative concentration of bombesin binding
sites comparing the normal (open bar), Crohn's disease (hatched
bar) and ulcerative colitis (U.C., filled bar) tissue. In this
and the following histograms (Figs. 4, 7 and 11) the tissue with
the highest density of binding sites for each radioligand in the
normal colon is assigned a value of 100% and all other tissues
which express similar binding sites are expressed as a percen
tage of this value. In the case of bombesin the normal tissue
with the highest concentration of specific binding sites is the
myenteric plexus. Note that there are no significant changes in
the density of binding sites for bombesin (when comparing the
normal, Crohn's or U.C. tissue) in the external circular museIe
(CM), myenteric plexus (MP), or the external longitudinal museIe
(LM) •

258



Substance P

sections were brought to room temperature and placed in a
preincubation medium (20 °C for 10 min) consisting of 50 mM Tris
HCI, pH 7.4, containing 0.005% (v/v) polyethylenimine. The sec
tions were then incubated at 19 °C for 1 hr in a solution of 50
mM Tris-HCI, pH 7.4, containing 3 mM MnCI2, 200 mg/l bovine
serum albumin, 2 mg/l ch~ostatin, 4 mg/l leupeptin, 40 mg/l ba
citracin, and 100 pM of 25I-Bolton-Hunter substance P. Following
this incubation, the sections were rinsed with four washes of 50
mM Tris-HCI, pH 7.4 (4 °C, 2 min each) and two washes of di
stilled water (4°C, 5 sec each) (11,65,66,68,71).

Vasoactive Intestinal Peptide

sections were preincubated in 10 mM HEPES buffer (pH 7.4)
for 5 minutes at 20 °C followed by incubation in a solution of

Fig. 3
Aseries of light and darkfield photomicrographs showing locali
zation of galanin (GAL) receptor binding sites in transverse
sections of the human colon from normal (a, b, c), Crohn's di
sease (d, e, f) and ulcerative colitis (g, h, i) patients. The
only specific binding sites are over the myenteric plexus. Note
also that the density of binding sites does not appear to differ
significantly between the tissue obtained from the normal,
Crohn's disease, and ulcerative colitis patients. See Fig . 1 for
further explanation. Line bar = 0.7 mm.
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Fig. 4
Histogram showing the changes in the location and concentration
of specific binding sites for calcitonin gene-related peptide-a
(CGRP), galanin (GAL), and neurokinin A (also known as substance
K (SK). Specific CGRP binding sites were located over the con
nective tissue in the submucosa (Sub Mc - ct), specific binding
sites for galanin (GAL) were located over the myenteric plexus
(MP), and specific binding sites for neurokinin A (substance K)
were located over the external circular (CM) and longitudinal
muscle (LM). Note that while each ligand binding site is present
over a different set of cell types, there were no significant
differences in the densities of CGRP, GAL or SK binding sites
between the tissues obtained from the normal, Crohn's disease,
or ulcerative colitis patients. See Fig. 2 for further explana
tion.

10 mM Tris-HCl buffer (pH 7.4), 130 mM NaCl, 4.7 mM KCl, 5 mM
MgCl , 1 mM EGTA, 1% BSA, 1 mg/mI bacitracin and 100 pM 125I _
iodoiyrosyll0 VIP (Amersham) for 2 hr at 20·C. After this the
sections were washed (twice for 15 min, 10·C) in the incubation
solution minus the radioligand (103).

Analysis of Autoradiograms

After the final wash all the sections were dipped in di
stilled water, dried in the cold room (4·C), and stored over
night in desiccant. Quantitative autoradiography analysis was
performed by placing the dried, labeled sections in apposition
to tritium-sensitive film (Ultrofilm, LKB or Hyperfilm, Amer
sham) along with iodinated brain mash or commercially available
standards (Amersham). After 1-4 weeks, the film was developed in
Kodak D-19 developer, fixed, and washed. In sections where a
higher degree of histological resolution of the binding sites
was sought, the tissue slices were overlaid with emulsion-coated
coverslips (119) or processed for standard emulsion-dipped auto
radiography (14). After these autoradiograms were developed, the
sections were placed in Carnoy's fixative for 3 h, stained with
hemotoxylin and eosin (H&E) and mounted with Histoclad. Dark
field or bright-field photomicrographs were then taken of the
silver grains and counterstained sections, respectively. Using
this approach three complementary images were generated: the au-
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toradiograms which were analyzed by quantitative densitometry,
the autoradiograms of the emulsion-dipped slides which provided
detailed histological resolution of the binding sites, and the
counterstained sections which allowed identification of the cell
type expressing a specific binding site. Controls for chemo
graphic artifacts were generated by performing the binding ex
actly as described except that the radioligand was omitted from
the incubation medium.

Analysis cf Data

To quantitate the density of radiolabeled neurotransmitter
binding sites, microdensitometry with tritium-sensitive film was

Fig. 5
Aseries of light and darkfield photomicrographs showing the 10
calization of receptor binding sites for neurokinin A (also
known as substance K (SK)) in transverse sections of the human
colon from normal (a, b, cl, Crorn's disease (d, e, f) and ulce
rative colitis (g, h, i) patients. The only specific binding si
tes are over the external circular and longitudinal muscle. Note
also that density of binding sites does not appear to differ si
gnificantly between the tissue obtained from the normal, crohn's
disease and ulcerative colitis patients. See Fig . 1 for further
explanation . Line bar = 0.7 mm.
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performed (96). The exposed film was projected at 20X on a white
horizontal surface and the density of the projected image mea
sured with a photocell connected to a digital voltmeter as de
scribed (71). At 20X the resolution of the device corresponds to
a region 20 ~m in diameter on the projected sections. Previous
experiments have established that the LKB film does not respond
linearly to a linear increase in radioactivity. We therefore
constructed aseries of standards, exposed these to LKB film,
developed and fixed the film, measured this film densitometri
cally and used these values with a Texas Instruments automatie
curve fitting program to obtain a description of film charac
teristics and correct for the non-linearity. In all cases, spe
cific binding was obtained by subtracting nonspecific binding
from the total binding. Nonspecific binding was defined as that
binding remaining in the presence of a 1 uM concentration of the
unlabeled peptide.

statistical Analysis

The results were expressed as mean ± one standard error of
the mean (SEM) and examined for statistical significance using
the Student's t test for independent sampies. In all histograms
(Figs. 2, 4, 9 and 11) only differences with a significance
greater than p<0.05 are indicated .

RESULTS

BOlnbesin

In the normal human colon, receptor binding sites for bombe
sin ( 125I-Tyr4-bombesin) are present in high amounts over neurons
of the myenteric plexus and in low amounts over both the circu
lar muscle and longitudinal muscle of the muscularis externa
(Fig. 1). In comparing histologically normal tissue with tissue
obtained from patients with either Crohn's disease or ulcerative
colitis, no s ignificant changes were observed in the density of
receptor binding sites in the myenteric plexus, circular, or
longitudinal muscle (Fig. 2 and Table 2).

Calcitonin Gene Related Peptide-a

In both the histologically normal tissue and the tissues
from Crohn's and ulcerative colitis patients, low levels of spe
cific receptor binding sites for CGRP (125 I - i odohi s t i dy l l0- human
CGRP-a) were present over the stroma of the submucosa, which is
primarily composed of connective tissue. There was no difference
in the density of specific binding sites in comparing the histo
logically normal tissue and the tissue from Crohn's or ulcera
tive colitis patients (Fig. 4 and Table 2). It should be noted
that while there i s a differential expression of CGRP-a and
CGRP-ß by primary sensory neurons and enteric autonomic neurons
in the rat, it has been reported that these two peptides appear
to interact with the same receptor binding site in the rat colon
(83).

Cholecystokinin

Specific binding sites for cholecystokinin ('25I - Bo l t on- Hun
ter CCK-8 sulfated) were not observed in any area of the human
colon (Table 2) although specific binding sites for the same ra
dioligand were observed in canine fundus and the rat brain under
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identical experimental conditions (Mantyh, unpublished observa
tions) •

Galanin

Specific binding sites for galanin (125r-porcine galanin)
were located over the myenteric plexus in the normal, Crohn's
disease, and ulcerative colitis sampies (Fig. 3). No significant
difference in the density of binding sites was noted among these
tissues (Fig. 4 and Table 2).

Glutamate

Specific binding sites for glutamate (3H-glutamate) were not
observed in any area of the human colon (Table 2) although spe
cific binding sites using the same radioligand and experimental
conditions were observed in the spinal cord and brainstem of the
rat, rabbit, cat and monkey (Mantyh, unpublished observations) .

Neurokinin A (Substance K)

Specific Neurokinin A (125r-Bolton-Hunter Neurokinin A) re
ceptor binding sites are present in low levels over the external
circular and longitudinal museies from the histologically normal
tissue and tissue obtained from Crohn's disease or ulcerative
colitis patients (Fig. 5). No change in the density of these re
ceptors was evident in comparing the normal and inflamed colon
(Fig. 4 and Table 2).

Somatostatin

specific somatostatin binding sites (using a cyclic analog
of 125r-somatostatin-8) were not observed in any areas of the
human colon (Table 2) although specific binding sites for the
same radioligand were observed in the brain, spinal cord, and
brainstem of the rat, rabbit, cat and monkey using identical ex
perimental conditions (Mantyh, unpublished observations). It
should be noted however that this analog, which is not rapidly
degraded and is therefore stable enough to be used with receptor
autoradiography, is known to bind only to a subpopulation of so
matostatin receptors (77,98).

Substance P

rn the histologically normal colon, moderate levels of SP
(125I-Bolton-Hunder substance P) receptor binding sites are pre
sent over the external circular museIe and over smooth museIe
cells comprising the tunica media of the large arteries just
outside the serosa (Fig. 6). In addition, a low concentration of
SP binding sites is found on arterioles and venules in the sub
mucosa.

