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Preface

The discovery that the same or similar peptides are present
in endocrine cells and in neurons is one of the most exciting
and provocative recent developments in biology. Suddenly
neurophysiologists and endocrinologists have found that they
have a great deal to discuss with each other. Substances
originally isolated as hypothalamic hormones turn out to be
abundantly present in neurons of other parts of the brain and
in endocrine cells and neurons of the gut and pancreas. Similarly,
substances originally isolated as gut hormones are found not only
in gut endocrine cells but also in gut neurons and in brain
neurons. It turns out that the group of peptides that we are
accustomed to call gastrointestinal hormones are not all
confined to the gastrointestinal tract and are not all solely
hormones. We are learning that the chemical transmitters of
the neurocrine, endocrine, and paracrine systems form a single
group of related substances. This volume contains the latest
installments in this fascinating story. It tells how these
peptides were isolated and their amino acid sequences determined,
how the heterogeneity of most, perhaps all, of these peptides
is being revealed as variant forms of them are discovered, how
antibodies to these peptides are used as powerful tools to
measure their concentrations in body fluids and to localize the
cells in which they are synthesized and stored, and, finally,
how the role of these substances in normal physiology and in
pathological states is being unraveled. This book contains
contributions from most of the leading authorities in this
exciting field of study.

Morton I. Grossman
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THE GASTROINTESTINAL HORMONES : AN OVERVIEW

R. A. Gregory
University of Liverpool, The Physiological Laboratory

Liverpool L69 3BX, England

In ancient times all roads led to Rome; and so it is on the
present occasion when we are gathered here from many countries and
continents to consider some of the hormonal activities in health
and disease of what is now recognised to be the largest and most
complex endocrine organ in the body - the digestive system. I am
sure we are all conscious of the privilege of meeting in the capital
city of that country in which originated the great revival of cul-
ture and learning in Europe after the long period of the 'Dark
Ages'; and no doubt Dr. Grossman will remind us that this year is
the 75th anniversary of the discovery by Bayliss and Starling of
the "messenger function" of hormones as exemplified by secretin.
This discovery brought to an end the Pavlovian era of the 19th
century in which the gastrointestinal mechanisms were explained in
terms of nervous reflexes; but although great advances soon follow-
ed in respect of other endocrine organs, 60 years were to elapse be-
fore the study of the gastrointestinal hormones could enter upon
the astonishing expansion of knowledge of their nature and under-
standing of their functions which we are all now playing some part
in furthering.

The truly remarkable developments of the past 15 years are
clearly due to a combination of two circumstances. First of all
there came the successful isolation of what are generally regarded
as the major gastrointestinal hormones - and since then many peptides
whose status has not yet been clarified - with the resultant pro-
vision of supplies of pure peptides, natural or synthetic, so that
their physiological properties could be widely studied. Secondly,
and deriving from those achievements, came the introduction of im-
munological methods of study which have made possible the measure-
ment of the hormones in tissues and body fluids in health and

1



2 R.A. GREGORY

disease and the positive identification of their cells of origin in
the gastrointestinal tract and elsewhere.

The old idea of 'one hormone, one function', which was widely
assumed to follow from Bayliss and Starling's concept of the 'mes-
senger' role of hormones, has long gone. The numerous actions on
the glands and muscle of the digestive system which are exerted by
most of the gastrointestinal hormones and the fact that these ac-
tions are often shared by more than one hormone means (1) that each
hormone can be recognised by more than one target cell, and (2) that
each target cell is capable of recognising more than one hormone.
In the natural circumstances of the digestive response to a meal,
all of the hormones are likely to be in circulation and exerting
to some degree their characteristic actions on their target sites;
and the problem is to decide, on the basis of experimental tests of
hormonal actions (alone or combined), and the measurements of their
circulating amounts by radioimmunoassay, what may be said to be the
physiological role of each hormone, acting as it does not alone but
in concert with the others.

This formidable problem is further complicated by the fact that
probably all of the hormones are to some degree heterogeneous in
their circulating forms. There was until fairly recently a general
assumption, again based on Bayliss and Starling's original concept,
that an endocrine cell released only a single version of its 'chemi-
cal messenger'. They at first believed that secretin was released
by acid from an inactive 'prosecretin' in the mucosa; but they
dropped the idea for lack of evidence, and there is nothing to show
that they believed that 'prosecretin' might be secreted along with
secretin. However, commencing with the classical discovery of
proinsulin by Steiner and the later demonstration by radioimmuno-
assay of its release along with insulin (and the C-peptide) into
the circulation, has come the recognition that probably all peptide
hormones are heterogeneous in their tissues of origin and in the
circulation because of the way in which they are synthesised in the
cell, a large molecule being sequentially cleaved by specific enzymes
to produce the final major active form. Besides the latter, the
precursor forms and discarded fragments are likely to be released
into the circulation, and their presence there may lead to errors in
the measurement of the hormone by radioimmunoassay and in turn to
errors in attempts to evaluate the physiological actions of a hor-
mone by reproducing experimentally what is believed to be its nor-
mal postprandial level in the circulation. This situation, best
exemplified so far by the case of gastrin which circulates in two
major forms of very different activity, calls for increased sophisti-
cation of radioimmunoassays so that the different forms can be
measured separately and their contributions to the final physiologi-
cal response thus evaluated more precisely. There is already evi-
dence, of which we shall hear in this Symposium, that CCK will pre-
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sent a problem similar to that of gastrin in respect of heterogeneity
and radioimmunoassay of circulating forms; and I have little doubt
that a similar problem will to some degree unfold in turn for the
other peptides with which we have to deal.

The highly active area of immunocytology and ultrastructural
studies of the endocrine cells themselves, & field in which Pro-
fessor Solcia and his colleagues have played such an eminent role,
provides the indispensible basis for our physiological ideas. On
the basis of their APUD and ultrastructural characteristics, it
has defined a large number of endocrine cell-types and in most
cases has successfully assigned to them peptides of established or
putative hormonal role already identified by chemical isolation.
It has shown us the precise location and general distribution of
these cell-types in the digestive system and has offered us new
and challenging ideas as to their functional roles. The suggestion
that an endocrine cell may influence its near neighbours by local
humoral transmission rather than by the circuitous route of the
general circulation - 'paracrine' influence - awaits the decisive
experimental evidence which will establish the existence of such
a mechanism in the gut.

A particularly exciting area of study which leans heavily
upon immunocytology is that of the brain-gut relationship. It was
discovered many years ago that the characteristic pharmacological
activity on smooth muscle attributed to an unidentified principle
("substance P') in crude extracts of intestine (particularly mus-
cle) could also be found in brain; but the possible general sig-
nificance of this observation never dawned on us until after the
observation that the hypothalamic peptide somatostatin could also
be found in the gastrointestinal tract and pancreas. Now there
are appearing in rapid succession examples of peptides already
known in the one tissue being present also in the other,e.g.,

VIP, neurotensin, enkephalin and what is probably CCK-octapeptide.
What these peptides - and no doubt others yet to be discovered -
are doing in these two situations is a fascinating problem. Ob-
viously, activity of 'neurocendocrine' character is at least in part
involved, for several of them are present in nerve-cells of the
gut; but what their role may be in terms of neurotransmission or
possibly influence of trophic character, we can hardly guess until
further evidence appears, probably from the neurophysiologist and
perhaps also the embryologist. Endocrine secretion by neuronal-
type cells is a very primitive activity being found in the simplest
forms of multicellular organisms and becoming diversified, though
never lost, as the development of the "typical" activity of the
nervous system proceeds in higher forms; and insofar as ontogeny
recapitulates phylogeny, the study of the embryological development
of hormones in brain and gut may throw some light on their role in
these tissues in postnatal life.
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Finally, the field of comparative studies of the endocrine cells
and their peptides undoubtedly has further rich rewards to offer.
The brilliant success of Professor Erspamer and his school in the
exploration of the peptides present in amphibian skin has shown us
the great predictive value of comparative studies of this kind, for
each of the families of peptides they have discovered has proved to
have its counterpart in mammalian forms; and it is safe to anticipate
that further exciting discoveries will come from him along this line.

In the foregoing brief survey I have touched upon only a few
of the many topics we shall discuss in the symposium; the physio-
logical activities of the established and putative hormones, the
measurement of them in health and disease and the clinical signifi-
cance of the results in relation to diagnosis and treatment, the
problem of heterogeneity, the brain-gut relationships and the pros-
pects of further knowledge and understanding still to come. It
never ceases to surprise me that each Symposium held in this field
can offer a wealth of new work and ideas, always interesting and
often challenging, and the present occasion will prove no exception,
judging by the program.



A SHORT HISTORY OF DIGESTIVE ENDOCRINOLOGY

M. I. Grossman
Veterans Administration Wadsworth Hospital Center

Los Angeles, California, USA

In digestive endocrinology, as in other branches of science,
most of the contributions have stemmed from a few epoch-making
discoveries:

1. PHYSIOLOGICAL ORIGINS. On January 16, 1902, Bayliss and
Starling® performed what they quite appropriately perceived to be
"the crucial experiment" showing that putting acid into the jejunum
still stimulated pancreatic secretion after all nervous connections
between the two organs had been cut. Correctly deducing what the
nature of the non-nervous mechanism must be, they made an extract
of jejunal mucosa and showed that it stimulated pancreatic secre-
tion when given intravenously whereas an extract of ileal mucosa
did not. Bayliss and Starling recognized that they had not only
discovered a new substance, secretin, but had also introduced a
new concept, the regulation of bodily activities by blood borne
chemical messengers or hormones. And thus was born the science of
endocrinology in general as well as digestive endocrinology in
particular. In due course, almost every digestive function was
studied to determine whether it might have an endocrine component
in its regulation. In addition to secretin, other studies with
crude extracts which eventually led to isolation of chemically
characterized peptides are: Edkins? 1905, gastrin; Ivy3 1927,
cholecystokinin; Euler and Gaddum? 1931, substance P; Harper® 1941,
pancreozymin (later shown to be identical to CCK); Brown® 1967,
motilin; once again Brown’ 1970, gastric inhibitory peptide (GIP);
and Said and Mutt8 1970, vasoactive intestinal peptide (VIP). Many
additional mucosal extracts have been made and given names but we
don't know whether they contain new peptides since most of their
biological actions are shared with known peptides.
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2. THE BIOCHEMICAL ERA. Completely new avenues were opened
when gastrointestinal hormones became available as pure substances
of known chemical structure. In 1964, Gregory and coworkers?
announced the amino acid sequence of gastrin and since that time
the sequences of secretin, Mutt10 1970), cholecystokinin Muttll
1971), substance P (Chang? 1973), GIP (Brownl® 1971), motilin
(Brownl4 1973), and VIP (MuttlS 1974) have been reported. Proof
of structure by synthesis of fully biologically active peptides has
been accomplished for gastrin,l® secretin,l’ motilin,l® and VIP.19
Homologies of amino acid sequences place gastrin and CCK in one
chemical family and secretin, GIP, VIP, and pancreatic glucagon in
another. The shared carboxyl-terminal fragment of gastrin and CCK
has all the biological actions of both hormones. Gastrin and CCK
display molecular heterogeneity in the form of molecules with
different chain lengths; 3 forms of gastrin and 2 of CCK have been
sequenced but all have the same carboxylterminal pentapeptide se-
quence. Once the hormones were available in pure state the remark-
able range of their actions and interactions was revealed, includ-
ing their trophic actions.20 The availability of pure hormones
makes it possible to make antibodies with which to measure their
concentrations in blood and to identify the cells of origin. The
pure hormones are now being applied to studies on the nature of the
receptors on cell surfaces and the second messengers released by
activation of these receptors.

3. RADIOIMMUNOASSAY. While studying the metabolism of insulin
in 1956, Berson and Yalow2l serendipitously discovered that insulin-
treated patients had antibodies to insulin in their blood. They
quickly recognized that such antibodies could be used to measure the
amount of insulin in body fluids and thus was born the science of ra-
dioimmunoassay which has now been applied to every hormone, including
those from the gut, as well as to many other substances. Reliable
radioimmunoassay of gastrin is well established and assays for all
of the other gut peptides are being perfected.

4. CELLULAR LOCALIZATION. Antibodies are also the tools used
to determine which cells make and store the various peptides. Us-
ing well established principles of immunocytochemistry, McGuigan
identified the gastrin containing or G-cells in antral mucosa in
1968 and since that time Pearse, Polak, Solcia and others have
demonstrated cells that react with antibodies to each of the Eep-
tides that have been extracted from the gut (secretin,23 CCK, 4
GIP,25 motilin,26 VIP,27 substance P28). There appear to be sepa-
rate cells of origin for each peptide and the cells storing each
peptide have a distinctive distribution along the gut, some being
confined to small areas, others being found throughout the tract.
Once an antibody to a peptide is available, the entire body can be
surveyed to determine which organs contain cells that react with it.
Such immunofluorescent surveys have given some surprising results.
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Organs outside the gut have been shown to have cells reactive to
antibodies to gut peptides and conversely the gut has cells that
react with antibodies to peptides isolated from other organs. Thus
cells reactive with antibodies to glucagon?? from the pancreas,
bombesin3C from frog skin, and somatostatin3l and neurot:ensin:’i

from the hypothalamus have been found in intestinal mucosa. Similar-
ly, substances reactive with antibodies to gastrin33 and to VIP34
have been found in the brain.