In tissues obtained from patients with Crohn's disease there
was a striking change in the distribution and levels of SP re
ceptor binding sites compared to that seen in the histologically
normal surgical specimens obtained at the margins of extensive
resections for carcinoma (Fig. 6). The most notable difference
is seen in SP receptor binding sites present over arterioles
(Figs. 6&7), venules and lymph nodules (Figs. 6&8). In tissues
from patients with IBO, arterioles and venules (diameter 0.1-1.0
mm) in all layers of the colon express very high levels of SP
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receptor binding sites whereas in normal colon tissue, SP recep
tor binding sites are undetectable in blood vessels (with the
exception of the occasional large arteries just inside the sero
sa or the arterioles and venules in the submucosa, the latter
two of which express low levels of SP binding sites). Since it

Fig. 6
Aseries of light and darkfield photomicrographs showing the 10
calization of receptor binding sites for substance P (SP) in
transverse sections of the human colon from normal (a, b, c),
Crohn's disease (d, e, f) and ulcerative colitis (g, h, i) pa
tients. Note that in the normal tissue a moderate concentration
of SP binding sites is present over the circular muscle; this
density does not change significantly in tissue obtained from
the Crohn's disease and ulcerative colitis patients. In contrast
to SP receptor binding sites present over blood vessels (small
arterioles and venules, indicated by arrows), the germinal cen
ters of lymph nodules (indicated by arrow heads) are virtually
undetectable in the histologically normal tissue but reach the
highest density of SP receptor binding sites in the entire human
GI tract in the tissues obtained from the Croh'l's disease and
ulcerative colitis patients. Note also that blood vessels
throughout the entire bowel wall display high concentrations of
SP receptor binding sites in the Crohn's disease and ulcerative
colitis patients. See Fig. 1 for further explanation. Line bar =
0.7 mm.
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is difficult to identify the total number of arterioles and ve
nules in H&E stained sections, we have instead compared the
total number of blood vessels expressing SP binding sites in the
histologically normal vs. disease specimens in a defined compa
rable area (2.6 mm by 3.5 mm) of the tissue sections. Comparing
the average number of arterioles and venules eXhibiting SP re
ceptor binding sites, SP receptor binding sites in the sampIes
from 6 normal vs. 4 Crohn's disease patients revealed 6.5 ± 2.4
vs . 14.5 ± 4.9 in the submucosa, 0 vs . 14 ± 1.4 (p<O.Ol) in the
external circular muscle and 0 vs. 18.5 ± 3.5 p<O.Ol in the ex
ternal longitudinal muscle, respectively.

Coincident with the ectopic expression of SP receptor bin
ding sites by arterioles (Fig. 7) and venules in inflamed tissue
is the expression of SP receptor binding sites by the lymph no
dules which border the muscularis mucosa. within each lymph
nodule only cells associated with the lightly stained (by H&E)
germinal center display detectable SP receptor binding sites
(Fig. 8). In 36 lymph nodules found in surgical specimens obtai
ned from patients with Crohn's disease, all 36 display high con
centrations of SP binding sites. In contrast, SP binding sites
were undetectable in the 24 lymph nodules localized in histolo
gically normal surgical specimens from the 6 patients with car
cinoma resection. In IBD tissues, the external circular muscle
displays a slightly lower level of SP binding sites than in nor
mal tissues (Figs. 6&9), but this decrease is not statistically
significant.

surgical material from ulcerative colitis patients revealed
a pattern and level of SP receptor binding sites similar to that
observed in the specimens obtained from Crohn's disease patients
(Figs. 6-9). In specimens from ulcerative colitis patients, very
high levels of SP receptor binding sites are present over both
small arterioles (Fig. 7) and venules located in the muscularis
mucosa, submucosa, external circular muscle, external longitudi
nal muscle, and the serosa. In samples of normal tissue obtained
from 6 carcinoma resection patients vs. inflamed t issue from 4
patients with ulcerative colitis, the average number of arterio
les and venules in the histologically normal vs. ulcerative co
litis tissue in a 2.6 mm by 3.5 mm sampIe was 6.5 ± 2.3 vs . 13.3
± 1.5 in the submucosa, 0 vs. 15 ± 6.2 (p<O.Ol) in the external
circular muscle and 0 vs. 19 ± 5 (p<O.Ol) in the external longi
tudinal muscle, respectively .

The germinal centers of lymph nodules in tissue obtained
from ulcerative colitis patients also displayed very high levels
of SP receptor binding sites compared to those found in normal
tissue (Figs. 6-9). Thus, of the 29 lymph nodes in H&E-stained
sections of the 4 cases of ulcerative colitis, 28 expressed very
high levels of SP binding sites, whereas 24 nodules localized in
normal colon failed to express detectable levels of SP binding
sites.

Vasoactive Intestinal Polypeptide

In the normal human colon a high level of VIP receptor bin
ding sites is present over the luminal portion of the mucosa
whereas a low density of receptor binding sites is present over
the basal portion of the mucosa, the myenteric plexus, and the
circular and longitudinal muscles (Figs. 10 &11). A comparison
of histologically normal tissue with tissue obtained from

266



,

artery
c

Fig. 7
Aseries of photomicrographs showing the detailed localization
of specific SP binding sites on arteries in an inflamed colon of
an ulcerative colitis patient. a. Darkfield autoradiogram
showing the localization of SP binding sites on two arteries
(arrows). b. Lightfield photomicrograph of the H&E stained sec
tion of (a). Note that the two arteries in (b) correspond to the
silver grains under the arrows in (a). c. High power enlargement
of the inset in (b) showing the two arteries which express the
SP binding sites. Line bar = 0.95 mm (b); 0.21 (c).

Crohn's disease patients revealed no significant difference in
the density of binding sites in any area of the colon. However,
when the histologically normal tissue was compared to tissue ob
tained from ulcerative colitis patients (Figs. 10&11), there was
a marked reduction in the density of VIP binding sites in both
the luminal and basal portions of the mucosa. This is in con
trast to the binding sites located over the myenteric plexus and
circular and longitudinal muscle which showed no significant
changes compared to the histologically normal tissue. It should
be stressed that the mucosa was present in all the ulcerative
co1itis tissues (e.g., Fig. lOg), although the density of VIP
binding sites was greatly reduced.
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Fig. 8
Aseries of photomicrographs showing the detailed localization
of SP binding sites over the germinal center (g) but not the
proliferative zone (p) of lymph nodules (outlined by arrows) in
an inflamed colon of an ulcerative colitis patient. a. Darkfield
autoradiogram showing the localization of SP binding sites over
the lymph nodules. b. Lightfield photomicrograph of the H&E
stained section of (a). Inset : High power enlargement of the
area outlined in (b). Note that the only part of the lymph nodu
le that expresses SP binding sites in (a) is the lightly stained
germinal center outlined by arrowheads in the inset in (b). Line
bar = 0.9 mm (b).

DISCUSSION

Effector Role of Sensory Neuropeptides

The most important observation emerging from the present
study is that expression of receptor binding sites for specific
sensory neuropeptides is susceptible to functional perturbation
in inflamed human tissue . Whereas sensory neuropeptides have
been shown to playa role in conveying nociceptive information
from peripheral tissues to the spinal cord, recent studies have
suggested that sensory neurons also have an efferent function .
Initially, it was noted that antidromic stimulation of periphe
ral sensory nerves caused a marked plasma extravasation depen
dent on intact sensory nerves (4,48,54,111). With the discovery
that several neuropeptides were synthesized by sensory neurons
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(36,45), the question arose whether these putative neurotransmit
ters might be responsible for the neurogenie inflammation. A key
observation, with regard to the action of sensory neuropeptides
in peripheral tissues, was that sensory neuropeptides are trans
ported not only to the terminals ending in the spinal cord but
that the majority of the neuropeptides is transported to the pe
ripheral terminal rather than the central end (8). This data in
conjunction with immunochemical data demonstrating that capsai
ein (a neurotoxin relatively specific for the small, thinly
myelinated or unmyelinated sensory neurons (84» treatment could
eliminate the sensory innervation of vascular beds in parallel
with the disappearance of neurogenie inflammation (25,39,40,41,
42), suggested that neuropeptide-containing sensory neurons (and
in particular those containing substance P) have the proper ana
tomical relationship and physiological action on blood vessels
to be agents involved in vasodilatation and plasma extravasation
in peripheral vascular beds (21,50,57.58).

Relevance to Inflammatory Diseases

The possible relevance of the effector role of sensory neu
ropeptides to inflammatory diseases of the gastrointestinal (GI)
tract (as diagrammed in Fig. 12) was suggested by capsaicin ex
periments demonstrating that blood vessels throughout the wall
of the gastrointestinal tract are densely innervated by neuro
peptide-containing sensory neurons (22,23,23, 101,112). These
observations and the finding in the canine GI tract that a sub
stantial portion of submucosal arterioles, venules and lymph no
dules express receptor binding s ites for SP (71,95) suggested

160

~ 140
o
(f)

~ 120

.2 100
:::J

~ 80
U
o 60
E
;t 40

(f? 20

o

.. ....
.. .... c::::::::J Norm al.. CSS'J Cro hn 's

_ UC

. p (0.0.5.. p (0.0 1

~
Lymph Sub Me CM
nodule bv

CM-bv LM- bv

Fig. 9 - SUBSTANCE P
Histogram showing the changes in the location and concentration
of SP binding sites in the surgical specimens of normal colon
obtained from carcinoma resection (open bar), Crohn's disease
(hatched bar), and ulcerative colitis (filled bar). In this hi
stogram 100% specific binding is that concentration of specific
SP binding sites observed in the smooth muscle of the normal ex
ternal circular museIe. Note that whereas in the histolological
ly normal tissue SP receptor b.ind.lr.q sites are undetectable in
blood vessels in the circular and longitudinal museIe and in the
lymph nodules, in tissue from the Crohn's and ulcerative colitis
patients these blood vessels and lymph nodules have the highest
density of SP receptor binding sites in the entire human GI
tract. See Fig. 2 for further explanation .
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Fig. 10
Aseries of light and darkfield photomicrographs showing the 10
calization of receptor binding sites for vasoactive intestinal
polypeptide (VIP) in the human colon from normal (a, b, c),
Crohn's disease (d, e, f), and ulcerative colitis (g, h, i) pa
tients. The highest concentration of specific binding sites is
present over the luminal aspect of the mucosa (Me - 1) whereas a
low concentration of receptor binding sites is present over the
basal aspect of the mucosa (Me - b) and the external circular
(CM) and longitudinal (LM) muscle. Note that the one highly
significant difference in the autoradiograms is that the luminal
mucosa of the ulcerative colitis tissue contains very low levels
of VIP binding sites compared to either the normal or Crohn's
disease tissue. See Fig. 1 for explanation. Line bar = 0.7 mm.

that sensory neuropeptides regulate vasodilatation and plasma
extravasation in the gastrointestinal tract and that disfunction
of this system might lead to an exaggerated inflammatory and im
mune response.

To test the relevance of this hypothesis to human inflamma
tory disease, we explored whether receptor binding sites for
sensory neuropeptides are altered in two such diseases. While
there is considerably more data suggesting that sensory neuro
peptides are involved in two other common inflammatory diseases,
i.e., arthritis (52,53) and asthma (57,59), we chose to explore
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ehanges in inflammatory bowel disease sinee this is one of the
few human inflammatory diseases where surgieal removal of the
inflamed tissue is used to ameliorate the disease in severe
eases. The use of surgieal speeimens was eritieal for the sue
eess of the present studies sinee it allowed us to perform re
eeptor binding experiments on human tissues in whieh degradation
problems assoeiated with long postmortem time delays are not
present (64).

Inflammatory bowel disease (IBD) is a generie term that
refers to ehronie inflammatory dieseases of the intestine of
unknown etiology, prineipally uleerative eolitis and Crohn's
disease (100). Both these diseases share a number of elinieal,
epidemiologie, immunologie, and genetie features ineluding: the
most frequent age of onset is 15 to 30 years; there is a higher
ineidenee in females than in males; there is an inereasing inei
denee over the past 20 years; the diseases are more eommon in
whites than non-whites: they are more prevalent among Ashkenazi
but not Sephardie Jews (81); and signifieant emotional events
appear to be temporally related to the onset or exaeerbation of
these diseases (1). Sinee sensory neurons innervate the GI traet
(22,23,112), are involved in regulating the inflammatory re
sponse in other disease states (19,52,56,59), and there are
other examples where sensory neurons alter their expression in
response to stress (e.g. the expression of herpes simplex virus:
13), we investigated whether the loeation and levels of reeeptor
binding sites for sensory neurotransmitters are signifieantly
altered in IBD.

Of the nine reeeptor binding sites for sensory neurotran
smitters examined, only SP and VIP showed signifieant ehanges,
and the only eell types whieh demonstrated a dramatie inerease
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Fig. 11
Histogram showing the ehanges in the loeation and density of
speeifie binding sites for vasoaetive intestinal polypeptide
(VIP). Speeifie VIP binding sites are over the lumina1 aspeet of
the mueosa (Me - 1) whereas a low eoneentration of reeeptor bin
ding sites are over the basal aspeet of the mueosa (Me - b) and
the external eireular museIe (CM), myenterie plexus (MP), and
external longitudinal museIe (LM) . Note that the mueosa (both
the luminal and basal aspeet) of the uleerative eolitis tissue
eontains a very low eoneentration of VIP binding sites eompared
to either the normal or Crohn's tissue. See Fig. 1 for further
explanation.
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in the expression of SP binding sites were those cells involved
in regulating the inflammatory and immune responses. These data
correlate well with previous findings on the action of SP. for
example, SP-containing sensory terminals innervate both arteri
oles and venules. Upon release SP interacts with the receptor
binding sites expressed by the smooth muscle and endothelium of
arterioles and venules to produce vasodilatation and plasma ex
travasation (71,88,111). Thus, SP release would cause vasodila
tation and an increase in pressure at the capillary bed resul
ting in plasma extravasation (92,93). SP release in the vicinity
of venules has been shown to cause dilatation (5), to produce
changes in the permeability of the venules (50,57,113), and to
alter the endothelium of the venules so that the circulating
leukocytes attach to these vessels more readily (i.e., pavemen
ting of leukocytes; 33,79,91, 102). These changes alter arterio
lar and venular smooth muscle tone and cause changes in the per-
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Fig. 12
Schematic diagram of the major differences observed in the pre
sent study between (a) the normal human colon and (b) the in
flamed colon in inflammatory bowel disease (IBO). The most nota
ble difference is the ectopic expression of high concentrations
of SP receptor binding sites by arterioles, venules, and lymph
nodules in IBO vs. the normal colon. We hypothesize that this
ectopic expression of SP receptor binding sites is involved in
regulating the vasodilatation of the arterioles, plasma extrava
sation and influx of leukocytes through the venules, and a hy
perimmune response from direct SP stimulation of leukocytes, all
of which are common to these and other human inflammatory disea
ses.
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meability and attachment properties of venules, which contribu
tes to an influx of circulating inflammatory and immune cells
into the inflamed area. Among the mobile elements known to in
vade the inflamed area are macrophages, mast cells, neutrophils,
T-Iymphocytes, and monocytes; all of these cells have been shown
to express binding sites for SP and/or produce a functional re
sponse in the presence of SP (2,32,33,75,78,89,90,94,102, 109).
These data further suggest that, in addition to promoting edema
and the influx of leukocytes, SP mayaIso have a direct action
on the function of circulating leukocytes and thus directly re
gUlate the immune response.

Equally suggestive of the contribution of SP to the under
lying pathology in the disease is the apparent similarity in the
location and concentration of SP binding sites between specimens
obtained from patients on corticosteroid treatment vs. those
from patients in which the treatment had been stopped for at
least 6 months (Table 1). Since corticosteroids are often effec
tive in treating the symptoms of IBD but not the underlying pat
hophysiology, these data further suggest that the ectopic ex
pression of SP binding sites may be an underlying pathology con
tributing to the inflammatory state rather than simply being a
result of the inflammation response .

Specificity of Receptor - Ligand Expression

Aside from the importance of these neuropeptide binding
sites in regulating the inflammatory and immune responses, the
present study also suggests that the expression of the appro
priate binding site by the target tissue determines, at least in
part, whether the released sensory neurotransmitter will produce
a functional response. A population of sensory neurons which
synthesize SP also synthesize and presumably co-release CGRPa
and CGRPß (28,45,58,83,106,118) , SK (16,37,61), CCK (17), and
glutamate (18). It is believed that all branches of a neuron
contain all the neurotransmitters synthesized by that neuron,
regardless of whether or not a postsynaptic receptor is present
(15,29) . In other words, since many neurons are known to contain
multiple neurotransmitters, it appears that the functional ac
tion of a given neurotransmitter in a particular branch of the
neuron is u1timately dependent upon the presence of the appro
priate postsynaptic receptor . Thus, in assessing what neuro
transmitters regulate a particular peripheral organ or cell
type, it is of paramount importance to first demonstrate that
the target tissue expresses a pharmacologically relevant recep
tor binding site. An example of this is blood vessels in the
normal guinea pig gastrointestinal tract, which although exten
sively innervated by SP-containing sensory nerves (22,23,24,
112), do not contain detectable levels of SP receptors (10,65),
and show no increase in vascular permeability to either direct
application of SP or to antidromic activation of the sensory
nerves innervating these tissues (57). In other words the per
meability effects of SP are determined by the presence of SP re
ceptors on postcapillary venules, and this expression of SP re
ceptors (at least on gastrointestinal blood vessels of man) pre
ferentially occurs in an inflammatory state. These data also
suggest that receptor binding sites for other sensory neuro
transmitters may playa role in regulating the human peripheral
tissues in both normal and diseased states, but this role will
only be evident when examined in the proper physiological or
pathological context.
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Receptor - Ligand Mismatch

These results also have clear implications for the receptor
ligand mismatch problem. The presence of a nerve fiber contai
ning a particular transmitter is often not weIl correlated with
the presence of an appropriate postsynaptic receptor (29,34,47,
67,68,74). SP-immunoreactive fibers innervate arterioles and ve
nules throughout the normal human colon, and the distribution of
immunoreactive SP fibers and levels of SP change only minimally
(2 fold increase~ 46) or not at all (7,87,105) in the inflamed
colon in patients with ulcerative colitis or Crohn's disease .
This is in contrast with dramatically elevated (1000-2000 fold)
levels of SP receptor binding sites expressed by arterioles, ve
nules and lymph nodules in inflamed colon. Since it appears that
SP binding sites in blood vessels and lymph nodules in the human
colon reach detectable levels only in the inflamed state, it is
difficult to assess the full repertoire of the target tissues of
a particular neurotransmitter unless one knows ~ priori in what
context the expression of binding sites should be examined. It
is also conceivable that a receptor is tonically present and on
ly in a disease state is its ligand expressed or released by the
presynaptic nerve terminal. Thus, when amis-match is observed
between the presence of a receptor and the presence of its pre
sumed ligand, it should be considered that a proper match may
only be apparent in a different physiological or pathological
context. The present data also suggest that the coordinated sy
naptic localization of the native ligand and its receptor must
involve factors other than just the presence of the ligand since
in the normal colon the innervation of blood vessels by SP appa
rently does not by itself induce the expression of SP receptors.