5. THE BRAIN-GUT AXIS. When Euler and Gaddum? attempted in
1931 to study the distribution of acetylcholine in tissue extracts,
they discovered an interfering substance in extracts of brain and
intestine that was later to be identified as the peptide substance
P. This was the first instance in which a peptide was shown to be
present in both brain and gut. Now there are five additional ex-
amples of peptides found in both brain and gut: somatostatin,3l
gastrin,33 VIP,34 neurotensin,32 and enkephalin.35 The list is
certain to grow. These findings that certain peptides occur in
both brain and gut and in some instances in both endocrine and
neural cells of the gut indicate that the chemical messenger cells
of the body comprise a single system in which the same or similar
peptides or amines may be utilized for neurocrine, paracrine, or
endocrine transmission. Thus all of the major mechanisms involved
in coordinating bodily activity can be viewed as belonging to a
unified system.
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ENDOCRINE CELLS OF THE GASTROINTESTINAL TRACT: GENERAL ASPECTS,
ULTRASTRUCTURE AND TUMOUR PATHOLOGY

E. Soleta, C. Capella, R. Buffa, L. Usellint,
P, Fontana, B. Frigerio

Centro di Diagnostica Istopatologica
Universita di Pavia a Varese

21100 Varese (Italy)

The endocrine-like cells scattered among epithelial cells of
the gastrointestinal mucosa differ in several aspects from the cells
concentrated in endocrine glands. In the latter, abundant sinusoid-
al capillaries are in close contact with endocrine cells, thus
ensuring prompt and massive release of secretory products into
blood; close contacts with nerve endings are also found, particu-
larly in the islets of the dog and cat. In the gut, various amounts
of connective tissue are interposed between the basal membrane of
the glands or villi and blood capillaries or nerve endings. In
particular, no special or preferential relationship is found be-
tween endocrine-type cells and underlying blood vessels, although
some long-distance correspondance between pyloric G cells and
fenestrated capillaries seems to occur. The differences of inner-
vation and blood supply may help explain the failure of gastric A
cells to respond to stimuli known to be active on pancreatic A
cells.l/2

Most endocrine-like cells of the pyloric and intestinal mucosa
directly contact the lumen in a narrow, specialized area likely
acting as the receptor pole of the cell, which also shows supra-
nuclear Golgi and basal secretory granules, i.e. a clear-cut mor-
phologic polarity2'3(Fig. 1,2,5). The lumen may offer to the cell
important information on the amount, nature and state of foods and
digestive products. In the fundic mucosa endocrine cells lack
luminal contacts. The fact that these fundic cells of "closed" type
fail to respond to stimuli known to be active on pyloric endocrine
cells4 seems to confirm the importance of the luminal endings for
the reception of luminal stimuli.

1



E.SOLCIA ET AL.

I

utsusjoxnanN
Sauowxoy

oseyd TeUuT3IS93UI
dI5

UTuT}O3IsAO3TOYD
uT39I1098

uTI3lses

optadad !{LHG IO HH

umouyun

uobeonto

urTnsur
uT3e3lso3eWOS

optadad oT3e8aduURd
soaptaded

9YTT~dIA IO dIA

PASE 16 e ¥o)
¢od= utTTIoN LHS
Todg=4 -asqns
cautwredop SuTsaquod

peouTWIS}dp IO
pasodoxd jonpoag

9ITT [e3903F 03 IO soToads MO O3 PI3OTIISSI I0 STTID MdF ATUO = ( )

T

(N)

(a)

d

Iq

od Tom

(d) (q)

sauT3sajur
exylaan abae1

1 (1)
N (N)
TA A
3 3
I I
(s) S
(9)
()
(a) a
q (J)
Iq 1q
Toa ¢ g
d

IomoT xaddn
|auT3IS{/3UT -ws

o4
(x) X

od od
d d

OTI0TAgd 2TIUAXO
yorwols

(9)

—~

mAMg X

od

(a)

seaxoued

(¢ °dAL)
(0d)
d

30®eI13
Kzojzextdsay

S82N881q pagvled puv anb ayz [fo §7790 2uUlIo0pUD [fO UOLIDOLLLI88D]ID (/6L @82avA - [ HTAVI

12



ENDOCRINE CELLS OF THE GASTROINTESTINAL TRACT 13

Secretory granules are released at the basal surface of the
cell or along the lower part of its lateral surface. Above the
basal lamina, intervening cells form interstitial spaces and cana-
liculi which are closed by junctional complexes in the upper
(juxtaluminal) part of the lateral surface of epithelial cells (Fig.
1,2). Local endocrine-exocrine as well as interendocrine correla-
tions may occur through these intraepithelial intercellular spaces,
besides by direct cell to cell contacts. The junctional complexes
should prevent diffusion of secretory products to the lumen, at
least in physiologic conditions. Granule release at the luminal
surface has never been observed, although a few granules approaching
the lumen have occasionally been seen in L cells. However, vesicles
are often found just below the luminal surface of the cell and
occasionally in the supranuclear cytoplasm between the Golgi com-
plex and the luminal endings.2 The functional meaning of these
vesicles is presently unknown. Likely, they work as a transport
system whose direction will only be established by tracer or
labelled precursor experiments. They might originate from the
luminal surface and allow the cell to engulf luminal contents in-
cluding secretagogues, or they might originate from the reticulum
(or even from the Golgi) and move to the luminal surface to release
some secretory product. The latter possibility, if proven, may
provide a morphologic basis for the luminal release of gastrin and
other hormones recently observed by Vinik? and Uvnas-Wallensten.

Below the basal lamina of the glands or villi, active peptides
and amines released by endocrine-like cells may interact with some
targets before entering the blood, including nerve endings, smooth
muscle cells (with special reference to those of the villi and muscu-
laris mucosa) and vessel walls. The reported action of somatostatin
(from gut D cells) on neighbouring G, A, I, S and K cells or of
S5HT (from EC cells) on intestinal nerve endings may be good examples
of such local "paracrine" effects of gut endocrine-like cells.

Although some active substances might display both blood-
mediated (truly endocrine) and local (paracrine) effects, the pro-
ducts of several cells (G, A, S, I and K cells) seem to display
mainly endocrine effects, while those of other cells (D and Dp
cells) might have mainly paracrine functions. This could allow us
to distinguish, among endocrine-like cells of the gut, paracrine
cells, more closely fulfilling the concepts of Feyrter,® from truly
endocrine cells. Unfortunately, information in this respect is
quite incomplete. The nature of the active products of some cells
(see Table 1) is still unknown or rather hypothetical and more
substances than those so far identified might be produced by cells
whose function seems now ascertained (Figs. 3,4,5).

The endocrine-like cells so far described in the lung, trachea
and urethra display the same general morphological patterns as those
of gut endocrine-like cells?’® Both kind of cells belong to the so
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called "diffuse or dispersed endocrine system (DES)". No truly en-
docrine functions have been identified so far in the lung or urethra;
the endocrine-like cells occurring in these tissues (P, D) or EC
cells) are likely to be interpreted as paracrine cells. From Table
1 it appears that - as noted before® - several cells of putative
paracrine function are widely distributed in various tissues (see
P, Dy, EC and D cells), while various cells to which a primarily
endocrine function has been assigned (B, A, G, S, I and K cells)
occur only in specific and restricted areas of the gut and/or pan-
creas. It might be that cells of more or less diffuse pattern like
F and L cells also belong to paracrine cells; the function of other
cells such as N, ECL or X cells remains uncertain. For the latter
cells even the nature of the product(s) remains unknown.

At present, cytological studies on endocrine-like tumours of
the gut or DES tumours are largely incomplete. Cases so far studied
show that the endocrine cell types occurring in such tumours can be
precisely identified when accurate histochemical and ultrastructural
researches are performed. Unfortunately, in most cases only paraf-
fin blocks are available and no electron microscopy and only few
histochemical tests can be applied. Thus, for the time being, it
seems opportune to retain the time-honoured term carcinoid tumours
for the tumours of paracrine cells and endocrine-like cells of un-
known function, and to use the term gut endocrine tumours for tu-
mours of G, A, S, I and K cells (of which only G cell tumours have
been described so far). A "functional" endocrine syndrome seems
to appear more frequently in association with the latter tumours
than with carcinoids. Carcinoids can be divided into argentaffin
(EC cell) carcinoids - easily identified based on conventional
histologic patterns and a few popular histochemical tests - and
non-argentaffin carcinoids. Some of the former tumours, besides
5~-hydroxytryptamine, produce substance P.2 The latter should be
subdivided further on topographical ground (see Table 2); earlierlO
as well as recentl! evidence suggests that the nature of tumour cell
types, histologic patterns and prognosis are partly dependent on
the site from which the tumour arises. Of course, whenever possible
the exact cytological identification of tumour cell types should be
attempted.

Just as with normal endocrine cells of the pancreas, endocrine
tumours of this tissue could be divided into islet (cell) tumours
and tumours of the diffuse endocrine system (DES tumours). Tumours
related with A and B cells, the most typical endocrine cells of the
islets, belong to the first group; tumours related with the remain-
ing cells, including both carcinoids and gut-related endocrine tu-
mours (gastrinomas), fit in the second group. Major differences of
behaviour and prognosis - much more favourable for islet cell tu-
mours than for DES tumours - justify the separation of these two
groups of tumours8.
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TABLE 2 - Tumours of the diffuse endocrine system

CARCINOIDS:

EC cell argentaffin carcinoids
1. Substance P (EC. cell) tumour
2. Other EC cell tumours.

Non-argentaffin carcinoids
1. Upper primitive gut
(lung, thymus, oesophagus)

2 Stomach and duodenum

3. Pancreas, liver, biliary tree
4. Small bowel and appendix
5. Large bowel
6. Urogenital system

GUT ENDOCRINE TUMOURS:

1. G cell tumour (gastrinoma)
2. Others?

The interpretation of tumours producing "ectopic hormones" of
the pancreas, gut, lung and thymus is still uncertain. Production
of ACTH-like, ADH-1like or CRF-like peptides by non-tumour tissues
outside the pituitary-hypothalamic area has been suggested by some
investigationsl2,13,14 If proven, this may well represent the source
of tumours producing "ectopic" peptides, some of which might prove
in the future to be in fact "orthotopic'.

Ectopic carcinoids, both argentaffin and non-argentaffin, may
arise in teratomas (ovary, testicles) or in areas of intestinal
metaplasia occurring in the stomach, gallbladder, ovary, cervix and
urinary tract. An origin from intestinal (colonic type) metaplasia
seems likely for the kidney "enteroglucagonoma' described by Gleeson
et al.l5 Ultrastructurally this case showed cells closely resembling
intestinal L(GLI) cells - with special reference to those of human
large bowel - and obviously different from both A cells and pan-
creatic glucagonoma cells.
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FIGURE 1. P cell of the human duodenal bulb showing small secretory
granules (mean diameter 125 nm) grouped at the base of the cell;
note the luminal ending covered with microvilli. The distribution
of this cell in the gut parallels the distribution of bombesin-
immunoreactive material. X 14,000
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FIGURE 2. D cell in the human pyloric mucosa showing large, poorly
osmiophilic, basal granules (m. d. 300 nm) storing somatostatin,
and well developed intercellular spaces along its lateral surface.
X 14,000
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FIGURE 3. L cell of the human ileum showing moderately large
granules (m. d. 270 nm); these granules are smaller than those

of dog L (large granule) cells. The L cell is reputed to store
GLI. X 14,000
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FIGURE 4.

N cell of the human ileum showing large granules (m. d.

300 nm), reputed to store neurotemsin. X 14,000
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FIGURE 5. VL cell of the human jejunum showing very large granules
(m. d. 450 vm). The function of this cell is unknown. X. 14,000
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HOW DOES A CANDIDATE PEPTIDE BECOME A HORMONE?

M. I. Grossman
Veterans Administration Wadsworth Hospital Center

Los Angeles, California, USA

Peptides, like people, have identity crises. We ask for them,

as we do for ourselves, what is my role? Once we have isolated and
chemically identified a peptide, we inject it and observe its various
biological actions. This tells us the various things it can do.
Only when we are satisfied that we have determined which of these
things it actually does do when it is endogenously released under
physiological conditions do we confer the title of hormone on it.
A hormone is a peptide with a physiological role.

The rigor of the evidence demanded to establish a given prop-
osition varies with the state of the art. In an earlier day, be-
fore gascrointestinal hormones were chemically identified, three
steps sufficed to establish that a hormonal mechanism was involved
in any given physiological event during digestion. First was the
demonstration that a stimulus applied to a part of the tract pro-
duced a response in a distant target. Second was the demonstra-
tion that the effect persisted after all nervous connections between
the site of stimulation and the target had been severed. Third was
the demonstration that the physiological event could be mimicked by
injection of an extract of the part to which the stimulus had been
applied but not by extracts from other tissues. Now that the chem-
ical nature of the gastrointestinal hormones is known, and now that
it is possible to measure the blood concentration of these hormones
by radioimmunoassay, an additional kind of proof is demanded. We
now ask whether the amount and kind of the peptide hormone that is
released when the stimulus is applied can account for the observed
response. In other words, if a similar increase in amount and kind
of hormone were produced by infusion of exogenous hormone, would the
response be reproduced?

23
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The amino acid sequences of 6 peptides isolated from gastro-
intestinal mucosa are known: gastrin, secretin, cholecystokinin
(CCK), gastric inhibitory peptide (GIP), motilin, and vasoactive
intestinal peptide (VIP). The first 4 of these may be regarded as
"established" by the 3 nonquantitative criteria discussed above.
These criteria are fulfilled for acid secretion in the case of gas-
trin, pancreatic bicarbonate secretion in the case of secretin,
pancreatic enzyme secretion and gallbladder contraction in the case
of CCK, and release of insulin during hyperglycemia in the case of
GIP.

Only for gastrin and GIP are the radioimmunoassays sufficient-
ly refined to allow application of the quantitative criterion.
Walsh and coworkersl have recently shown that much of the acid se-
creted in response to a protein meal can be accounted for by the
gastrin released. Copying the increase in serum gastrin by infus-
ing exogenous gastrin reproduced the acid secretory response to a
meal. Increases in radioimmunoassayable GIP occur after feeding
and infusion of exogenous GIP to copy these increases stimulates
insulin release when hyperglvcemia like that produced by a meal is
present.?

Radioimmunoassays for CCK are not sufficiently perfected to
be useful in establishing its contribution to responses to a meal.
Radioimmunoassayable VIP and motilin do not increase after feeding.
Whether this is because the assays are inadequate, or because fac-
tors other than meals control release, or because these peptides
serve a paracrine rather than an endocrine role, remains to be
determined. In the case of motilin, it appears that factors oper-
ating during fasting cause its phasic release in synchrony with the
interdigestive myoelectric complex.3 VIP is present in both nerves
and endocrine cells so it may be as much under neurocrine as under
endocrine control.

The criterion that an effect should be reproduced by infusion
of exogenous hormone in amounts that copy the postprandial increase
could lead to false positive or false negative answers. For example,
infusion of exogenous gastrin to give blood concentrations like
those seen after meals produces an increase in the frequency of
pacesetter potential of the antrum of the stomach.? However, after
feeding, a decrease rather than an increase in frequency of antral
pacesetter potential is seen. Presumably, some of the many other
factors elicited by a meal oppose this action of gastrin and prevent
its expression. Infusion of the amount of secretin needed to give
the rate of pancreatic bicarbonate secretion seen after a meal pro-
duces blood secretin levels greater than are found after eating.5
The likely explanation for this is that cholecystokinin and vagal
reflexes attending a meal potentiate the response to secretin so
much that only a low concentration in blood, detectable by only the
most sensitive radioimmunoassays, is needed to produce the observed
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rate of pancreatic bicarbonate secretion. These examples emphasize
that the action of any one hormone may be greatly modified by the
other hormonal and neural mechanisms that are set in motion by a
meal. It may be helpful to study the effect of infusing the exo-
genous hormone after a meal rather than in the fasting state so
that all of the additional factors that are operating in the fed
state will be present.

The questions addressed here are as much philosophical as
they are scientific, so there is a large element of subjectivity
in what is said here. It is unlikely that a single set of univer-
sally applicable criteria can be devised to deal with the question
of which actions of a peptide are '"physiological." Some general
guidelines may help, but we shall probably have to continue to
deal with the problem on a case by case basis. In this, as in
other scientific problems, it is the convergence of a wide variety
of lines of evidence that convinces us.
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INTRODUCTION

The presence of peptides in gut endocrine cells has been
recognised for more than a decade but only in the last few years
has it become increasingly apparent that several of these peptides
are also found in the central and autonomic nervous system. In
fact, the recognition that peptides can occur in at least 2 types
of tissue is considerably older and dates from the discoveryl that
the same peptide (substance P) could be extracted from both brain
and gut. The list of these peptides found in both brain and gut
is probably not yet complete but at present comprises VIP, CCK/
gastrin, neurotensin, somatostatin, bombesin, substance P, and
enkephalin. In the gut mucosa these peptides may be found either
in typical endocrine cells, where they may act as circulating or
local hormones, or in the autonomic nerves. Here they may function
as neurotransmitters or they may modify the responses of other
cells by stimulation or inhibition.

The term 'peptidergic neuron' was first used for those hypo-
thalamic neurons which originated in the supra-optic and paraventri-
cular nucleii and synthesised oxytocin and vasopressin.2 Recent
studies using highly specific radioimmunoassay as well as immuno-
cytochemical methods have shown an increasing number of hormonally
active peptides in the brain, specifically localised to the neuronal
cell bodies or their peripheral elements. The brain thus contains
a widely distributed peptidergic system in addition to the estab-
lished cholinergic and aminergic neurons.

27
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The nerve endings of the autonomic nervous system are classic-
ally divided into two types, adrenergic and cholinergic, each type
containing small secretory granules. The existence of other types
of neurons was first suggested by Dodgiel4 and later fully supported
by the ultrastructural studies of Baumgarten et al5 showing the
presence of a number of nerve terminals in the gut with much larger
and more electron dense secretory granules which resembled quite
closely those of the peptidergic vasopressin and oxytocin-producing
nerves of the neurohypophysis. In the autonomic nervous system of
the gut these nonadrenergic noncholinergic nerves have recently
been shown by morphology and immunocytochemistry to consist at least
in part of VIP containing nerves.® Recently Burnstock’ has pointed
out that ATP is present in many autonomic nerve endings and has
suggested that these are therefore purinergic nerves which release
the purine nucleotide ATP as their transmitter, It seems equally
likely, however, that ATP is merely the energy source used for the
metabolism and release of the neuropeptides and thus its presence
in the secretory granules is quite nonspecific. The physiological
control of these peptidergic nerves appears to be separate from
that of either the cholinergic or adrenergic nerves, which explains
the numerous observations of nerve-mediated physiological actions
which cannot be altered by cholinergic or adrenergic blockade. For
instance, vagal stimulation results in an immediate discharge of
the neuronal peptides VIP, somatostatin and enkephalin and this
discharge is unaffected by cholinergic blocking agents.

THE APUD CONCEPT AND FEYRTER'S DIFFUSE ENDOCRINE SYSTEM

In 1966, Pearse’ proposed a unifying hypothesis for the cells
responsible for the production of polypeptide hormones. It was
noted that almost all these cells possessed several similar cyto-
chemical and functional characteristics. The term APUD is an
acronym taken from the initial letters of the most important of
these characteristics (Amine content or Precursor Uptake and Decarb-
oxylation). When the APUD concept was formulated it was observed
that the cells of the system were probably derived embryologically
from the neuroectoderm, largely on account of their amine storage
mechanism, and the presence of cholinesterases, which are also
found in nerve cells. Nowadays it is known that the cells of the
APUD series probably derive from a single region of the neuroendo-
crine-programmed ectoblast.l0 The APUD system as originally formu-
lated was similar to that of the diffuse endocrine system proposed
independently by Feyrter.ll The forerunner of both, however, was
the idea put forward by Masson in 1914 of an intestinal neuroendo-
crine gland closely related to the myenteric plexus. When the
APUD concept was postulated it referred almost exclusively to
classical polypeptide-producing endocrine cells. It was then not
known that many neural cells were also capable of producing such
polypeptides. Since 1975, the number of peptides recognised as
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common to the brain and gut has greatly increased and thus the APUD
concept has had to be extended to include not only endocrine cells
but also neural and neuroendocrine elements.

With the knowledge that we have today, we might suggest that
the peptides produced by the neurons would have a neurotransmission
function and those produced by epithelial endocrine cells would
have a classical hormonal function. However, the situation is
probably more complicated than this and the functions of these
peptides in the various locations have not yet been fully worked
out. It is possible that they all have a spectrum of activity
ranging from that of neurotransmitter to that of a true hormone
and thus the APUD, diffuse, or neuroendocrine system could have
at least four different functions. The product of a peptidergic
neuron may influence another neuron (neurocrine) or may be secreted
directly into the bloodstream (neuroendocrine). The peptide-produ-
cing, non-neuron, endocrine cell may also secrete directly into the
bloodstream (endocrine) or into the inter-cellular fluid to affect
only the neighboring cells (paracrine). It does seem that the APUD
concept and that of a peripheral diffuse neuroendocrine system are
synonymous, and that the cells which constitute it have different
functions which vary with their location.

TECHNOLOGY

Histological methods have been used for many years for staining
the neuropeptides in both the central and peripheral tissues. In
the early days the aldehyde fuchsin Gomori technique was widely
used for staining vasopressin and oxytocin-producing cells in the
hypothalamus and a similar technique was employed to stain the
beta cells of the pancreas. A range of techniques has been used
for many years for the staining of the peptide-producing cells in
the gastrointestinal tract. However, the most useful and reliable
technique for the staining and differentiation of both the gastro-
intestinal endocrine cells and the peptidergic neurons in central
and peripheral tissues is immunocytochemistry at the light and
electron microscopical levels in combination with morphological
and ultrastructural methods.

Immunocytochemistry. Immunocytochemistry allows the intra-
cellular demonstration of the product of a cell, in this case the
peptide hormone, by the use of specific antibodies. A limitation
of the method which must be borne in mind is that the demonstration
of a hormone antigen by immunocytochemistry does not necessarily
imply that the hormone is in a biologically active state.

One of the first requirements for a successful immunocyto-
chemical technique is the selection of a suitable fixative. This
must make the peptides insoluble without altering their tertiary
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structure, which is important for the immunoreaction. The conven-
tional aldehyde fixatives of histological laboratories are often

only partially successful for immunocytochemical staining. The
reason for this is that if a powerful cross-linking fixative such

as glutaraldehyde is used at high concentration and for the long
period necessary for satisfactory preservation of intra-cellular
structures for ultrastructural morphology, the antigenic site of
peptide hormones becomes totally unreactive to the antibody. Less
powerful aldehyde fixatives such as formaldehyde fail to insolubilise
most of the peptide hormones. Alternatives to these fixatives have
been developed in recent years. Examples include bifunctional re-
agents, such as diethyl pyrocarbonate (DEPC) and p-benzoquinone.

The latter, which acts by cross-linking peptides to produce disubsti-
tuted quinones, has opened up new possibilities for the study of

the gut neuroendocrine system. It has been extensively used in
vapour form for the fixation of peptides in true endocrine (APUD)
cells of the gastrointestinal tract. Unfortunately, peptidergic
nerves have proved refractory to this treatment, perhaps because
there is a different storage form for the peptides in the nerves
which is affected by freeze-drying and wax embedding. A satisfactory
technique has recently been developedl3 which combines the use of a
solution of benzoquinone as a fixative with the classical method of
cryostat sectioning which has long been routinely employed for the
localisation of brain neuropeptides. This latter technique (benzo-
quinone in solution and cryostat sectioning) has shown nerves con-
taining neuropeptides to be present in all areas of the gut, pancreas
and gall bladder. This newly developed method has established
convenient conditions for staining neuropeptides in both nerves and
cells with a single fixation and sectioning technique.

Since the first work on immunostaining by Coons and co-workers,
there have been important methodological advances which provide
more sensitive and versatile modifications of the original techniques
The use of enzyme-conjugated antibodies in place of the original
fluorescein conjugates has some advantages and recently Sternbergerl‘
has modified the immunoperoxidase method by introducing a further
stage, which uses a peroxidase anti-peroxidase complex. This is
used as a purified gamma-globulin antigen which combines specifically
only with the 2nd layer (unconjugated antibody). The high ratio of
peroxidase to antibody makes the final histochemical enzyme reaction
particularly strong, thus greatly increasing the staining sensitivity
(Fig. 1).

An immunocytochemical reaction can be considered as specific
only if it is prevented by prior absorption of the antiserum with
a specific antigen and by no other antigen, and if the structure
stained does not react with inappropriate antisera or non-immune
serum,



PEPTIDERGIC INNERVATION OF THE GASTROINTESTINAL TRACT 31

FIGURE 1. Schematic representation of the Sterwberger's peroxidase
antiperoxidase (PAP) immunocytochemical method.

Radioimmunoassay. Radioimmunoassay (RIA) has revolutionised
the field of gut endocrinology by providing a precise measurement
of the blood or tissue levels of a particular hormone. The method
is based on the competition for a fixed amount of highly specific
antibody between a known amount of radioactive antigen labelled
with 1251 (usually attached to a tyrosine residue) and the unknown
antigen in the sample to be investigated. The ratio of antibody-
bound radiocactive antigen to unbound radioactive antigen gives the
measure of the amount of competing antigen in the sample. The
techniques of immunocytochemistry together with radioimmunoassay
have recently been used in the study of neuropeptides in the brain
and gut and the combined approach has yielded much more information
than could have been obtained by each technique separately.

MORPHOLOGY

Central Nervous System. Immunocytochemistry has revealed that
each of peptidergic neurons has a characteristic and unique
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distribution pattern although in many cases the patterns overlap.
Most of the peptides are concentrated in the brain stem, the hypo-
thalamus and the limbic cortical area. Substance P and enkephalin
neurons seem to represent major systems, Somatostatin and VIP are
found in the cell bodies of nerve terminals in the cortical areas
as well as in hypothalamic areas and limbic system, iike the
amigdaloid complex, and especially its central nucleus. The septal
area and the hypothalamus contain high concentrations of many
peptides. This method has also shown that there are specific path-
ways in the brain containing neurosecretory peptides.

Immunocytochemical techniques have also been used to study
the localisation of dopaminergic, monoaminergic and serotonergic
neurons in the rat brain by light- and electron microscopy, using
antibodies to monoamine-synthesising enzymes such as tyrosine
hydroxylase (TH), dopamine beta-hydroxylase (DbH) and tryptophan
hydroxylase (TRH).3

Gut. Immunocytochemical methods have shown that some of the
gut neuropeptides are found in both cells and nerves while others
are found preferentially in one or other of these two structures.
The first neuropeptide shown to have a dual location in endocrine
cells of the gut as well as in nerves was substance P in 1975.17
This was followed by the localisation of somatostatin which was
found mainly in endocrine cells of the gut and pancreas, character-
ised as D cells. A lesser amount of somatostatin can also be found
in scattered fine submucosal nerve fibres in the small and large
intestine, as well as around cell bodies in the myenteric plexus.18
No evidence has yet been provided for the localisation of neurotensii
in gut neurons, whereas its localisation in a well characterised
endocrine cell type (N cell) has been firmly established.l® One of
the most interesting and impressive findings is the localisation of
VIP, not only in scattered endocrine cells but also as an important
component of the gut innervation. It has been shown to be an impor-
tant constituent of the peptidergic division of the autonomic nervou:
system and to be involved in gastrointestinal diseases concerning
motility and secretory problems. Comparative studies of the relatiwve
frequency of the various peptidergic nerves of the gut indicate that
the largest component is the VIPergic innervation, followed by that
of substance P, and then by somatostatin, enkephalin and bombesin
nerve fibres of the gut wall.

Immunocytochemical techniques applied at the ultrastructural
level seem to indicate that all neuropeptides are stored in small
membrane-bound cytoplasmic structures, the neurosecretory granules.
In the gut endocrine cells the various types of secretory granules
have an internationally accepted classification (Fig. 2).16  However
the discovery of the many types of granules in the gut peptidergic
innervation is still so new that their description has not yet been
agreed upon. Brain neuropeptides seem to be produced by different
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FIGURE 2. Lausanne international agreement (1977) on nomenclature
and classification of gut endocrine cells.

cell types. However, both the peripheral and central neural peptides
are always associated with large and highly electron dense secretory
granules, easily distinguishable from those of the cholinergic or
adrenergic types. It is not yet clear whether all or only some of
the neuropeptides in the nerves of the gut are stored in what is

now known as the Baumgarten p type of granules. We can only say

that there are several divisions of the autonomic nervous system

and further work will be necessary to unravel the complexity of the
peptidergic innervation and the ultrastructural features of the
autonomic innervation as a whole.