Substance P as a Multifunctional Effector Peptide

In the present report we have demonstrated the ectopic ex
pression of high densities of SP binding sites by arterioles,
venules, and lymph nodules and suggest that, in a pathological
state, SP and its receptors playa role in regulating the in
flammatory and immune responses characteristic of inflammatory
diseases. A key question that remains to be answered is what is
the normal function of the neuropeptide-containing sensory neu
rons? One observation which suggests anormal function for these
neuropeptide-containing sensory neurons is that one of the most
pronounced deficits in neonatal capsaicin-treated rats (the neu
rotoxin destroys primarily the neuropeptide containing C-fibers)
is that the skin and fur lose their luster and that these ani
mals lack anormal wound healing response~ i.e., these animals
have numerous small wounds which do not appear to be healing
(9,83). Such a lack of the normal trophic and/or wound healing
response after sensory denervation can also be inferred from the
ulceration of the cornea which follows trigeminal deafferenta
tion (7) . Together the observations that, in a pathological
state, SP appears to be involved in regulating a hyperinflamma
tory and immune response and that, i n the normal condition,
these sensory neuropeptide-containing neurons may have atrophie
action on tissues they innervate and also regulate wound healing
after injury.

As reviewed above, SP and other sensory neurotransmitters
appear to be released centrally in the spinal cord to signal
pain and peripherally to produce vasodilatation, plasma extrava
sation and homing of leukocytes to the area of injury. Since
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sation and homing of leukocytes to the area of injury. since
there cannot be tissue repair until there has been an appro
priate inflammatory and immune response (25), the initial action
of SP may be to promote and direct the inflammatory and immune
responses in the damaged tissue. After the infection and damaged
tissue have been c1eared, SP and other neuropeptide growth fac
tors continue to be released, but their effects would now be di
rected towards mitogenesis and tissue remodeling. Two sensory
neuropeptides, SP and neurokinin A, have been shown to be potent
mitogens for fibroblasts in culture (85). The key to this model
is that SP should be both stimulatory and inhibitory towards the
same cells, depending on the context of other chemical signals
present. This multifunctional role for peptide growth factors
has clearly been shown for other peptides including transforming
growth factor-p, which stimulates growth of certain fibroblasts
in vitro in the presence of platelet derived growth factor, but
inhibits the growth of the same cells if epidermal growth factor
is present (99,108). Therefore, in human inflammatory diseases
it may be that ectopic expression of SP or its receptor is not
the primary pathology, but rather that the pathology may involve
whatever other factors are needed to switch SP action from the
IIcatabolic ll mode, where inflammatory and immune responses are
promoted, to the lIanabolic ll process of tissue growth.

CONCLUSIONS

There is an elegance in the simplicity of assigning the same
neuron and perhaps the same neuropeptide for roles in nocicep
tive information transmission and simultaneous peripheral con
trol of recovery from injury. The normal function of the small
thinly myelinated sensory neuron may be to signal tissue damage
to the brain and to regulate normal cell turnover and, in the
case of injury, the subsequent inflammatory, immune, and wound
healing response in the damaged tissue. Such an organization
would allow a coordination between the biochemical processes of
wound healing and the behavioral response to injury, so that use
and further injury of the damaged tissues does not occur during
the repair process.
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ABBREVIATIONS

A artery
bas basal
BBS bombesin
bv blood vessel (arteriole or venule)
CCK cholecystokinin
CGRP calcitonin gene-related peptide-a
CM circular muscle of the muscularis externa
ct connective tissue
g germinal layer of a lymph nodule
GAL galanin
GLU glutamate
H-E hematoxylin and eosin
LM longitudinal muscle of the muscularis
externa

lum luminal
Lym lymph nodule
Mc mucosa
Mc - b mucosa, basal aspect
Mc - 1 mucosa, luminal aspect
MM muscularis mucosa
MP myenteric plexus
musc muscle
p proliferative zone of a lymph nodule
SK substance K, neurokinin A, a-neurokinin,

neuromedin L
SOM somatostatin
SP substance P
SubMc submucosa
U.C. ulcerative colitis
VIP vasoactive intestinal peptide
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INTRODUCTION

Hepatic fibrosis indicates an increased deposition of the
normal components of connective tissue in the liver, associated
with an altered balance between synthesis and degradation of
collagen (Anthony et al., 1978; Hann et al., 1985). This wide
spread alteration of the liver represents an important stage in
the progression of chronic liver disease to cirrhosis (Conn,
1982; Rappaport et al., 1983).

Evidence has been accumulated indicating that capsa1c1n
selectively affects a certain class of primary sensory neurons
(Holzer, 1988; Maggi and Meli, 1988). In particular, systemic
administration of large doses of capsaicin to intact animals has
been repeatedly shown (Jancs6 et al., 1985; Jancso et al., 1987;
Ritter and Dinh, 1988) to produce long lasting degeneration and
functional blockade of central and peripheral endings of a sub
set of primary sensory neurons. Systemic capsaicin desensitiza
tion produces a long lasting depletion of the sensory neuropep
tides of the peripheral nervous system (Holzer, 1988; Maggi and
Meli, 1988, Maggi et al., 1987b; Geppetti etaI., 1987). An im
portant feature of the capsaicin-sensitive sensory neurons is
their ability to release neuropeptides from peripheral termi
nals, thereby producing an efferent' function (Szolcsanyi 1984;
Maggi and Meli, 1988).

Recently, the possible influence of some neuropeptides re
leased by peripheral terminals of primary sensory neurons, on
the metabolism and proliferation of different connective tissue
cells has been emphasized. Substance P (SP) and neurokinin A
(NKA) can stimulate cell growth of cultured arterial smooth
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muscle cells and human skin fibroblasts (Nilsson et al., 1985);
CGRP increases survival of musculocutaneous critical flaps in
rats in vive (Kjartansson and Dalsgaard, 1987; Kjartansson et
al., 1987); sensory denervation by capsaicin induces a higher
incidence of spontaneous skin lesions in rats (Maggi et al.,
1987a); a depletion of neuropeptides during wound healing in rat
skin has been reported (Senapati et al., 1986). Although these
effects may be considered finalistically directed to promote
tissue repair at the site of injury, one can also hypothesize
their participation in the development and maintenance of cer
tain pathological conditions. Primary afferent fibers containing
SP and CGRP have been recently demonstrated in the biliary path
way and liver of guinea-pig and in the liver of the rat (Sasaky
et al., 1984; Sasaky et al., 1986; Goheler et al., 1988). All
these observations, therefore, suggest that primary afferent
neurons might play a role in the development of hepatic fibro
sis.

In the present paper, we investigated whether capsaicin-sen
sitive sensory neurons might participate in the development of
liver fibrosis . For this purpose, the expression of hepatic fi
brosis induced by common bile duct obstruction (Kountouras et
al., 1984) has been evaluated in both vehicle- and capsaicin
pretreated rats .

MATERIALS AND METHODS

Animals

strain Sprague-Dawley Nossan rats (8 weeks old) were used.
The rats were housed under temperature, humidity and illumina
tion controlled conditions. The weight of animals at the time of
surgery was 200-300 g. Animals were deprived of food 20 hours
before the surgery but allowed free access to tap water.

Sensory Denervation

Four days before surgery, the rats received s.c . capsa1c1n
(125 mg/kg) or an equal volume of the vehicle (10% ethanol, 10%
Tween 80, 80% saline, vol/vol/vol). In order to check the effec
tiveness of the treatment, a drop of 0.33 mM solution of capsai
cin was instilled into one eye of the rats and the protective
wiping movements were counted (Gamse, 1982). This test was car
ried out one day before the bile duct obstruction and before the
collection of the sampIes . Vehicle-treated rats responded in
stantly with wipings while capsaicin-treated rats did not react.

Surgery

Rats were anesthetized with ether. A laparotomy was per
formed, common bile duct was ligated with a double silk thread
and cut by means of an Olympus electrosurgical cutter. Rats
which underwent exactly the same surgical protocol except the
ligation of common bile duct (sham operation) served as con
trols. Two days after surgery, we observed a dark-brownish uri
ne, indicating a successful ligation. The mortality rate after
this procedure was not more than 8% . Animals were kept in cages
of 2 and received standard laboratory rat chow. Food intake,
liver weight, serum albumin and liver total protein content were
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also evaluated to judge the overall nutritional status of all
the studied animals.

Rats were sacrificed 2, 4, 6 and 8 weeks after surgery under
CO

2
anesthesia. The abdomen was quickly opened, the liver ex

cised and weighed. Urinary bladder and the common bile duct were
also removed and collected for radioimmunoassay (RIA) evaluation
of sensory denervation. All these sampIes were immediately pro
cessed for use in the following procedures.

The final groups included 4 vehicle- and 4 capsaicin-treated
rats for weeks 2, 4 and 6 after surgery, while 6 capsaicin-trea
ted and 4 control animals were used after 8 weeks. Sham operated
rats were killed at weeks 6 and 8. Two vehicle- and 2 capsaicin
treated rats were killed the day of surgery as normal control
animals (week 0).

Histological Studies

Specimens were obtained from the right and left lobe of each
rat liver. SampIes were fixed in buffered formalin and embedded
in paraffin. Five micron sections were stained with hematoxy
lineosin and van Gieson. The amount of collagen was semiquanti
tatively graded as folIows:
0: Normalliver .
1: Mild enlargement of portal tracts. Small stellate or linear

collagenous extensions in the lobules.
2: Definite enlargement of portal tracts with thin incomplete

septa which do not connect with each other. Widespread intra
lobular collagen deposition.