At present there is no good evidence for concomitant storage
of two peptides in the same cell. It is clear that substance P is
stored in a cell capable of storing an amine (serotonin) as well
as the peptide.17 Somatostatin has been reported to be present in
the cell bodies of the sympathetic chain which also stores noradren-
alin.l8 However, it is not yet known whether there is simultaneous
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release of the two products, whether differential release results

from different stimuli, or whether one cell product modulates the
release of the other.

INDIVIDUAL HORMONES
Somatostatin. Somatostatin is a cyclic 14 amino acid peptide
and is now widely available in synthetic form.l9 Most of the known
actions of somatostatin are inhibitory and can be seen in the
following table.
ACTIONS OF SOMATOSTATIN

Inhibition of

Growth Hormone PP

TSH Enteroglucagon

Insulin Gastric Acid

Glucagon Gall Bladder contraction
Gastrin Gastric emptying
Secretin Pancreatic bicarbonate
GIP Pancreatic enzymes
Motilin Coeliac axis blood flow
Neurotensin

Somatostatin distribution has been found to extend far beyond
the hypothalams from which it was originally isolated.?2 It was
subsequently found in other parts of the brain in even larger
amounts. Large amounts of somatostatin are found in the stomach
and smaller amounts in the duodenum. The cells which secrete
somatostatin are the D cells of the stomach, duodenum, jejunum and
pancreas (Fig. 3). The pancreatic D cell has been recognised since
1931 but its secretory product was not known until the discovery
of somatostatin.

In the stomach somatcstatin is a powerful inhibitor of gastrin
release and gastric acid secretion. This inhibitory action in the
stomach suggests that somatostatin may play a role in diseases when
there is abnormal gastric secretion. In the normal antrum somato-
statin cells are located in the mid-zone of the antral mucosa,
scattered among epithileal non-endocrine and other endocrine cells.
In normal conditions there are eight times as many G cells as there
are inhibitory D cells in the antrum. In most subjects with duodena
ulceration (DU), the normal ratio (D:G) of 1/8 remains unchanged;
but in cases which have G cell hyperplasia this ratio is altered to
1 to 80. The number of somatostatin containing cells is decreased
(43%) in the antral mucosa in achlorhydria. In this condition, a
great increase in the number of G cells is also seen; thus, the
ratio of D to G cells in the antrum reaches 1/160. The relative
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FIGURE 3. Human pancreatic D cells stained with antibodies to
somatostatin (x 952).

somatostatin deficiency in duodenal ulcer patients with G cell
hyperplasia could explain the over-reactivity of G cells to their
releasing stimuli in some of these patients. The G cell hyper-
plasia which is found in achlorhydric patients has previously been
viewed as being due to a failure of the acid feedback mechanism.
This is probably correct but the finding of somatostatin deficiency
suggests that there is in addition a failure of paracrine inhibition
of gastrin release. One may thus postulate that many disorders are
due to subtle failure of the normal balance of control mechanisms
rather than any single absolute deficiency.

Two somatostatinomas have recently been reported.zo’21 Both
tumours originated in the pancreas and contained very high levels
of somatostatin when the tissues were analysed. The clinical
abnormalities included hypochlorhydria, steatorrhoea and a diabetic
glucose tolerance. Our group has found large quantities of somato-
statin in 5 neural and 23 pancreatic tumours (Fig. 4). The presence
of somatostatin in some of the metastases of these tumours suggests
that this substance is an intrinsic tumour product. Chromatographic
analysis of the tissue extract indicates that the somatostatin from
the tumours is probably identical to ordinary somatostatin. The
effect of this peptide on the function of the tumour is unknown;
but it is of interest that some of the tumours with the highest
somatostatin content secreted very little of their main product,
suggesting a possible inhibitory influence.
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FIGURE 4. RIA somatostatin content of tissue extracts of various
types of APUDomas, expressed in nmol/g.

Vasoactive Intestinal Peptide (VIP). VIP was first purified
in 1972 by Said and Mutt. It was extracted from porcine gut and
shown to have powerful vasodilatory properties, hence the name.
VIP was found o have 28 amino acid residues and to be a member of
the family of peptides which includes secretin, glucagon, and
gastric inhibitory peptide. VIP has a wide variety of actions
which include vasodilation, inhibition of pentagastrin- and histamine
stimulated gastric acid production and stimulation of insulin releass
The last two actions are shared with GIP. VIP also has actions
similar to those of secretin and glucagon. Like secretin it causes
an alkaline juice to flow from the pancreas and like glucagon it
causes hyperglycaemia. In vitro experiments show that it stimulates
juice flow in the small intestine and that it increases cyclic AMP
concentration in the intestinal mucosa. The fact that it is rapidly
cleared from the circulation after injection means that it has a
high turnover rate and suggests that it does not act as a circulating
hormone but that its role is probably that of a local tissue hormone
or a neurotransmitter.
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VIP is distributed throughout the gastrointestinal tract in
large quantities from oesophagus to rectum.22 The highest concen-
tration is present in the intestinal wall, where immunocytochemistry
has localised it to the innervation.? Immunoreactive VIP is present
in nerves in the myenteric plexus, in the two muscle layers, and in
the fine nerve fibres of the submucosa which form an intermingled
mesh and run from the myenteric plexus to the inner parts of the
submucosa, terminating in close contact with the mucosal epithelium
(Fig. 5). VIP is also present in the mucosa in scattered endocrine
cells. In the brain the largest quantities are found in the hypo-
thalamus and cerebral cortex. Immunocytochemistry localises VIP to
neurons of the cerebral cortex and to cell bodies and nerve fibres
of the hypothalamus. It is also present in the fine innervation
surrounding blood vessels in the brain and in many other areas.
Using the technique of semithin/thin sections we have seen the
ultrastructural lgcalisation of VIP in P-type granules with a mean
diameter of 1200 A (Fig. 6). VIP may well be a regulator of the
blood vessels and smooth musculature of the intestinal and genital
tract walls and may be involved in control of vaginal or intestinal
juice flow.

FIGURE 5. a. Human antrum ... b. Human colon. VIP nerves of
numerous VIP nerves are seen the submucosa (x1134).
in the muscle layer (x708).
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FIGURE 6. Upper - Semithin (1 um) section showing VIP staining
of the Auerbach's plexus (X625).

Lower - Consecutive (0.01 um) ultrathin section showing
VIPergic neurosecretory granules (arrow) (X12,000).

Abnormalities of the autonomic nerves taking the form of
thickened and split fibres have previously been noted in the area
of the gut affected by Crohn's disease. The overall distribution
of VIPergic nerves in the diseased area in Crohn's disease is
similar to the normal, but the number of nerves is increased, as
is the degree of immunostaining. The fibres are grossly distended
and they form disorganised but densely packed meshes (Fig. 7). The
myenteric plexuses are large, sprawling, and in places infiltrate
the muscle layers. The area covered by VIPergic nerves, estimated
by using an electronic scanning image analyser, is much increased,
occupying 4.15-4.75% of the total tissue area, compared with 1,267
of the tissue area of control gut. This nerve hypertrophy can be
seen not only in the diseased part but also above and below the
centre of the lesion, indicating a probable primary involvement of
the peptidergic innervation in Crohn's disease,
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FIGURE 7. Left - Normal appearance of VIP nerves in colon (X1079).

Right - Dramatic hyperplasia of VIP nerves in Crohn's
disease. Nerve fibres are thick, arranged in disorganised meshes
(X1079).

One of the most important pathological involvements of VIP is
in the Verner Morrison syndrome. Verner and Morrison24 drew atten-
tion to the association of severe, often fatal, watery diarrhoea
and islet cell adenoma of the pancreas. An alternative name, WDHA,
has been given to the syndrome derived from its main features of
watery diarrhoea, hypokalaemia and achlorhydria. The very severe
diarrhoea and pancreatic tumour association has also suggested the
term pancreatic cholera. Remission of the symptoms was achieved
after removal of the tumour and it was postulated that the substance
which caused the diarrhoea must be released into the circulation,
The presence of large quantities of VIP in the plasma of patients
suffering from the Verner Morrison syndrome and in the causative
tumour was first shown in 1973.25 It is clear now that VIP may be
produced not only by pancreatic tumours but also by neural tumours.
Ganglioneuroblastoma is a common tumour in children and is often
accompanied by intractable diarrhoea. These non-pancreatic tumours
show, with conventional histological staining, all the characteris-
tics described for ganglioneuroblastomas, or ganglioneuromas with
a wide spectrum of cell differentiation. Immunohistochemical studies
have shown that a number of cells are reactive to a specific antibody
to VIP. The degree of reactivity closely correlates with the turn-
over rate of the tumour. We have often seen the simultaneous
production of biogenic amines and VIP by ganglioneuroblastomas.
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Neurotensin, Carraway and Leeman extracted and isolated
neurotensin as a peptide from bovine hypothalamas which they
characterised, sequenced and synthesised. It contains 13 amino
acids and is now widely available in synthetic form. Neurotensin
stimulates contractions in the gastrointestinal tract., It inhibits
pentagastrin~ but not histamine-stimulated gastric acid secretion,
It appears that neurotensin is involved in the regulation of blood
glucose as it enhances glycogenolysis, stimulates the release of
glucagon, and inhibits the release of insulin. Despite the fact
that neurotensin was first extracted from the brain, by far the
largest amount is found in the gut. This is mostly localised in
the ileum, but smaller quantities are found in the jejunum with
minimal amounts in the stomach, duodenum and colon. Immunocyto-
chemistry, combined with electron microscopy, has localised neuro-
tensin to the newly described large granulated cell of the human
ileum (the N cell) (Fig. 8). 5 In the brain the highest concentra-
tions of neurotensin are found in the hypothalamus and in the basal
ganglia.

The pathological involvement of neurotensin is difficult to
judge at present as the discovery of neurotensin is so recent.
Neurotensin cells are very easy to stain but as control tissue
from the normal ileal area is not easily available, comparative
studies have only just begun. Neurotensin seems to be a powerful
hypotensive hormone and a highly significant rise in its serum
levels in the dumping syndrome has recently been shown. It may

FIGURE 8. Left - Human ilewnm. Semithin (1 um) section stained
with antibodies to neurotensin. Cell marked with an arrow is
compared with photo on the right (X675).

Right - Ultrathin (0.01 um) consecutive section.
Neurotensin (N) granules are seen in cell marked with arrow (X3000).



PEPTIDERGIC INNERVATION OF THE GASTROINTESTINAL TRACT 4

thus be responsible for some of the previously unexplained aspects
of this condition and perhaps some other similar 'functional'
syndromes.

Cholecystokinin (CCK). The CCK purified by Jorpes et al was
composed of 33 amino acids, the entire biological activity residing
in the eight C-terminal residues. The last five amino acids of
this part of the molecule are identical to the five C-terminal
amino acids of gastrin so that these two peptides show a family
resemblance. In 1968 Mutt and Jorpes also described a CCK variant
of 39 amino acids. More recently a number of smaller forms of CCK
have been found, of which a main component resembles the CCK C-
terminal octapeptide. In the gut the most important actions of
CCK are the promotion of gall bladder contraction and pancreatic
enzyme secretion. In addition, CCK has powerful motor effects on
the stomach and intestine, but it is not yet clear whether this is
physiologically important. CCK greatly enhances the actions of
secretin and in large pharmacological doses it stimulates gastric
acid secretion in the same way as gastrin, again emphasising the
similarities of these two hormones.

Vanderhaegen et al26 described the presence of a peptide in
the vertebrate central nervous system that reacted with antibodies
against gastrin. This finding has been confirmed by Dockray,27
who suggested on the basis of its immunoreactivity with different
antisera and its chromatographic elution pattern on Sephadex G25
that the brain factor resembled cholecystokinin (CCK)-like peptides
more closely than gastrin-like peptides. Immunocytochemistry
using antibodies to CCK reveals the presence of numerous cell bodies
throughout the cortical brain matter (3rd and 4th layer) and fewer
cells in the subcortical white matter in the rat brain. In the gut
the largest concentrations of CCK are found in the jejunum, where
it is localised in a well defined secretory APUD cell, the I cell
of the EM classification. The octapeptide of CCK has considerable
biological potency and a short half-life and thus would match very
well with a proposed neurotransmitter role of CCK in the brain.
However at present no function has been proposed.

Substance P. A hypotensive and gut-contractile substance,
quite distinct from acetylcholine, was extracted 40 years ago by
Von Euler and Gaddum from equine brain and intestine. It was the
first of the peptides to be considered common to the brain and gut.
It was initially called Preparation P, for 'powder' and later
referred to as substance P. Despite its early discovery it has
only recently been purified, sequenced and synthesised, and has
been shown to be an ll-amino acid polypeptide. There are a large
number of papers reporting a wide range of pharmacological effects
of substance P. In the spinal cord it appears to be involved in
the transmission of pain whereas in the brain it may act as modulator
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of pain sensitivity. 1In other tissues, such as the salivary glands,
substance P stimulates secretion, and in the intestine it increases
motor activity. In pharmacological doses substance P inhibits the
release of insulin from the pancreas.

Although widely distributed throughout the body, the highest
concentrations of substance P occur in the nervous system and in
the gut. In the brain the highest concentrations are present in
the hypothalamus, pineal gland and substantia nigra, and in the
grey matter of the spinal cord.3 Substance P is localised to
primary sensory neurons in a sub-population of small nerve cells
with unmyelinated processes. In the spinal ganglia about 20% of
the tissue is made up of these cells which are quite different
from the somatostatin-containing cells of the corresponding areas.
Substance P is also present in the dorsal root of the spinal horn.
Substance P can be extracted not only from the gut, but also from
almost all the tissues of the body including salivary glands,
thyroid, trachea, pancreas, kidney, bladder, prostate, smooth
muscle and skin. In the gut the largest concentrations are found
in the duodenum and colon. Immunocytochemistry shows that substance
P is present in nerve fibres surrounding the cell bodies of the
myenteric plexus. It is not only present in the innervation but
is also seen in one type of enterochromaffin (EC) cell of the gut
mucosa.

High levels of circulating substance P in plasma and tissue
have been reported in patients with carcinoid tumours. The cyto-
plasmic granules of one such tumour were isolated and were shown
to be argentaffin and to contain both substance P-like immunoreacti-
vity and 5-HT. This supports the evidence that substance P is
normally localised in a population of enterochromaffin cells where
it is stored in the cytoplasmic granules together with 5 HT.

Bombesin. Bombesin is a 14 amino acid peptide which was
originally extracted from amphibian skin by Erspamer's group in
Italy. It has now been found to have powerful systemic, metabolic,
gastrointestinal, and pulmonary effects in man and experimental
animals. Bombesin Stimulates the release of gastrin, and thus
gastric acid secretion, independently of gastric pH. It stimulates
pancreatic enzyme secretion and intestinal motor activity and en-
hances gall bladder emptying. These effects can also be seen in
the isolated gall bladder and pancreas and thus the actions of
bombesin cannot be solely explained as secondary to the release of
CCK. Bombesin contracts uterine and urinary tract smooth muscle
and also causes renal vasoconstriction.

Bombesin-like immunoreactive material has been found in man
in the gastrointestinal tract, lung and brain.28 1In the gastro—
intestinal tract the largest quantities are found in the antrum
and upper duodenum. Immunocytochemistry demonstrates bombesin to
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be in fine nerve fibres of the submucosa throughout the entire

length of the intestine and also in endocrine APUD cells, especially
numerous in the avian gastrointestinal tract. In the brain the
largest quantities of bombesin are found in the hypothalamus, thala-
mus, and limbic cortex, where axons and terminals are specifically
stained by immunocytochemistry. Bombesin-like immunoreactivity

has also been detected in human foetal and neonatal lungs, in one
type of endocrine cell present in the small bronchial and bronchiolar
epithelium, as well as in the innervation.

Endorphin and enkephalin. One of the most exciting recent
developments in the neuropeptide field has been the discovery of
the endogenous opiates.30 The first endogenous opiates to be
characterised were met- and leu-enkephalin. Many others have been
found subsequently and they have been shown to belong to a group
of naturally occurring peptides which have similar effects to those
produced by exogenous opiates. This group was called the endorphins,
named from ENDogenous mORPHINe. The amino acid sequences of most
endorphins are contained in the C terminal part of the 91 amino acid
peptide, gamma-lipotropin (gamma LPH). The largest member of the
class is B-endorphin, which corresponds to the sequence 61-91 of
gamma-LPH. Enkephalin corresponds to the sequence 61-65.

All the endorphins have opiate-like effects.31 Their central
nervous system distribution suggests that they are involved in the
control of pain and emotion. In the gut, enkephalins are probably
part of the in-built pain control mechanism as well as being, like
morphine, modulators of intestinal transit and muscle tone., The
association of the endorphins, especially of the small enkephalins,
with the brain synaptosomal fractions, their very short half-life
and the very small size of their molecules suggests that they may
play a neurotransmitter or neuromodulator role. In the gastrointes-
tinal tract enkephalin may act physiologically in the same way as
the opiates. Morphine is a classical and very effective remedy in
the treatment of diarrhoea and acts by increasing intestinal and
gastric muscle tone and by slowing intestinal transit. However, it
is already obvious that the endorphins may serve many purposes in
addition to those suggested by our age-old knowledge of the opiates.

Surprisingly, the distribution of the pentapeptide enkephalins
is completely different from that of the larger endorphins. The
enkephalins are present in the brain and their distribution closely
parallels that of the brain opiate receptors. Both are found in
particularly high concentration in areas associated with the sensory
input of pain signals. At present, enkephalin together with sub-
stance P appears to represent a major system, with cell bodies in
more than 20 areas of the central nervous system including the
spinal cord. Endorphin has a rather more limited distribution,
mainly within the hypothalamus but also extending into more rostral
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areas, into the thalamus and the mesencephalon. a-endorphin
positive cell bodies are not identical to any of the numerous
enkephalin-positive cell groups and it appears that enkephalin
and o-endorphin are present in different neurons. Enkephalins
are also widely distributed in the gastrointestinal tract and

are concentrated in the antrum and upper duodenum, By immuno-
cytochemistry enkephalin-like immunoreactivity can be seen in
fine nerve fibres in the submucosa and is associated with certain
endocrine cells in the antral mucosa. The larger endorphins, on
the other hand, are not present in the gastrointestinal tract in
any of the species so far investigated. They are found particularly
in the anterior and intermediate lobes of the gituitary, where
they are produced by the corticotrophic cells. 0

PATHOLOGY OF THE AUTONOMIC INNERVATION OF THE GUT

In the normal intestine stimulation of the parasympathetic
nerves produces contraction and stimulation of the adrenergic
nerves results in relaxation of the smooth muscle. Apart from
these well-known opposing effectors a third, peptide mediated,
mechanism has recently been attracting enormous interest. It has
been termed the non-adrenergic inhibitory nervous system of the
gut on the basis of in-vitro experiments. When adrenergic and
cholinergic effects are prevented by specific blocking agents,
electrical stimulation of intestinal nerves causes a dramatic
muscle relaxation. This non-adrenergic, non-cholinergic system
is thought to be responsible for the relaxation phase of peri-
stalsis and for the relaxation of the internal anal sphincter,

The neurons of the system are present in the myenteric plexus of
Auerbach, together with the neurons of the parasympathetic system,
and probably correspond with the P-type of nerves of the autonomic
system to which we have already referred. Malfunction of this
system is likely to produce many pathological features. For ex-
ample, it has been demonstrated that after denervation, hyperplasia
of the smooth muscle coat occurs. The hypertrophy is very striking
and much greater than that which follows an organic obstruction.
This hypertrophy, and possibly an additional obstruction element,
stretches the muscle wall of the non-contracted segment, resulting
in a myogenic movement known as segmentation. Many gastrointestinal
diseases, manifested principally by defects in gut motility, are
due to lesions of the autonomic innervation. Among these are
Hirschsprung's disease, achalasia of the cardia, hypertrophic
pyloric stenosis, small intestinal myenteric plexus deficiency
(congenital or acquired) most commonly seen in the duodenum, Chagas'
disease, and purgative abuse. Following denervation there is
hypertrophy of the muscle of the sphincter regions which will in
turn increase the obstructive element.
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Hirschsprung's Disease. This is also called congenital mega-
colon and is characterised by a total absence of neurons in the
plexus at the level of the contracted segment. In the dilated
part the neurons are abnormal in morphology and function. The
muscle coat of both the distal contracted and the proximal dilated
portions is extremely thick. The cause of the symptoms is not
only the obstruction of the distal contracted segment but also the
absence of normally coordinated muscle contractions above the
lesion. The pathophysiology of Hirschsprung's disease is contro-
versial. There is no accepted explanation as to why the absence
of ganglion cells in the bowel wall results in the contraction of
that segment of the bowel. An absence of the ganglion cells, which
are thought to be part of the parasympathetic system, would be
expected to leave the adrenergic system unopposed, resulting in
relaxation of the smooth muscle. The diseased part of the bowel
does not relax in response to electrical field stimulation, whereas
the normal part of the bowel does. This finding indicates an ab-
sence of, or a defect in, the non-adrenergic inhibitory autonemic
nervous system in the spastic portion of the bowel. A fully func-
tioning adrenergic system can be demonstrated in the abnormal colon
with almost complete aganglionosis and no contraction following
field stimulation. This indicates that the disease can probably
exist in the presence of adrenergic innervation and does not support
the theory of adrenergic deficiency. Electrical stimulation of
tissue pre-incubated with radiocactive adenosine has been shown to
release radioactive ATP, and this has been taken as evidence that
ATP is a mediator of the non-adrenergic inhibitory system, However
Richardson32, in experiments in mice suffering from congenital
Hirschsprung's disease, has failed to find an increase in release
of radioactive adenosine after electrical stimulation., His findings
thus do not support the purinergic theory. Baumgarten et al133
described a decreased number of P-type fibres in the contracted
part of the bowel in Hirschsprung's disease and a possible increase
or at least a normal number in the dilated portion. Two peptidergic
hormones thought to be involved in the peristaltic movements of the
gut (VIP and substance P) have been shown to be markedly decreased
in the contracted segment of the diseased colon and possibly elevated
or normal in the dilated portions. These studies are preliminary
and further confirmation by the use of other methods is urgently
needed.

Chagas' Disease. It is well established that in man and
laboratory animals Trypanasoma cruzi causes lesions of the autonomic
nervous system and reduction of the number of neurons, especially
in the heart, oesophagus and colon. Peristalsis is greatly affected.
There is very little morphological, physiological, and pharmacologic-
al information on abnormalities of the peptidergic innervation (non-
adrenergic inhibitory system of the gut) in Chagas' disease, There
is some evidence which seems to indicate that the levels of substance
P in the contracted segments are lower than in the dilated segments,
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However, this has not been fully substantiated, No information
as to the levels of VIP is yet available.

CONCLUSION

It can be seen from the foregoing discussion that the recogni-
tion of this large new component of the autonomic nervous system
and its study by a combination of immunocytochemistry and radio-
immunoassay has yielded some interesting information and is begin-
ning to explain many previously puzzling aspects of gut function
and pathology. We have only mentioned a few instances of gut
pathological conditions which may involve the peptidergic nervous
supply. In many cases its role is still entirely speculative and
in others research is in progress. The large number of other
diseases which may be affected emphasises the importance of the
system.

Through advances in the techniques of radioimmunoassay and
immunocytochemistry physiologists have recently come to realise
that the function of the gut is greatly influenced by powerful
peptides such as VIP, somatostatin and substance P, which are
secreted from an extensive component of the autonomic nervous
system and are unaffected by cholinergic or adrenergic blockade.
These peptides apparently act locally and affect such functions
as gut motility. We may hope that future work will lead us to a
fuller understanding of the mechanisms of gut control.
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POLYPEPTIDES OF THE AMPHIBIAN SKIN ACTIVE ON THE GUT AND THEIR
MAMMALIAN COUNTERPARTS

V. Erspamer, P. Melchiorri, C. Falconieri Erspamer, and
L. Negri

Institutes of Medical Pharmacology I and III

University of Rome, Italy

As repeatedly stated, the amphibian skin represents an un-
exhaustible mine of biogenic amines and polypeptides. So far, more
than ten different indolealkylamines, five imidazolealkylamines and
more than twenty active peptides have been isolated in a pure form
and, after elucidation of their structure, reproduced by synthesis.
Another large group of amines and peptides (altogether more than
twenty) has already been identified and is in part the object of
studies now in progress.

However, in the context of this Symposium, our attention will
be directed only to those few peptide families of the amphibian
skin which have their counterpart in the mammalian gastrointestinal
tract. It will be seen that the spectrum of activity of amphibian
peptides completely covers that of the corresponding gut peptides
and, as a consequence, that amphibian peptides may be conveniently
used, in experimental and clinical work, in the place of mammalian
peptides. Moreover, emphasis will be laid on the fact that studies
carried out on amphibian skin may represent the premise for the
discovery of unexpected gastrointestinal peptides in mammals and
birds.

The three peptide families which will be discussed in this re-

port are the bombesin-like peptides and, in less detail, the phy-
salaemin-like peptides or tachykinins and the caerulein-like peptides.
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BOMBESIN-LIKE PEPTIDES

The family of bombesin-like peptides will be considered first
because the physiological and pharmacological actions of amphibian
bombesin-like peptides, with their clinical implications, are pre-
sently the object of considerable attention and of fervid research
and because data presented in this symposium on avian and mammalian
gastrointestinal bombesin-like peptides are in part the first-hand
result of research carried out by our group during the past few
months.

Five polypeptides belonging to the bombesin-family have been
so far isolated in a pure form, reproduced by synthesis, and sub-
mitted to a pharmacological study.

Bombesin
Pyr—Gln—Arg-Leu-Gly—Asn—G1n—Trp—A1a—Va1—G1y—His—Leu—Met—NH2
Alytesin
Pyr—Gly—Arg—Leu-G1y—Thr—G1n—Trp-Ala—Val—Gly—His—Leu—Met—NH2
Ranatensin

Pyr————————————— Val—Pro—Gln—Trp-Ala-Val-Gly—His—Phe—Met-NH2
Litorin

Pyr= G1n—Trp—Ala—Va1—Gly—His—Phe—Met—NH2
Glu(OMe) “~Litorin

Pyr Glu(OMe)—Trp-—Ala—Val—Gly—His—Phe-—Met—-NH2

Additional bombesin-like peptides have been traced in amphibians
of Australia, Papua, New Guinea, and Japan, but their complete amino-
acid sequences still await elucidation, and no pharmacological stud-
ies have been carried out on them.

The bombesins represent a unique peptide family, possessing a
very peculiar spectrum of biological activity. Several of their
actions are indirect, as they are due to release and possibly inhi-
bition of release of other active peptides. However, other actions,
especially those on vascular and extravascular smooth muscle, are
apparently direct.ls2

It has been unequivocally demonstrated that in the chicken,
dog, and man the gastric secretagogue activity of bombesin is due
to release of gastrin from the G-cells of the antral mucosa. As is
the case with other gastrin releasers, the releasing effect of bom-
besin also was inhibited by somatostatin and occasionally by secretir

It would seem that gastrin-17, the gastrin form that appears to
be predominant in the G-cells of the antral mucosa, is more promptly
releasable than gastrin-34, which is mainly in extra-antral tissues?.