3: Formation of complete septa which connect with each other
dividing the parenchyma into separate fragments. Diffuse
alterations of the parenchyma architecture.

Three sections from the right and left lobe of the liver
were evaluated for each animal and the average value was used
for the final collagen score of that liver. Samples were blindly
examined by three different liver pathologists. When opinions
diverged, the score was performed after assessment and discus
sion of the changes. The average score was then calculated for
each group of rats.

Hydroxyproline Determination

Hydroxyproline (Hyp) in the liver samples stored in liquid
nitrogen, not submitted to histology, was measured by a modifi
cation of a previously described method (Jamall et al., 1981).
Briefly, liver specimens were homogenized, extensively dialysed
against three changes of PBS for 48 h at 4·C and then precipi
tated with 40% ammonium sulphate (v/v) for 3 h at O·C. Precipi
tates, collected by centrifugation for 1 h at 4·C, were dialysed
against three changes of bidistilled water and then lyophilized.
Samples were submitted to pepsin digestion (cristalline pepsin,
2798 lU/mg; Worthington Biochemical Co., Freehold NJ, USA) and
precipitation of the resistant triple-helical parts of collagen
with perchloric acid according to Jalkanen's method (Jalkanen et
al., 1980). The resulting precipitates were then hydrolyzed with
a 6N HCl solution overnight at 110 ·C. Hyp content of the samples
was assayed by a high-performance liquid chromatographie (HPLC)
procedure as described elsewhere (casini et al ., 1982) and ex
pressed as ~mols/g of fresh liver tissue.
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Substance P-like Immunoreactivity Assay

Substance P-like immunoreactivity (SP-LI) was determined in
the rat urinary bladder to check the capsaicin-induced sensory
denervation (Maggi et al., 1987b) and in the common bile duct to
evaluate the sensory denervation of the liver (Goheler et al.,
1988). Urinary bladders and common bile ducts were homogenized
in 95·C 2 N acetic acid (1.10; wjv) and kept in a boiling water
bath for 10 min. After centrifugation at 20,000 x 9 for 30 min
the supernatant was freeze-dried and stored at -20 ·C. SP-LI was
measured as reported previously (Geppetti et al., 1987). Brief
ly, SP standard (Peninsula, CA) or sampIes were incubated over
night at 4·C with anti-sp antiserum (gift of Dr. P . Pradelles,
SPILERI, CEN-Saclay, Gyf-sur-Yvette, France) with 125I - Bolton
and Hunter conjugated SP (Amersham, UK). Bound from free antigen
was separated by the double antibody precipitation. Sensitivity
of the assay was 1.1 fmoljtube. Cross-reactivities were 1% with
NKA, 0.5 with neurokinin Band less than 0.1% with physalaemin
and eledoisin.

statistical Analysis

Hyp and SP-LI data were analysed using analysis of variance.
A linear regression was performed on Hyp values and time after
bile duct ligation. The correlation between hyp values and the
histology score was evaluated using a Spearman's Rank correla
tion non-parametric test.

RESULTS

SP-LI levels in vehicle-treated animals were 3.12 ± 0.65 and
3.78 ± 0.7 pmoljg in the urinary bladder and in the biliary
tract, respectively. Two weeks after capsaicin pretreatment SP
LI was reduced by 84% in the urinary bladder, while in the bi
liary tract a 56% reduction was observed. In common bile duct
sampIes obtained at 4, 6 and 8 weeks from the beginning of the
experiment SP-LI reduction constanly varied between 50-60%. In
the urinary bladder only at the eighth week a partial recovery
of peptide level was found, SP-LI being reduced by 53% at this
time (tab. 1 .).

Table 1. Substance P-like immunoreactivity (SP-LI, ~moljg) in
urinary bladder and biliary tract of vehicle- and
capsaicin-pretreated rats.

Weeks (a) Urinary Bladder Biliary Tract

Vehicle Capsaicin (b) Vehicle Capsaicin (b)

2 3.12 ± 0.65 0.51 ± 0.04* 3.78 ± 0.71 1.65 ± 0.40
4 2.96 ± 0.85 0.39 ± 0.05* 3.69 ± 0.77 1.88 ± 0.48*
6 2.58 ± 0.64 0.54 ± 0.16* 4.59 ± 0.81 2.18 ± 0.32*
8 2.91 ± 0.22 1.39 ± 0.23** 4.76 ± 0.92 1.93 ± 0.23*

a: weeks after common bile duct ligation
b: 125 mgjkg of s.c. capsaicin were administered
*: P<O.Ol
**: P<0.05 Mean values ± SEM
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Capsaicin treatment did not significantly affect either the
rat food intake and body weight or the serum albumin and liver
total protein concentration (tab. 2) .

Table 2. Food intake, body weight, serum albumin and liver total
protein of vehicle- and capsaicin-treated rats 4 and 8
weeks after surgery.

Ws (a) Food Intake Body Weight Serum Albumin Liver Prot
(g/24 h) (g) (g/100 ml) (~g/mg)

4 Vb 12.9 ± 1.4 357 .2 ± 5.8 2.23 ± 0.04 59.9 ± 6 .7
4 Cp 16.2 ± 2.3 345.6 ± 12.3 2 .48 ± 0.19 55.8 ± 5.5
8 Vb 14.3 ± 2.8 436.8 ± 13.3 2.50 ± 0 .21 67.7 ± 7 A2

8 Cp 16.7 ± 2.1 425.5 ± 15.6 2.56 ± 0.13 59.9 ± 6.7

a: weeks after common bile duct ligation. Mean values ± SEM.
Vb vehicle treated
Cp = capsaicin treated

Liver Histopathology

Common bile duct ligation determined a marked liver fibrosis
in all the rats. A time-dependent collagen accumulation after
the bile duct ligation was observed. The histological changes
were more pronounced in vehicle-treated rats in comparison with
the group of rats treated with capsaicin. The group of animals
sacrificed after 2 weeks exhibited mild or sometimes definite
enlargement of portal tracts associated with proliferation of
bile duct epithelial cells. The histological alterations were
not significantly different, at this time, between the capsai
cin- and the vehicle-treated animals. Remarkable differences
between the two groups became evident four weeks after the com
mon bile duct ligation. In fact, vehicle-treated rats showed
evident portal fibrosis with enlargement of portal tracts asso
ciated with widespread intralobular collagen deposition which
was even more pronounced after 6 weeks. Diffuse alterations of
liver parenchyma structure occurred after 8 weeks: complete
septa, connecting with each other, divided the parenchyma into
separate fragments and sometimes a nodular regeneration was evi
dent . In capsaicin-treated animals collagen deposition in the
liver was less evident than in the vehicle-treated group. How
ever, even in this group a time-dependent development of liver
fibrosis was observed. None of the capsaicin-treated rats exhi
bited formation of complete connective septa, altering the pa
renchyma architecture, and no nodular regeneration was present
after 8 weeks . In sham operated rats, either capsaicin- or vehi
cle-treated, no histological change was seen in comparison to
normal rats .

Tab. 3 shows the histological scores of all the animals
studied. Increasing score mean values were evident in the ve
hicle-treated group in a time dependent manner, while the
capsaicin-treated rats had only a slightly increasing value of
the histological scores considering the time after bile duct
obstruction.
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Table 3. Liver histological scores of vehicle- and capsaicin
treated rats

Weeks (a) Vehicle Capsaicin

2 1.00 ± 0 1.25 ± 0.25
4 1. 75 ± 0.25 1.00 ± 0
6 2.00 ± 0.41 1.25 ± 0.25
8 2.75 ± 0.25 1. 33 ± 0.26

a: weeks after common bile duct ligation. Mean values ± SEM

Hydroxyproline Quantitation

The Hyp content of the liver, considered as an index of
total collagen deposition, enhanced after common bile duct liga
tion in a time-dependent manner in both groups of animals. Col
lagen accumulation was much more evident in vehicle- than in
capsaicin-treated rats, and a linear correlation between Hyp
values and the time of experiments was recovered (Fig. 1). After
two weeks, no significant differences were detected between the
two groups. significantly different values of liver Hyp concen
trations were detected after 4 weeks as weIl as after 6 and 8
weeks. Eight weeks after common bile duct obstruction, vehicle
treated rats showed a 7 fold increase of their liver collagen
content in comparison with sham operated animals, while this en
hancement was of about 3.5 fold in capsaicin-treated rats. Liver
Hyp values of sham operated animals overlapped those of normal
rats.

The close association between rat liver Hyp content and the
histology score is shown in Fig . 2 .
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Fig. 1. Relationship between hydroxyproline content of the
liver (conc./g of fresh tissue) and time after common
bile duct ligation. Values of all the rats studied are
reported. White points = Vehicle-treated animals
(r=0.951i p<O.OOl). Black points = capsaicin-treated
animals (r=0.595i p<O.OI). oifferences between slope of
the curves were statistically significant: p<O.Ol.
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Fig. 2. Correlation between liver hydroxyproline concentration
and the histology score. Correlation coefficient =
0.89;p<0.01.