Strong evidence suggests that in the dog bombesin releases also
cholecystokinin (CCK) from the duodenal mucosa. In fact, the intra-
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venous infusion of bombesin elicited contraction of the gall bladder,
relaxation of the choledochoduodenal junction, and stimulation of
flow of a pancreatic juice which was poor in bicarbonate but rich
in protein and enzymes. Cholinergic mechanisms seem to play a per-
missive effect on CCK release by bombesin, as on CCK release by pep-
tone in the intestine?.

Following removal in the dog of the antrum and small intestine,
bombesin failed to show not only any change in the serum gastrin
level but also any stimulation of the pancreatic secretion. Somato-
statin, in its turn, caused the inhibition of pancreatic protein
secretion bg bombesin but failed to affect the response to CCK-
octapeptide”.

Finally, Fender et al.? succeeded in demonstrating, by bioassay
and radioimmunoassay, that in the dog release of gastrin by bombesin
was accompanied by release of CCK, as shown by the increase in plasma
levels of immunoreactive CCK from 107 + 7 to 165 % 16 pg/ml.

However, it should be stressed that caution is necessary before
definitively accepting the above results, because reliable and sim-
ple methods for radioimmunoassay of CCK in blood and tissues are not
yet available, in spite of the promising results obtained by Rehfeld?
and by Rayford et al,®

At any rate, whereas the effects of bombesin on the dog gall
bladder and pancreas seem to be mediated, at least to a great extent,
by the release of CCK, an alternative mechanism of action of bombesin,
direct and not mediated by CCK, may be postulated in other animal
species.

In fact, while bombesin and litorin were virtually inactive on
the isolated dog gall bladder, they showed 1 to 4% of the action of
caerulein on the isolated guinea-pig gall bladder, and 5 to 207 of
the action of caerulein on the in situ guinea-pig gall bladder. Upon
intravenous injection this effect was immediate and tachyphylaxis was
apparently lacking.

On the other hand, bombesin and litorin increased the output of
amylase not only from fragments of rat pancreas but also from dis-
persed acinar cells of the guinea-pig pancreas. In this preparation,
the peptides also caused increase in ca4> outflux, increase in re-
lease of membrane-bound Ca45 and stimulation of cellular cyclic GMP.
Cyclic AMP was not altered’/8,

Also in keeping with a direct effect of bombesin on the rat
acinar tissue is the finding by Linari® that enterectomy did not
affect bombesin-stimulated pancreatic secretion.
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The releasing or release inhibiting activity of bombesin does
not seem to be limited to gastrin and CCK. In fact, the peptide
proved to be a potent stimulant of pancreatic polypeptide release
in the dog. A 2 hr infusion of 1 ng/kg-min of bombesin produced a
mean increment in plasma pancreatic polypeptide concentration of
26.4 * 17 pmol liter~l, and an infusion of 4 ng/kg-min an increment
of 214 * 106 pmol liter—l. Response to a meal in the same dogs over
the same period was 170.6 * 34 pmol liter-1,10

However, it remains to be investigated to what extent release
of pancreatic polypeptide is actually a direct effect of bombesin
on the pancreatic F cells and not a consequence of CCK release.
In fact, Bloom and Polakll found that pancreatic polypeptide release
was greatly stimulated by small doses of the CCK analogue caerulein.

To complete the picture of the effects of bombesin on endocrine
cells, it should be remembered that bombesin stimulated both insulin
and glucagon release in manlZ? and inhibited the release of VIP in
dog, cat and man, as shown by a fall of plasma VIP immunoreactivity
levels.l ’

Another important target of bombesin in the gastrointestinal
tract is the musculature. Whether we are dealing with direct
effects of the polypeptide on the smooth muscle or with effects
again mediated or modulated by other agents is a problem which
remains to be solved.

In conscious dogs provided with electrodes chronically implant-
ed on the serosal surface of different gastrointestinal segments,
bombesin produced a significant increase in the frequency of pace-
setter potentials in antrum, duodenum, jejunum, and ileum. In the
duodenum and jejunum, the increase in frequency showed linear cor-
relation with the reduction of pacesetter potential amplitude.

The propagation velocity of the pacesetter potentials was approxi-
mately halved. At high infusion rates of bombesin, disappearance

of rhythmicity of contractions in the duodenum and upper jejunum

was observed, with appearance of an irregular sequence of slow and
small potentials. This could be interpreted as due to the failure
of coupling between relaxation oscillators over critical maximal
frequencies. During recovery, electrical activity gradually return-
ed towards the preinfusion pattern.l

Also of considerable interest was the suppressive effect of
bombesin on the interdigestive myoelectric complexes of the dog
intestine, which were reduced in frequency and duration.

The mechanical counterpart of the above changes of electrical
activity was the disappearance of motility in the upper small intes-
tine, sometimes followed by a post-bombesin phase of hyperactivity,
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The human and the dog stomach responded to bombesin infusion
(threshold in the dog 0.3 ug/kg-h) with contraction of the pylorus
and the antrum accompanied by complete loss of basal motility and
relaxation of the body and the fundus, as shown by disappearance of
segmentation in man and sharp reduction of intragastric pressure in
the dog. Discontinuing the infusion was immediately followed by
relaxation of the pylorus and hyperperistalsis of the body and the
fundus. 13,16,

Whereas, as shown below, the great majority of peptides found
in amphibian skin have their counterparts in the mammalian organism,
a mammalian duplicate of the amphibian bombesins was apparently
lacking. This simply depended on the fact that bombesin-like pep-
tides had never been sought in the gut.

Amphibian skin Mammalian tissues or blood
Physalaemin-like peptides (Tachykinins) =-=====- Substance P
Caeruleins CCK and Gastrins
Bradykinin-like peptides Bradykinins
Angiotensin-II-like peptide Angiotensin-~II
Pyr-His-Pro-NH) TRH
Xenopsin Neurotensin
Bombesins Bombesin-like

intestinal (and
brain) peptides

Strong evidence demonstrates that bombesin-like peptides occur
in the gastrointestinal tract of mammals and birds, especially in
the stomach and in the upper intestine. 1In fact:

a) extracts of gastric and intestinal mucosa of mammals and
birds contain substances which react to an antibody to bombesin
prepared in the rabbit, using bombesin conjugated with bovine serum
albumin. A decapeptide of bombesin having at its N~terminus a tyro-
syl residue labelled with radioactive iodine was used as a tracer.
The antibody did not present cross reactions with human gastrin I,
pentagastrin, caerulein, CCK, secretin, glucagon, VIP, GIP, or soma-
tostatin. Limits of sensitivity of three antibombesin sera prepared
in this laboratory were 20-30, 30-40 and 50 pg/ml respectively. In
gastric extracts of different species, concentrations of immunoreac-
tive bombesin-like activity, expressed as bombesin, ranged between
10-50 (dog stomach) and 1000-2000 ng/g (chicken proventriculus).18

The stomach of Rana pipiens contained 65 ng/g of bombesin-like
immunoreactivity.19

b) purified extracts of chicken proventriculus were active on
all the in vitro and in vivo test preparations on which bombesin
and litorin were active. They stimulated isolated preparations of
rat uterus, large intestine and urinary bladder, guinea-pig ileum
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and urinary bladder, kitten small intestine; they produced a moder-
ate litorin-like rise of the dog blood pressure; they caused in the
dog a release of gastrin with ensuing stimulation of gastric acid
secretion; they contracted the in situ gall bladder of the guinea-
pig and the dog and elicited in the dog and the rat a pancreatic
secretion rich in amylase; finally, they provoked changes in the
electrical activity of the dog stomach and intestine similar to
those elicited by bombesin.

Concentrations of bombesin-like activity in some mammalian
gastrointestinal tissues, as estimated on the rat uterus prepara-
tion and expressed as litorin, ranged between 10 and 100 ng/g. The
bombesin-like activity of human gastric mucosa was of the order of
20-40 ng/g. So far, no bombesin-like activity has been detected
elither by bioassay or by radioimmunoassay outside the gastrointes-
tinal tract, with the important exception of the central nervous
system.

Preliminary experiments gave the following values of bombesin-
like immunoreactivity in the CNS:

rat (5 animals) whole brain 20-45 ng/g
hypothalamus 150-250 ng/g
pig (3 mini-pigs, mean values) cerebral cortex 15 ng/g
cerebellum 23 ng/g
hypothalamus 85 ng/g
rabbit (2 animals) cerebral cortex 5-10 ng/g
cerebellum 25-40 ng/g
hypothalamus 105-130 ng/g

In our systematic search for bombesin-like activity in extracts
of gastrointestinal tract, of particular importance was the finding
that the avian proventriculus (chicken, turkey, pigeon) was excep-
tionally rich in this activity. Values ranged between 150-600 ng
litorin per g fresh tissue, by bioassay, and between 500 and 2000 ng
bombesin by radioimmunoassay.

c) bombesin-like immunoreactivity could be shown also in blood.
In man it rose after a standard meal from very low fasting levels to
levels comparable with those of gastrin. Release of the bombesin-
like peptide preceded release of gastrinl8.

On the other hand Walsh and Holmquistlgdemonstrated that where-
as bombesin-like immunoreactivity could not be measured in normal
rabbit serum, boiled serum of an immunized rabbit contained 1.6 pmol
ml, indicating that circulating anti-bombesin was complexed with im-
mumoreactive peptide and suggesting an endogenous source of such
peptide in the rabbit.
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d) the last important piece of evidence in favour of the oc-
currence of a bombesin-like peptide in the gut has been presented
by Polak et al.20 who could see in all areas of the human gastro-
intestinal mucosa investigated cells specifically stained with anti-
bodies to bombesin. They were predominantly localized in the basal
parts of the glands and were particularly bright and rather more
numerous in the duodenal mucosa. Full quenching was observed with
the synthetic tyrosine nonapeptide of bombesin, though none was
seen, even at high concentrations, with VIP, somatostatin, substance
P and gastrin.

Van Noorden et al.?l have recently shown that bombesin-like
immunoreactivity may occur also in the myenteric plexus.

Our group is presently engaged in the difficult attempt
to isolate the avian bombesin-like peptide and to elucidate its
structure, The starting material will be the chicken proventriculus,
extracted with boiling 0.15 M HCl. Following passage through Elgalite
resin, precipitation with alcohol, chromatography on alumina columns
and gel filtration on Sephadex columns a good purification of the
peptide was obtained, with satisfactory yields. The presently avail-
able peptide preparation may be considered biologically pure, i.e.
free from active contaminants.

Moreover, extraction and purification procedures used in this
study demonstrated that the bombesin-like peptide is present in the
chicken proventriculus in at least two, and possibly three, forms,
differing from each other by their molecular size.

In fact, when the ground proventricular tissue was first ex-
tracted with methanol and then boiled with 0.15 M HCl1l, it could be
seen that after exhaustive extraction of the tissue with alcohol,
acid treatment was capable of releasing an additional amount of
bombesin-like activity, exceeding that extracted by the neutral
solvent. This would mean that in the chicken proventriculus most of
the bombesin-like peptide is in some way included in a protein pre-
cipitated by methanol. Upon acid hydrolysis (and possibly also
following trypsin digestion) of the big bombesin-like peptide, a
smaller, soluble and active peptide is liberated.

However, things may be even more complicated. In fact, where-
as gel filtration through Sephadex G25 using 0.1 M acetic or formic
acid (pH 2.5-4) caused the appearance in the effluent of a single
activity peak, coinciding with that of litorin, gel filtration at
neutral pH, using 0.15 M phosphate buffer, caused the appearance of
two activity peaks. They were distinguishable from each other not
only by the elution profile, but also by their biological activity:
that of the first peak was more bombesin-like, that of the second
peak decidedly litorin-like.
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It is evident that Sephadex experiments must be extended and
other separation procedures must be tried before drawing definitive
conclusions on the polymorphism of the bombesin-like peptides in
avian proventriculus and on the relations between the different
forms.

Similarly it is obvious that all the above results are present-
ly valid only for the chicken proventriculus., Although preliminary
experiments seem to indicate that even in mammals, including man,
the intestinal bombesin-like peptide may occur in various forms,
available data are exceedingly scanty to establish a comparison with
the chicken proventriculus.

Concerning the possible physiological role of the bombesin-1like
intestinal peptide it is tempting to suggest, on the basis of pharma
cological studies carried out with bombesin and litorin, that it may
intervene:

a) in the regulation of gastrin release and hence of gastric
acid secretion., Whether release of the bombesin-like peptide is an
obligatory link in the chain of events which cause acid secretion
following a meal remains to be established. In our few experiments
the postprandial peak of bombesin-like radioimmunocactivity preceded
the peak of gastrinaemia. Thompson et al.22, in their turn, believe
that release of antral gastrin elicited by infusion of liver extract
into the small intestine of dogs might be due to release of a bom-
besin-like peptide.

b) in the control of gall bladder contraction and of pancreatic
enzyme secretion. However, it remains to be ascertained whether the
bombesin-like peptide acts directly on the effector cells or indi-
rectly, through release of CCK. It is possible that the mechanism
of action of the peptide is different in different species.

c) in the control of gastrointestinal motility. Bombesin and
litorin have a tremendous effect on both the slow and the fast
electrical activity of the gut, potently affecting pacesetter poten-
tials, postprandial spike activity and interdigestive spike complexe
with a general depression of motor activity. A thorough study of
these bombesin effects and of the interactions coming into play be-
tween the bombesin-like peptide on the one side and the tachykinins
(substance P), CCK (or caerulein) and motilin, on the other side,
would be highly interesting and rewarding.

d) in eliciting all the secretory and motor effects which are
attributed and will be attributed in the future to pancreatic poly-
peptide: augmentation of pancreatic bicarbonate and volume flow in-
duced by secretin, relaxation of the gall bladder and increase of
choledochal pressure, stimulation of gut motility, inhibition of
pentagastrin-induced gastric acid secretion?3. As previously stated
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bombesin was found to be a potent releaser of pancreatic polypeptide.

It is possible that stimulation of gastrin, CCK and pancreatic
polypeptide release as well as inhibition of VIP release by the
bombesin-like intestinal peptide may cause, in different cases,
independent, additive or antagonistic effects.

To give a more complete panorama of the extraordinary versatil-
ity of the bombesin-like peptides it should be remembered that bom-
besin displays a formidable spasmogenic action on the afferent glome-
rular bed of the dog kidney with ensuing liberation of renin and
activation of the renin-antgiotensin system, and that the same bom-
besin is one of the most potent peptides reported to affect the cen-
tral nervous system. In fact the polypeptide caused, following in-
jection into the cisterna magna, striking hypothermia in cold ex-
posed rats, pointing to its possible involvement in producing the
temperature changes observed in hibernating animals, and was a high-
ly potent analgesic agent in some antinociceptive tests, pointing
to a possible opiate dependent step in the mechanism of its action,
not only in the mechanism of the central actions, but also in the
peripheral actions of the peptide, especially on electrical and motor
activity of the gut24'25.

PHYSALAEMIN-LIKE PEPTIDES OR TACHYKININS

The amphibian (and molluscan) tachykinins, represented by the
endecapeptides physalaemin, uperolein and eledoisin, the decapeptide
phyllomedusin and the dodecapeptide kassinin, have aroused fresh
attention after elucidation of the sequential structure of substance
P, their counterpart in mammalian tissues.

Physalaemin
Pyr—Ala—Asp—Pro-Asn—Lys—Phe-Tyr—Gly—Leu—Met—NH2
Uperolein
Pyr-Pro-Asp-Pro-Asn-Ala-Phe-Tyr-Gly-Leu-Met-NHy
Phyllomedusin
Pyr—-—--- Asn—Pro—Asn—Arg-Phe-Ile-Gly-Leu—Met—NH2
Kassinin
Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-NHy
Eledoisin
Pyr-Pro-Ser-Lys-Asp-Ala-Phe-Ile-Gly-Leu-Met-NH,
Substance P
Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH,

Substance P has a rather diffuse distribution in the central
and peripheral nervous system, where it is localized both in epithe-
lial cells (a particular type of enterochromaffin cells) and in ner-
vous structures. It has a spectrum of biological activity very
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similar to that of the amphibian tachykininsl.

In regard to the gastrointestinal tract the tachykinins have
three main target structures: the salivary glands, the gastrointes-
tinal smooth muscle and the splanchnic vascular bed.

Physalaemin, eledoisin and, to a lesser degree, substance P
potently stimulated the secretion of salivary and lachrymal glands
and moderately affected pancreatic secretion. Lachrymal stimulation
has been profitably used in the topical treatment of SjBegren's
syndrome and other types of keratoconjunctivitis sicca. Recent
research on dispersed acinar cells of the guinea-pig pancreas has
shown that physalaemin and eledoisin moderately increased outflux of
cellular 45Ca, release of membrane-bound 45Ca, both initial and
steady-state uptake of 45Ca, cellular cyclic GMP and amylase output8.
On the other hand, Rudich and Butscher26 could demonstrate that sub-
stance P and eledoisin caused a rapid, concentration-dependent in-
crease in K" efflux and amylase release from slices of rat parotid
glands. No effects were discerned on cyclic nucleotides. Ca’t was
required for stimulation of efflux and amylase release.

On the electrical and mechanical activity of the gut, eledoisin
and physalaemin displayed a striking stimulant effect manifested, at
low dose levels, by an increase in frequency and duration of the
interdigestive myoelectric complexes and an increase in coordinated
mechanical activity and, at high dose levels, by the appearance of
diffuse spike activity accompanied by intense local motor activity.
Pacesetter potentials were not affected. The tachykinins seem to
act directly on the effector muscular and glandular cells2?,

Finally, of considerable interest is the effect of amphibian
tachykinins and substance P on the splanchnic vascular bed, with
special reference to the hepatic area. The tachykinins produced,
both by intravenous and by close arterial infusion, a clear-cut
increase in hepatic arterial flow, with reduction of pressure and
resistance in the hepatic artery, and increase of pressure in the
portal vein. At the same time there was a decrease in the value of
liver outflow resistance and an increase of pressure in sinusoid
vessels, possibly caused by constriction of sinusoid sphincters and/
or of sphincters in the hepatic vein. On the splanchnic vascular
bed and, more generally, on the vasculature and the systemic arterial
pressure, substance P was the most active of the examined tachykinins
especially when given by intravenous administration28.

The above results seem to justify the conclusion that the tachy-
kinins may intervene (physiologically in the case of substance P) in
the control of gastrointestinal motility, as well as in the regulatio
of hepatic blood flow, sinusoid pressure and, hence, sinusoid filtra-
tion.
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CAERULEIN-LIKE PEPTIDES

The caerulein-like peptides, represented by the decapeptides
caerulein and Asnz, Leu’-caerulein and the nonapeptide phyllocaeru-
lein, deserve only a few words because it is well known that they
show a very close chemical analogy to the C-terminal portions of
CCK and gastrin and possess a spectrum of activity on gastric secre-
tion, pancreatic enzyme secretion, bile flow, gall bladder contrac-
tion and intestinal motility exactly superimposable, both in exper-
imental animals and in man, on that of CCK and the C-terminal octa-
peptide of CCK.

Caerulein

Pyr—Gln—Asp-—Tyr(SO3H)—Thr—G1y—Trp—Met—Asp—Phe-NH2
Hylambates—-caerulein

Pyr-Asn-Asp~Tyr (SO3H)-Leu-Gly-Trp-Met-Asp-Phe-NH,
Phyllocaerulein

Pyr——-——Glu—Tyr(SO3H)—Thr—Gly—Trp—Met—Asp-Phe—NHz
Octa~CCK

—Asp—Tyr(SO3H)—Met—G1y—Trp—Met—Asp—Phe—NH2

Hexagastrin II

—Tyr(SO3H)—Gly—Trp—Met—Asp—Phe—NH2

On all tested preparations and parameters, caerulein showed a
greater molar potency than CCK and a similary potency as the CCK-
octapeptidel.

Of interest, in this regard, is the statement by Rehfeld?9 that
it is possible that the proper molecular form of CCK in the duodenum
and jejunum is the C-~terminal octapeptide of CCK, and the similar
statement by Dockray3O that the main brain CCK~component closely
resembles the CCK-octapeptide.

This points once again to the validity of the model peptides
found in amphibian skin and to the equivalence of caerulein to CCK.

Caerulein can be used: a) in cholecystography and cholangio-
graphy; b) in diagnostic testing of pancreatic function, in associa-
tion with secretin; c) in the radiological study of the gastrointes-
tinal tract; and finally d) in treatment of bowel hypomotility syn-
dromes (adynamic ileus, chronic foecal stasis, megacolon).

MAMMALTAN PEPTIDES IN AMPHIBIANS

It has been stressed that amphibian peptides have generally
their counterparts in the mammalian organism. But also the reverse
seems to be true, probably to an unsuspected extent.
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Van Norden et al.?l have so far succeeded in proving the occur-
rence of a VIP-like immunoreactivity in the cutaneous glands of
Rana temporaria and Rana pipiens, but it is easy to foresee that
numerous peptides first found in the mammalian organism will be
traced in the amphibian skin.

Our group has started carrying out a systematic radioimmuno-
logical screening of our collection of extracts of amphibian skin.
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PAIRED IMMUNOHISTOCHEMICAL STAINING OF GASTRIN-PRODUCING CELLS
(G CELLS) AND PARIETAL CELLS IN PARAFFIN SECTIONS OF HUMAN
GASTRIC MUCOSA

R. Stave, P. Brandtzaeg, J. Myren, K. Nygaard, and
E. Gjone

Histochemical Laboratory, Institute of Pathology, and
Medical Department A, National Hospital of Norway

Oslo, Norway

The purpose of this work was to develop a method to study
directly the morphological relationship between G cells and parietal
cells in parts of the gastric mucosa where both these cell types
may occur - that is, in the transitional zone between the pyloric
antrum and the body.

METHODOLOGY

Tissue Specimens

Stomach specimens obtained from patients subjected to partial
gastric resection were fixed in paraformaldehyde or carbodiimide
(CDI),l and small tissue blocks were systematically excised from
the mucosa.

Fluorochrome Conjugates

From human serum with an immunofluorescence parietal cell
antibody titre of 1:512, fluorescein-labelled IgG was prepared;
this "green" conjugate (molar fluorescein to protein ratio: 0.7)
was used at a concentration of 4.2 g/l. Other reagents were
rhodamine-labelled ('"red") R-182 specific for gastrin, and fluores-
cein-labelled ('green'") R-79 specific for human immunoglobulin
light chains. These rabbit IgG conjugates have been characterized
elsewhere.2r3
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Immunohistochemistry

G cells were demonstrated by direct immunofluorescence,2
whereas parietal cells were demonstrated either indirectly or
directly. In the indirect method the tissue sections were first
incubated at room temperature for 30 minutes with the diluted human
serum containing parietal cell antibody; after a 15-minute rinse
they were reincubated for 30 minutes with "green'" anti-human light
chains. In the direct method the fluorescein-labelled (''green")
human IgG was used. Direct demonstration of G cells was combined
in paired staining with indirect or direct method for parietal
cells; "red" anti-gastrin was mixed with either "green'" anti-human
light chains or "green" human IgG in appropriate proportions.

The mounted sections were examined in a Leitz Orthoplan
microscope equipped with a vertical Ploem-type illuminator. An
HBO 200 W high pressure mercury lamp and an XBO 200 W Xenon lamp
provided green and blue light for selective excitation of rhodamine
and fluorescein fluorescence respectively. Photographic records
were made on GAF 200 daylight colourslide film with selective
filters for red or green fluorescence and by double exposures to
show both colours simultaneously.

RESULTS

We found that the reactivity of the cytoplasmic parietal cell
antigens was preserved after fixation and paraffin embedding. In
our hands the intensity of the parietal cell immunofluorescence
was similar for cryostat sections and for CDI-fixed material, where-
as paraformaldehyde fixation resulted in slightly decreased in-
tensity. The morphology of the paraffin section was much improved.

To secure distinct visualization of parietal cells in human
sections by the indirect method, a serum dilution of 1:6 was
selected since there was some background staining due to a direct
anti-light chain conjugate reaction with intra- and extracellular
immunoglobulins in the lamina propria. In CDI-fixed tissue this
background staining was of relatively high intensity, and direct
immunofluorescence method with the human IgG conjugate was there-
fore preferable.

Binding specificity of the indirect method was verified by
the lack of parietal cell staining when pooled normal human serum
diluted 1:5 was used in the first layer. Binding specificity of
the direct method was ensured by showing that labelled normal
human IgG with a fluorescein to protein ratio of 1.1 did not stain
parietal cells when applied at 3.6 g/1. The specificity of the
G-cell fluorescence has been defined elsewhere.
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FIGURE 1. Paired direct immunohistochemical staining of parietal
cells (green) and G cells (red) in a section from the transitional
body-antrum zone of a carbodiimide-fixed resected human stomach.
The same field was photographed with green filtration (A), double
exposure (B), and red filtration (C). Parietal cells and G cells
are usually present in different glandular tubuli, but a single

G cell (small arrow) can be seen in a typical pyloric gland tubulus
along with several parietal cells (large arrowe). Magnification:
Xx280.

In specimens from the transitional body-antrum zone, where
both G cells and parietal cells are present, paired immunofluores-
cence staining gave a clear distinction between these two cell types
(Fig. 1). In most sections from this area G cells and parietal cells
were confined to different gland tubuli, but occasionally both cell
types were present in the same tubulus.

DISCUSSION

Previous studies have demonstrated that human parietal cell
antibodies do not react with other cell types in the gastric mucosa.
This was confirmed in the present investigation by comparing the
immunohistochemical staining pattern with that obtained in adjacent
sections by a combined Periodic Acid Schiff and Eosin fluorochrome
method.l However, such antibodies have to our knowledge not been
used before in a systematic morphological study of human parietal
cells. We found that high-titred human serum was completely satis-
factory both for indirect and direct immunofluorescence techniques
on sections of fixed and paraffin-embedded human tissue specimens.
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This is contrary to the general consensus that fresh-frozen sections
have to be used as test substrate for parietal cell antibodies.

Paired staining of parietal cells and G cells is necessary for
a precise evaluation of their relative distribution in the transi-
tional body-antrum zone. We believe that the biological signifi-
cance of the intimate morphological relationship of these two cell
types in this region of the stomach needs elucidation. Our pre-
liminary findings (unpublished data) indicate that the extent of
the transitional zone varies considerably from one patient to
another.

With a similar immunohistochemical approach it should be
possible to obtain concurrent visualization of parietal cells and
any other gastric cell type to which antibody is obtainable.
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HISTAMINE Ho-RECEPTORS AND GASTRIC SECRETION

G. Bertaceint
Institute of Pharmacology, University of Parma

Parma, Italy

In 1966 Ash and Schild1 pointed out for the first time the
existence of different types of histamine receptors. They defined
as H, receptors those which could be blocked by the classical anti-
histaminics and non-H; receptors those which could not be blocked.
However, a real milestone in the history of histamine was represented
by the paper of Black and coworkers? entitled "Definition and anta-
gonism of histamine H, receptors" in which the first H, receptor
antagonist, burimamide, was described. The subsequent availability
of rather selective H) receptor stimulants and inhibitors, which
served as a tool for characterizing Hj) and Hy receptors, contributed
noticeably to clarifying the role of histamine in gastric secretion.