DISCUSSION

The influence of capsaicin-sensitive sensory neurons on the
development of hepatic fibrosis was evaluated in an experimental
model of secondary biliary fibrosis obtained by common bile duct
ligation and scission in rats. A progressive deposition of hepa
tic collagen after bile duct obstruction was evident as demon
strated by the constant increase of hydroxyproline content in
the liver of the vehicle-treated rats, which showed values 7
fold higher than sham operated rats 8 weeks after the bile duct
obstruction. A liver collagen accumulation was also observed in
capsaicin-treated rats, however, in this group of animals the
extent of fibrotic changes and the time dependent collagen de
position were significantly reduced when compared with those of
vehicle-treated rats. Analogous differences in the extent of
hepatic fibrosis between vehicle-treated and capsaicin-treated
rats were also observed at the histopathological examination. In
fact, the portal and periportal accumulation of extracellular
matrix associated with proliferation of ductular structures was
clearly more pronounced in the vehicle-treated rats . Capsaicin
administration both in newborn and adult animals is known to de
plete neuropeptide content of primary sensory neurons (Holzer,
1988; Maggi and Meli, 1988). ~eduction of SP-LI by approximately
60%, observed in the biliary tract up to 8 weeks after capsaicin
treatment, suggests a long-lasting loss of SP-containing primary
afferents at this level. Therefore, these observations raise the
possibility that peripheral release of neuropeptides takes place
during the development of hepatic fibrosis after common bile
duct obstruction and influences, in a positive way, the proli
feration of collagen-producing cells.
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AND ASSOCIATION WITH CLINICAL AND LABORATORY FEATURES
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INTRODUCTION

An impaired autonomie nervous system aetivity has been de
seribed in liver eirrhosis (1,2). Namely, an enhaneed sympatho
adrenergie aetivity has been found in patients with aseites, who
also showed an impaired eardiovaseular responsiveness to sueh an
adrenergie hypertone (2). Moreover, in these patients the ear
diovaseular response to the administration of exogenous nore
pinephrine (1), as weIl as maneuvers stimulating the adrenergie
aetivity (3), was impaired. Reeently, abnormalities of vagal ae
tivity have also been deseribed and related to the aleoholie
etiology of liver disease (4). It has been suggested that vagal
neuropathy may result in an inappropriate, non osmotie seeretion
of antidiuretie hormone, promoting the appearanee of hyponatre
mia (4), an abnormality whieh is frequently deteetable in ad
vaneed liver failure.

Taking into aeeount the potential elinieal eonsequenees of
autonomie neuropathy, we assessed the prevalenee of sueh an ab
normality and its relationships with elinieal and laboratory
features.

PATIENTS AND METHODS

Forty patients (age range 23-80 yr), 29 male and 11 female,
with biopsy proved liver eirrhosis, were studied. The eirrhosis
was aleoholie in 20 eases and non-aleoholie (postneerotie or, in
2 eases, eryptogenie) in the remainder. Patients with diabetes,
recent gastrointestinal bleeding, cardiac or respiratory disea
ses and aeute infections were excluded. In the 4 days preceding
the study, the administration of drugs other than diureties
known to influenee the result of the tests was strietly avoided.
Diuretic therapy was considered as one of the parameters under
study.
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Clinical and Laboratory Parameters

The following parameters were considered: age, sex, Pugh's
class (5), presenee/absenee of aseites, hepatie eneephalopathy
(II-III degree), hypoalbuminemia «3.5 g/dl), jaundiee (>2
mg/dl), diuretie therapy, redueed glomerular filtration rate
(GFR ~ 50 ml/min), hyponatremia «132 mmol/dl), museIe wasting,
heart rate >80 bpm, mean arterial pressure (diastolie + 1/3
pulse pressure) <90 mmHg and symptoms of peripheral neuropathy.

Evaluation of the Function of Autonomie Nervous System

Autonomie aetivity was evaluated by tests eommonly used in
the study of diabetie autonomie neuropathy (6). Vagal funetion
was explored by the "Lying to Standing" and "Deep Breathing"
tests. Sympathoadrenergie aetivity was assessed by the "Sus
tained Handgrip" test and by the blood pressure response to the
assumption of upright posture. The results of eaeh test were
elassified as normal, borderline and pathologieal, aeeording to
the eriteria aeeepted for evaluation of diabetie neuropathy (6
10). All tests were performed in a quiet and warm room, at the
same eloek-time. The patients were kept reeumbent for 20 minutes
before every test. Arterial pressure was determined using Dyna
map (EME, Brighton, UK).

LYING TO STANDING TEST (LST) eonsists of measuring on elee
troeardiographie traeing the R-R' interval at the 15th and 30th
beat after the assumption of upright posture. A 30th/15th ratio
greater than 1.03 was eonsidered normal, borderline from 1.03 to
1.00 and pathologieal <1.00. The test evaluates vagal aetivity
following the first phase of adrenergie aetivation after stan
ding (6).

DEEP BREATHING TEST (DBT): the heart rate was measured eon
tinuously using R-R' interval on ECG, whilst the subjeet
breathes deeply (breath frequeney of 6-8 times per minute) for
one minute. The mean of the differenees between the maximum
heart rate in inspiration and the minimum in expiration for eve
ry breathing eyele was ealeulated. A differenee of 10 or less
beats per minute is eonsidered pathologieal, from 11 to 15 is
borderline and >15 normal. sinee variations in the heart rate
during deep breathing are dependent on an intaet vagal funetion,
DBT is one of the most sensitive tests to show a eompromised
parasympathetie aetivity (7).

SUSTAINED HANDGRIP TEST (SHT): handgrip normally eauses an
inerease in diastolie arterial pressure. The subjeet squeezed a
dynamometer with the dominant hand for 3 minutes at 1/3 of his
maximum strength. An inerease in diastolie arterial pressure of
10 mmHg or less is pathologieal, from 11 to 15 borderline and
>15 normal. This test evaluates sympathetie eontrol of the ear
diovaseular system (8).

BLOOD PRESSURE RESPONSE TO STANDING (BPR): blood pressure
was measured during recumbency and every minute, for 3 minutes,
after standing. A deerease of systolie arterial pressure of 30
mmHg or more was eonsidered pathologieal, from 20 to 29 border
line and <20 normal (9). The test checks the integrity of sym
pathetie pathways and baroeeptors.
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Vaga1 and sympathetie aetivities were eonsidered as: normal
in the presenee of both tests normal or one test normal and one
border1ine; border1ine in patients with both tests border1ine or
one test normal and one pathologieal; patho1ogiea1 in patients
with both tests altered or one test patho1ogiea1 and one border
1ine.

statistical Analysis

To assess the statistiea1 signifieanee of the re1ationships
between autonomie neuropathy and e1iniea1 and 1aboratory parame
ters, test and linear eorre1ations were used.

RESULTS

Vaga1 funetion was abnormal in 60% of the patients (30% border
1ine) whi1e sympathoadrenergie funetion was abnormal in 50% of
the eases (45% border1ine). The resu1ts obtained by performing
the single tests are reported in the Tab1e.

Tab1e 1

Preva1enee of alterations in the tests
exp10ring the autonomie funetion

NORMAL BORDERLINE PATHOLOGICAL

LST 22 pt. (55%) 8 pt. (20%) 10 pt. (25%)

DBT 11 pt. (27.5%) 11 pt (27.5%) 18 pt. (45%)

SHT 12 pt. (30%) 9 pt. (22.5%) 19 pt. (47.5%)

BPR 37 pt. (92.5%) 2 pt. (5%) 1 pt. (2.5%)

Pt = patient(s). LST = 1ying-to-standing test; DBT = deep
breathing test; SHT = sustained hand grip test; BPR
b100d pressure response to the change of posture.

The altered vaga1 funetion was assoeiated with age above 60
(p<0.05) and redueed GFR (p<0.05); no assoeiation was found with
the a1eoho1ie etio1ogy. The altered sympathoadrenergie funetion
was assoeiated with redueed GFR (p<0.05) and hepatie eneepha1o
pathy (p<0.05).

Taking into aeeount the single tests, an abnormal LST was
assoeiated with age above 60 (p<0.05), low GFR (p<O.05) and hy
ponatremia (p<O.05). The alteration of DBT was assoeiated with
age above 60 (p<0.05), redueed GFR (p<O.005) and aseites
(p<O.05).

No assoeiations were found between alterations of elinieal
and laboratory features and those of the sympathoadrenergie
tests . Neverthe1ess, the extent of b100d pressure reduetion du
ring the assumption of upright posture was inversely related to
GFR (r=0.32; p<O.05) and direetly to serum bilirubin eoneentra
tion (r=O.33; p<O.05).
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Only one patient, showing a generalized alteration of auto
nomie funetion tests, had a elinieal sign of autonomie neuropat
hy (lightheadedness) on the assumption of upright posture.

Only one patient presented elinieal evidenee of peripheral
sensitive neuropathy. In this subjeet the results of all tests
were normal.

DISCUSSION

The prevalenee of alterations of tests evaluating autonomie
funetion was surprisingly high in eirrhosis, exeeeding that re
ported in diabetie patients (7). However, it is worth noting
that only one patient had a elinieal manifestation of autonomie
neuropathy, suggesting that these alterations remain subelinieal
features in a large majority of eirrhoties.

The neurotoxie effeet of aleohol abuse has been definitely
reeognized (1). Nevertheless, our results seem to exelude that
the aleoholie etiology of liver disease played a relevant role
in determining the observed alterations of autonomie funetion.
Therefore, it is eoneeivable that the presenee of eirrhosis by
itself was the main determinant, overeoming a possible aleohol
dependent neurologieal damage. An alternative explanation may be
that the tests eommonly utilized to deteet autonomie neuropathy
are not entirely reliable when they are performed in eirrhotie
patients, sinee they are influeneed by faetors other than nerve
degeneration. Sueh an assumption ean find support in the eompa
rison of our results with those reported from diabetie patients
(10). In fact, eontrary to what oeeurs in diabeties, test alter
ations were never assoeiated with somatie neuropathy. Moreover,
the development of diabetie neuropathy depends on the duration
of the disease (7), overeoming the age-dependent impairment of
baroreeeptor sensitivity (12). In eontrast, a elear assoeiation
between test abnormalities and advaneed age was diselosed in our
patients.

It should be po inted out that the tests exploring the auto
nomie funetion are based on hemodynamie adaptations to various
stimulations. In eirrhosis, their alteration might represent an
inadequate response by the target organs. Sueh an assumption
agrees with the evidenee of a redueed eardiovaseular adaptation
to exereise (13) and postural ehan ge (3, 14) in the faee of a
normal and even enhaneed sympathoadrenergie response.

Other results of our study may further eorroborate the hy
pothesis of a target organ failure. The impairment of GFR was
the single parameter most frequently assoeiated with the altera
tions of autonomie funetion tests. Renal hypoperfusion is a eom
mon feature of advaneed eirrhosis and is related to abnormal
systemie hemodynamies leading to effeetive hypovolemia (15). In
this eontext, eardiovaseular adaptations to physiologieal stimu
li are severely impaired. Therefore, it is eoneeivable that the
assoeiation between redueed GFR and presenee of abnormal autono
mie funetion tests simply refleeted these two running-in-paral
leI phenomena. Aeeording to this interpretation, the assoeiation
between hyponatremia and abnormal vagal tests mayaIso be du~ to
effeetive hypovolemia, leading to both GFR reduetion and ADH hy
perseeretion, rather than to the redueed vagal input to hypotha
lamie nuelei, as suggested by others (4). This formulation ean
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also explain the observed eorrelation between the severity of
jaundiee and the extent of blood pressure reduetion upon the as
sumption of upright posture. In fact, a redueed vaseular reaeti
vity to vasoeonstrietors has been elearly demonstrated in expe
rimental models of extrahepatie eholestasis (16).

Two further aspeets of our study deserve a eomment. The as
soeiation between altered sympathoadrenergie aetivity and hepa
tie eneephalopathy shown by our patients may be the result of a
eommon pathogenetie background. In fact, weak neurotransmitter
hyperproduetion and release from nerve endings has been elaimed
to be involved in the oeeurrenee of both hepatie eneephalopathy
(17) and systemie hemodynamie disturbances of advaneed eirrhosis
(3, 17). Finally , it should be noted that the presenee of asei
tes was only assoeiated with alterations in DBT. This finding
likely represents the effeet of peritoneal effusion on eardiae
pre-load and diaphragmatie motility whieh, in turn, influenees
the entity of heart rate variations during deep breathing.

In eonelusion, the tests eommonly used to explore the fune
tion of the autonomie nervous system are frequently altered in
eirrhosis. Their alterations are likely due to an impaired ear
diovaseular responsiveness to parasympathetie and sympathoadre
nergie afferents rather than to the presenee of a true autonomie
neuropathy.
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2-DEOXY-D-GLUCOSE (2-DG)-INDUCED INCREASE IN GASTRIC ACID

SECRETION IS IMPAIRED IN CAPSAICIN-PRETREATED RATS

S. Evangelista, P . Santicioli, and C.A . Maggi

Pharmacology Department, Menarini Pharmaceuticals
Via Sette santi 3, 50131 Florence, Italy

SUMMARY

This study investigated the increase in gastric acid secre
tion induced by intravenous administration of 2-deoxy-D-glucose
(2-DG; 60 mg kg-'), insulin (5 U kg-') or by electrical stimula
tion of the vagus nerve (1 mA, 1 ms, 3 Hz) in urethane-anesthe
tized rats pretreated when newborn with either capsaicin or the
vehicle.

The secretory response to 2-DG was substantially reduced in
the capsaicin pretreated rats, while those induced by electrical
vagal stimulation or insulin were unaffected.

These findings suggest that capsaicin-sensitive fibers are
involved in the afferent branch of the reflex response activated
by 2-DG to stimulate gastric acid secretion.

INTRODUCTION

Capsaicin is a known selective neurotoxin which has been
used as a tool to study the functional role of primary sensory
afferent neurones. These neurones have been reported to inner
vate the stomach and to play important physiological roles such
as in motility and protection from ulcer formation of the sto
mach (see Maggi and Meli, 1988, for review).

Recently some studies have been carried out on their in
fluence on gastric acid secretion (GAS; Table 1).

Thus, intragastric capsaicin enhances acid gastric elimina
tion by afferent nerve stimulation (Lippe et al., 1989). Sensory
denervation produced by high systemic dose of capsaicin had
shown to influence histamine (Alfoldi et al ., 1986; Raybould and
Tache, 1989), but not carbachol (Alfoldi et al., 1986) or betha
nechol (Raybould and Tache, 1989) induced increase in gastric
acid secretion while controversial results have been reported
relative to pentagastrin (Alfoldi et al., 1986; Dugani and
Glavin, 1986; Raybould and Tache, 1989) increase in GAS.
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Table 1. Effect of capsaicin pretreatment on various stimulants
inducing increase in gastric acid secretion in
urethane-anesthetized rats .

STIMULATION,
DOSE AND ROUTE

- IBethanecol 0 .5 mg kg s ;c,
-ICarbachol 4-160 /Lg kg s ,e ,

HistMline 0.5-5 /Lg kg-l s •c •
HistMline 5 mg kg- I s ,c,

- I
Pentagastr in 25-250/Lg ~y s ,c,
Pentagastrin 16/Lg kg h t ,v.

-IPentagastrin 6 /Lg kg s ,c,
- I2-deoxy-o-glucose 60mg kg i . v.

Insulin 5 U kg-I i ,v.
Stomach di stens ion 5ml 6min· 1

Elect.vaga l stim.(lmA.lms 3Hz)

Elect.vagal st im. (4OV.3ms.6Hz)

CAPSAICIN
PRETREATMENT

1 mg per ivaga l (a)
-I250 mg kg s ,c, (a)
-I250 mg kg s ,c. (a)

1 mg perivagal (a)
-I250 mg kg s ,c, (a)

1 mg per ivagal (a)
-I65 mg kg s ;c, (a)
-I50 mg kg s .c.(n)
- I50 mg kg s , c , (n)

1 mg per ivaga l (a)
-I50 mg kg s ,c , (n)

1 mg perivagal (a)

EFFECT OF
CAPSAICIN
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In parentheses a=adult and n=neonatal pretreatment with
capsaicin.

When GAS was stimulated by gastric distension, an indirect
vago-vagal reflex was activated and sensory denervation induced
by capsaicin inhibited the response (Raybould and Tache, 1988).

In view of these findings, it appeared worthwhile to deter
mine the influence of systemic capsaicin sensory denervation on
the increase in GAS induced by a central stimulant 2-deoxy-D
glucose (2-DG), that is considered to act through vagal stimula
tion (Colin-Jones and Himsworth, 1970; Hirschowitz and Sachs,
1965) .

For comparison, parallel experiments were carried out in
rats in which GAS was stimulated by insulin administration,
which has been shown to depend upon vagal discharge following
the hypothalamic detection of low blood glucose levels (Colin
Jones and Himsworth, 1970).

The stimulation of GAS by electrical stimulation of the
vagus nerve was also studied to determine if the vagal efferent
branch was sensitive to capsaicin.

METHODS

Male and female albino rats, Sprague-Dawley Nossan strain,
were housed at constant room temperature (21±1°C), relative hu
midity (60%) and with 12 h light-dark cycle (light on at 6.00
a.m.). The animals were deprived of food for 20 h before the ex
periments but allowed free access to tap water.

Capsaicin was administered subcutaneously (50 mg kg-1 ) ,

under ether anesthesia, on the second day of life. This dose was
reported to cause a permanent degeneration of unmyelinated af
ferent neurones (Maggi and Meli, 1988) and a marked depletion of
stomach's calcitonin gene-related peptide-like immunoreactivity
(Sternini et al., 1987). Control animals received equal volumes
of vehicle (10% ethanol, 10% Tween 80 and 80% saline, vol/vol/
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vol). The animals were used two months thereafter. Acid secre
t ion was determined according to Ghosh and Schild (1958) in
urethane (1.5 9 kg"' s.c. )-anesthetized rats, maintained at 36
37 °C by means of a heating lamp e The animals were tracheotomized
and polyethylene tubes inserted into the stomach lumen through
the esophagus and the duodenum. The stomachs were flushed with
50 ml of warm saline to remove any solid material and thereafter
perfused at a rate of 0.8-0.9 ml min"' by means of a peristaltic
pump (De Saga, Heidelberg, F.R.G.). Aperiod of 45 min was al
lowed for equilibration after all surgical procedures had been
completed. After collection of two sampIes, acid secretion was
stimulated by i ntravenous (via the jugular vein) administration
of 2-deoxy-D-glucose (Sigma: 60 mg kg-1 ) or insulin (5 U kg"'),
dissolved in saline in a volume of 1 ml kg"l or by electrical
stimulation of the vagus nerve. In this latter case, the animals
were artificially ventilated by means of a ventilator (Basile,
Varese, Italy) for small rodents (60 strokes min"', 0.8 ml 100
g O, body wt). The vagi were cut bilaterally at cervical level
and the peripheral end of the left vagus was placed on abipolar
hook-shaped platinum electrode and stimulated by means of an
electronic stimulator (WPI, New Haven, CT, USA) with square wave
pulse of 1 ms duration, at 3 Hz and 1 mA .

Acid output was determined at 15 min intervals by titration
of the perfusate with 0.005 N NaOH to pH 7 using a digital pH
meter (Radiometer, Copenhagen, Denmark). statistical analysis
was performed by means of Student t test for unpaired data.

RESULTS

Mean basal acid output of controls or that from capsaicin
pretreated rats did not differ significantly (Figure 1-3).

Intravenous 2-DG (60 mg kg "') produced a significant increa
se i n GAS as compared to pre-injection values which reached its
maximal values between 75-105 min after administration (Figure
1) •

c: 60

E

~
50

40
Ci
E
2: 30

+
:I: 20

'0

Fig. 1.

o+-~-,--~,--~-,-~-.,...-~-.~-.---.
- 1 5 15 45 7 5 105 135 1 65

Time (m in)

Effect of 2-deoxy-D-glucose (2-DG, 60 mg kg"l i. V.) on
gastric acid secretion (mean ± S.E. of at least 5 ani
mals) in rats pretreated with capsaicin (.) or the ve
hicle (0). statistical significance from the control
group is shown as * = P < 0.05, ** = P < 0.01. (Repro
duced from Evangelista et a1., 1989 by kind permission
of Macmillan Press Ltd).
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In capsaicin pretreated rats 2-DG elicited only a slight in
crease in GAS, which was not significantly different as compared
to pre-injection values. The increase in GAS induced by 2-DG was
significantly different from that in control animals at all time
periods (Figure 1).

Increase in GAS induced by insulin (5 U mg kg- 1 i. v , )
reached its maximum at 165 min after the insulin challenge and
was unaffected by capsaicin pretreatment (Figure 2).

As shown in Figure 3, the increase in GAS induced by elec
trical vagal stimulation (1 mA, 1 ms, 3 Hz) reached its maximal
values 30 min after the beginning of the stimulation and was not
different in capsaicin-pretreated rats as compared to vehicle
treated animals at any time tested (Figure 3).

DISCUSSION

It is known that the central nervous system influences GAS.
Electrical or pharmacological stimulation of selective brain
areas, in particular the hypothalamus, can induce changes in GAS
mediated through the vagus nerve (see Tache, 1987, for review).

Our results show that capsaicin pretreatment abolished 2-DG
but not direct vagal stimulation induced increase in GAS. The
increase in GAS elicited by 2-DG and insulin has been reported
to be due to activation of chemoreceptors in the lateral hypo
thalamic area (Colin-Jones and Himsworth, 1970) which initiate
and sustain a vagally-mediated response (Hirschowitz and Sachs,
1965) •

Differences in the mechanisms (peripheral vs central) acti
vating these phenomena can explain the different results ob
tained between 2-DG and insulin increase in GAS with capsaicin
pretreatment.

120

45 75 105 135 165
Time (min)

Fig. 2. Effect of insulin (INS: 5 U kg- 1 i.v.) on gastric acid
secretion (mean ± S.E. of at least 5 animals) in rats
pretreated with capsaicin (.) or the vehicle (0). Sta
tistical significance from the control group is shown
as * = p < 0.05, ** = P < 0.01.
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Fig. 3. Effect of electrical stimulation ES) of the vagus nerve
on gastric acid secretion (mean ± S.E. of at least 5
animals) in rats pre-treated with capsaicin (_) or the
vehicle (0). statistical significance from the control
group is shown as * = P < 0.05, ** = P < 0.01. (Repro
duced from Evangelista et al., 1989 by kind permission
of Macmillan Press Ltd).

Hypoglycemia induced by insulin is not only sensed by hypo
thalamic neurons but also by peripheral glucose receptors
through a reflex, involving adrenaline release by the adrenals .
These effects are all affected by the ablation of sensory affer
ents produced by capsaicin (Amann and Lembeck, 1986).

Otherwise systemic hyperglycemia induced by 2-DG, mediated
also by adrenalin secretion, is not affected by capsaicin pre
treatment (Amann and Lembeck, 1986), indicating that the central
components are more important in a 2-DG action.

Neurotoxic damage at hypothalamic level has been described
after sensory denervation with capsaicin (Ritter and Dinh,
1988), although a specific effect on the lateral hypothalamic
area has not been reported. In conclusion, the present findings
indicate that capsaicin-sensitive nerves playa crucial role in
the reflex increase in GAS produced by chemically induced gluco
penia brought about by 2-DG.

Further studies are needed to assess whether the site of
action of capsaicin in preventing the GAS response to 2-DG is
central or might also have a peripheral component. In either
case, the present data indicate that the efferent vagal control
of GAS is unaffected by capsaicin pretreatment.
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Acetylsalicilic acid, 35, 86,
98-99, 152, 167, 174

Acid back diffusion, 97-108
Alcohol, see Ethanol
Aspirin, see Acetylsalicilic

acid
Axon reflex, 20, 104, 247
Bicarbonate secretion, 56, 103

171, 233, 235, 238
Blood flow 254, 268, 291

gastric, 34, 56, 97-108, 114,
117, 147-148, 167, 171

splanchnic, 20, 35, 78,168,
233-240, 241-248

Bombesin, 29, 92, 184, 188, 262
Bradykinin, 63-74

Calcitonin gene-related
peptide (CGRP), 24, 29
38, 39-51, 53-54, 65,
86, 92, 101, 110, 117,
129-135, 149, 167-171,
183-198, 214, 245, 262

a and ß forms, 41, 44 -45, 47,
54, 117, 168-169, 183,
188-190, 192, 262

Capsaicin, 3-16, 34, 42, 55,
57, 64, 85, 90, 98,
111, 140, 167, 213-217,
241-248, 285-294, 301

perineural, 109-110, 115-116,
120-121

perivagal, see perineural
Chemical coding of enteric

neurons, 17, 28
Chief cells, 90
Cholecystokinin (CCK) , 54, 56

57, 92, 119-123, 206,
247, 262

receptors, 57, 122-123
Cirrhosis, 285-294, 295-299
Collagen, 285-294
Corticotropin-releasing factor

(CRF), 75-83, 188
cysteamine, 86, 98

D cel1s, 190
2-Deoxy-glucose, 113, 160-161,

184, 225, 301-306
DUlcerozine, 131
Duodenal ulcers, 34, 129-135

Efferent function of sensory
nerves, 7, 99-101,
116, 213-217, 241-248,

Endothelin, 152
Endothelium-derived relaxing

factor (EDRF), 66,
147-156

Enkephalin, 29, 200
Enteric nervous system, 17,

28, 39-51, 176
Enteric reflexes, 18-19, 53,

55, 100, 206
Enterochromaffin cells, 209
Ethanol, 35, 86, 88, 98-99,

141-144, 152, 167-174,
298

Food intake, 79, 219, 224

Galanin, 131, 200, 219-232,
264

Gastric acid output, see
Gastric acid secre
tion

Gastric acid secretion, 34,
79, 102, 109-128, 157
165, 171, 183-198, 224
301-306

Gastric damage, see ulcers
Gastric distension, 34, 111

113, 115
Gastric emptying, see moti

lity
Gastric motility, 47, 57, 79,

118-119, 183-198
Gastric mucosa, 29-34, 55
Gastric mucosal injury, see

ulcers
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Gastric ulcers, 85-96, 97
108, 137-146, 147
156, 167-174

Gastrin releasing peptide, 54
Glucagon, 225

Histamine, 34, 113, 115, 184
Histochemical markers, 21-24
6-Hydroxydopamine, 42
5-Hydroxytryptamine, 207-208

Immune system, 105, 253-283
Immunoblockade, 55, 58, 185,

214,247
Indomethacin, 88, 98, 236
Inflammation, 253-283

neurogenic, 269
Interstitial cells of Cajal,

202
Intestinal blood flow, see

Blood flow, splanchnic
Intestinal motility, 18-19,

47, 213-217, 220, 224,
225, 233-240

Kinins, see Bradykinin

Liver and biliary tract, 42,
285-294, 295-300

Local effector function, see
Efferent function of
sensory nerves

L- and D-NMMA, see NG-Mono
methyl argenine

Mast cells, 90
Mepirizole, 131
Mesenteric blood flow, see

Blood flow, splanchnic
Morphine, 137-146
Mucosal transport, 20, 225

Neurokinin A, 40, 46, 131,
157-158, 214, 233
240, 249, 264, 285

Neurokinin B, 40, 157-158,
238

Neuropeptide gamma, 40
Neuropeptide K, 40, 236, 238
Neuropeptide Y, 29, 131, 200
Neurotensin, 64
Neurotoxic 5, 7-8
NG-monomethyl argenine, 147-156
Nitric oxide, 147-156

Omega conotoxin, 225
opioids, 54, 137-146
Osmoregulation, 76
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Pancreas, 42
Perineural capsaicin, ~

Capsaicin
Perivagal capsaicin, see

Capsaicin
Platelet activating factor

(PAF), 98, 138, 147
148

Polymodal nociceptors, 5
Preprotachykinin gene (A and

B), 40, 44
Prostaglandins, 66, 101, 233,

235

Retrograde tracing, 53-55
RX 77 368, 113

Sauvagine, 75-83
Serotonin, see 5-Hydroxy

tryptamine
Somatostatin, 86, 110, 170,

190-191, 225, 264
Species differences, 9, 29-34
Spinal afferents, 4, 20, 43,

75-83 , 177
Splanchnic afferents, 3, 53

62, 55, 98
Substance P, 19, 23, 29-38,

54-55, 65, 86, 101,
110, 117, 129-135,
149, 157-165, 200,
214, 233-240, 245,
247, 249, 264, 274,
285, 288

Tachykinins (neurokinins), 39
51, 56, 86, 157-165,
233-240, 249-252

receptors, 47, 249-252
Tetrodotoxin, 104, 138, 192,

205, 214, 216, 225,
233, 241, 250

Thromboxane, 98, 147-148, 151
Trophic role, 105, 286
Tyrotropin releasing hormone

(TRH), 113, 115, 187

Urotensin, 75-83

Vagal afferents, 3, 20, 34,
53-62, 56-57, 98, 109
128, 185

Vagotomy, 43, 81, 185
Vasoactive intestinal poly

peptide (VIP), 19-20
23, 29, 54, 58, 117,
131, 200, 213-217,
233-240, 247, 266

Visceral pain, 175-181