A) H, RECEPTOR AGONISTS

As to the Hp receptor agonists, compounds like 5-methylhista-
mine (5 MeHO), 5-methyl-N-methylhistamine (DMH), and dimaprit
[S-(3-(N,N-dimethylamino)propyl)isothiourea] gave excellent results
as stimulants of gastric secretion~’®: they were practically devoid
of effects on H; receptors (bronchoconstriction, salivation, hypoten-
sion etc.) and they could be administered in doses which exceeded the
maximum doses of histamine. In studies performed in cats® provided
with gastric fistulas, 5 methyl-N-methyl histamine, which did not
differ markedly from histamine in terms of threshold stimulant doses,
was found significantly more active in terms of "efficacy". The
maximal observed acid output to the di-methyl derivative (105 umol
min~1l) was produced by 2560 ug kgl h'l, whereas the maximal response
to histamine (65 mol min~l) was produced by 320 g kg=l h~l. When
histamine was combined with pyrilamine (an H; receptor antagonist)
the maximal observed acid output did not differ significantly from
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that of the di-methyl derivative. Moreover, when DMH was given to-
gether with histamine, the maximal response to this combination was
significantly lower than with DMH alone and similar to that elicited
by histamine alone. These results were quite similar to those ob-
served following administration of dimaprits. All these findings
suggested that in addition to its well known action on Hy receptors
to stimulate acid secretion, histamine also acts on H; receptors to
inhibit gastric secretion. When the H, inhibitory effect is prevent«
by using an Hy blocker together with histamine or by employing an
analogue with little Hj action, the full stimulant effect on H,
receptors is exhibited.

Other experiments were performed in order to check whether the
site of the H; receptor for inhibition of acid secretion was in or
outside the stomach. Preparation of isolated guinea pig gastric
fundus (Impicciatore et al., unpublished observations) was tested
with different agonists and antagonists. In a first series of
experiments histamine, DMH and dimaprit were found to have the same
maximal responses; in a second series of experiments the observed
maximal response to histamine alone was not significantly different
from that obtained by using a combination of histamine plus Hj
blocker or by using histamine plus an H; receptor agonist. This
indicates that when the direct activity of histamine on the gastric
mucosa independent from that on cardiovascular and respiratory
systems was evaluated, the Hj blocker failed to potentiate and the
Hj agonist failed to inhibit the secretory action of the amine.
These findings are compatible with the hypothesis that the activity
of histamine in the isolated stomach fundus is only due to stimula-
tion of H2 receptors with no interference from Hl receptors (at leas
in the guinea pig). Thus the inhibitory effect observed in the cat
was probably connected with excitation of Hj receptors located out-
side the stomach.

Another H, receptor stimulant which seems particularly interest-
ing is the compound 2(5 methyl-4-imidazolyl)-l-methyl ethylamine.
This substance was found to be approximately 10 times less potent
than histamine in stimulating H, receptors but it showed the highest
selectivity for these receptors so far observed (activity ratio H,/
Hy = 2000). It is worth mentioning that the analogue of this com-
pound lacking the methyl group in the imidazole ring was found’ to
have an activity ratio Hy/Hj of approximately 2.5. This once again
emphasizes the importance of the methyl group in position 5 of the
imidazole nucleus to enhance the activity on H, receptors.

B) H, RECEPTOR ANTAGONISTS

In the field of the H, receptor antagonists (burimamide,
metiamide and cimetidine) an enormous amount of experimental and
clinical work was reported in two International Symposia held in
London in 1973 and in 197682,
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From a pharmacological point of view it is extremely interest-
ing that H, antagonists inhibit gastric secretion stimulated not
only by histamine but also by a wide variety of other agents such
as gastrin or cholinergic agents. This indicates that histamine is
involved in every kind of gastric secretion. Several possibilities
were pointed out to explain the nature of this involvement: a) gas-
trin and acetylcholine release histamine, which represents the final
common mediator of acid secretion; b) there is an interaction among
the three receptors for histamine, acetylcholine and gastrin in the
oxyntic cells and blockade of one receptor changes the properties
of one or both of the other two receptors and c) histamine is being
constantly released and presented to the oxyntic cells as a tonic
background which sensitizes them to other stimuli. When this tonic
background is blocked by the H, antagonists, acid secretion in re-
sponse to different stimulants is inhibited. This "permissive
hypothesis" received strong support from recent studies performed
on isolated oxyntic cells from dog gastric mucosa.1® In this pre-
paration gastrin had a very small effect which was not affected by
H, blockers. Conversely, administration of a threshold dose of his-
tamine potentiated enormously the action of gastrin and this aug-
mentary action was counteracted by an H, antagonist.

Some general conclusions may be drawn from the recent studies
on histamine, histamine-like compounds and histamine antagonists:

1) Taking into account that histamine receptor stimulants and
blockers never show an absolute selectivity and that they can have
different side effects independent from the main effect on the his-
tamine receptors, several criteria should be fulfilled to establish
that an observed pharmacological effect is surely connected with the
specific interaction histamine - H, receptors:

a) The effect must be mimicked by specific H, receptor stimu-
lants (5-methyl-N-methylhistamine and dimaprit);

b) The effect must be blocked by at least two of the known H,
blockers (different nonspecific effects were demonstrated
for each of these blockers);

c¢) The effect must not be mimicked by specific H; receptor
stimulants like 2-(2-aminoethyl) thiazole or 2-methylhista-
mine and not be blocked by the H; antagonists.

Of course the situation is quite opposite if we want to establish
that an effect is connected with stimulation of H; receptors. In the
absence of some of these conditions the possibility exists that his-
tamine may interact simultaneously with both types of receptors or
actually that histamine acts through excitation of other kinds of
receptors.

2) Another consideration concerns the distribution of the H, re-
ceptors outside the stomach, which is much wider than was suspected:
recent experiments indicate that besides the classical localizations
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TABLE 1

EFFECTS OF HISTAMINE COMPLETELY OR PARTTALLY UNAFFECTED BY
ADMINISTRATION OF E; AND Ho RECEPTORS BLOCKERS

ACTIVITY REFERENCE
Excitation of hypothalamic cells (rat and cat) Haas and Bucker, 19’7512 13
Relaxation of rabbit trachea Fleish and Calkins, 1976
Behavioral changes in the rat (depression) Calcutt and Reynolds, 197614
Negative inotropic and chronotropic effect Dai, 19761
(isolated rat heart)
Chemoattractant activity of histamine on Clark et. al., 197716
eosinophils
Contraction of the rat pylorus Bertaccini et. al., 197717

suggested by Black and coworkers2 (gastric mucosa, rat uterus and
guinea pig auricles), H, receptors are widely distributed through-
out the body: in particular, vascular beds, gall bladder, sheep
bronchial muscle, cat trachea, guinea pig ileum and especially in
the central nervous system of different animal species. Thus the
physiopharmacological importance of the H, receptor agonists and
antagonists is certainly destined to increase and may transcend the
limits of gastric secretion.

3) The ratio of activity between histamine and the specific Hj
receptor agonists varies profoundly in the different organs and

this suggests that the distribution of the H, receptors is extreme-
ly irregular in the various tissues and/or that they are mixed in
different degree with H, or other types of receptors or finally that
different types of H, receptors exist in the various tissues. This
heterogeneity makes it very important, when calculating the activity
ratio H2/Hl for agonistic compounds, to indicate the mean of the
values obtained in the different organs rather than giving values
obtained on only one parameter for each type of receptor.

4) TFinally a last consideration: recent observations concerning
different experimental conditions and different animal species seem
to suggest that the action of histamine can be mediated by other
types of receptors different from both Hy and H, receptors. 1In
some cases the action is clearly of the muscarinic type and can be
easily blocked by atropine; in other cases it is the B-sympathetic
type and can be blocked by the common B-blocking agents; however,
there are cases in which none of the known inhibitors is effective
and this suggests the possible existence of still unknown histamine
receptors (see Table 1). It is easy to foresee that besides the
gastroenterologists, also biochemists, physiologists and pharmacolo-
gists will be stimulated to reconsider all the activities of his-
tamine in the light of the new findings.
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THE GASTRINS: STRUCTURE AND HETEROGENEITY

R. A. Gregory
Physiological Laboratory, University of Liverpool

Liverpool L69 3BX, England

Since the isolation of the hormone gastrin as a pair of hepta-
decapeptide amides from hog antral mucosal, a great deal more has
been learned about the various forms of the hormone which are to be
found in the tissues of origin (antral and upper intestinal mucosa
and gastrinomas) and in the circulation in normal and pathological
conditions. The heterogeneity of tissue gastrin raises the impor-
tant question of metabolic relationships in terms of the mechanism
of biosynthesis, while heterogeneity in the circulation give rise
to the equally important problem of determining the various forms
separately by radioimmunoassay and of evaluating their respective
contributions to the stimulation of target organs.

The various forms of gastrin so far recognised are as follows:

Little gastrin (LG, G17) 17 aminoacid residues

Big gastrin (BG, G34) 34 aminoacid residues

Minigastrin (MG, Gl4) 14 aminoacid residues

Big big gastrin (BBG) molecular weight estimated as 20,000
Component I (C-I) size intermediate between G34 and BBG
NHy-terminal tridecapeptide fragment of Gl17 (NT13).

oW -
e o s o o o

Of these 1, 2, 3 and 6 have been isolated from antral mucosa or
gastrinoma tissue and fully characterised chemically (Fig. 1). The
remaining forms (BBG and C-I) have been recognised immunologically
in the circulation and material which may resemble or represent them
has been similarly identified in antral and gastrinoma extracts but
not chemically characterised.
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R

R= H(Tvype ) or SO4H (Type ID)

FPigure 1. The aminoacid sequences of the chemically identified
forms of human gastrin

LITTLE GASTRIN (G17)

This form of the hormone provided the first evidence of hetero-
geneity in a gastrointestinal hormone; it was isolated in the form
of a pair of heptadecapeptide amides having an identical aminoacid
constitution but differing in that in one member the single tyrosine
residue present was sulphated while in the other it was not. In
those species in which the heptadecapeptides have been chemically
characterised (hog, man, dog, cat, sheep and cow) trivial substitu-
tions are found to have occurred in the body of the molecule while
the C-terminal sequence, which contains the active region of the
molecule?, remains unchanged. 1In a subsequent study on the forms of
gastrin present in a single large gastrinoma metastasis3, it was
found that in addition to the types I and II (unsulphated and sul-
phated) previously isolated, there were present small amounts of
two further heptadecapeptides. These had the same aminoacid com-
position as types I and II and both had a sulphated tyrosine, so
that they could be described as types IIA and IIB. How they differ
chemically from types I and II is not yet understood and at present
the possibility that they are artefacts produced during extraction
or postmortem in the tissue cannot be excluded.

BIG GASTRIN (G34)

This form of the hormone was first identified immunologically
in the serum of patients with gastrinoma or pernicious anaemia4:5,
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Gregory and Tracy6 subsequently isolated from hog antral mucosa
and gastrinoma tissue pairs of peptides corresponding exactly in
chromatographic and electrophoretic properties to the 'big gastrin'
immunoreactivity of Yalow and Berson. These peptides have been
sequenced and the human form has been synthesised. In each case
they consist of the heptadecapeptide amide (G17) covalently linked
at its N-terminus by two lysyl residues to a further heptadecapep-
tide, the N-terminus of which, as in free Gl17, is pyroglutamyl (Fig.
1). Tryptic digestion of G34 releases Gl7 by cleavage at the two
lysyl residues, together with one or two 'tryptic peptides', de-
pending on the conditions of digestion.

MINIGASTRIN (G14)

Gregory and Tracy’ isolated from gastrinoma tissue very small
amounts of a pair of peptides (sulphated and unsulphated) which are
now known to possess the C-terminal tetradecapeptide sequence of
Gl7. Owing to an error made in the aminoacid analysis of these
peptides at the time of isolation, which represented the tryptophan
content as one residue, it was at first believed that the minigas-
trins were the C-terminal tridecapeptide sequence of G17. This
error was discovered when the potency and chromatographic behaviour
of synthetic tridecapeptide proved to be different from that of
natural minigastrin. Harris (unpublished studies) has now establish-
ed that the N-terminal residue of minigastrin is tryptophan; and
this together with the aminoacid composition proves that minigastrin
is the C-terminal tetradecapeptide fragment of Gl7.

In all species so far examined, the major gastrin component
present in G cells (and in most gastrinomas) is G17; it accounts for
about 957 of the total gastrin present in antral mucosa, most of the
remainder being G34;in duodenal mucosa the proportion of G34 is said
to be somewhat higher. The minigastrins have not been isolated from
antral mucosa, and the amount of them present in antral mucosa or
gastrinoma tissue is very small indeed compared with the amounts of
Gl7 and G34. 1In the circulation of man, dog and hog G34 commonly
predominates owing to its relatively long half-1ife8; the proportion
of G34 relative to Gl7 secreted by the antral mucosa appears to be
only a little higher than their proportions in the tissue. The very
small amount of minigastrin present in the circulation of man, dog
and hog makes it of little significance in the stimulation of acid
secretion; but it has recently been shown9:10 that immunoreactive
material corresponding in size to Gl4 is a major component of cat
plasma, and there is evidence from the same sources that the mini-
gastrin may be formed in the circulation from Gl17 by enzymatic
cleavage. We (Gregory and Tracy, unpublished studies) have recent-
1y confirmed that when substantial amounts of porcine Gl17 (5 mg or
more) are incubated with cat plasma or serum there is rapidly
formed a considerable amount of a single product which is either
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Gl3 or Gl4. The peptide has been isolated from several preparations
and its exact composition is still under study. Similar experiments
made using human, dog and rat plasma showed only a slight degree of
cleavage, the amount of the product being too small to identify
chemically.

BIG, BIG GASTRIN (BBG)

Yalow and Bersonll reported the presence in serum and jejunal
extracts of an immunoreactive component which emerged in the void
volume on Sephadex G50; they termed it 'big, big gastrin'. The
amount of this component was not significantly increased by feeding,
and its amount, nature and functional significance has remained a
matter for speculation. It would now seem that further studies are
required to establish whether this component is truly a circulating
form of the hormone or whether it is an artefact, for recently both
McGuiganl2 and Rehfeldl3 have reported that the BBG in serum is not
taken up by immunoadsorption columns using antibodies which bind
the other forms of the hormone. It has been suggestedl3 that cir-
culating BBG is due mainly to interference in the radioimmunoassay
by serum proteins eluted in the void volume of small Sephadex G50
columns.

COMPONENT I (C-1)

Rehfeld and Stadill4 identified in serum an immunoreactive
component which emerges in advance of the G34 peak but later than
the void volume. On tryptic digestion, material of the size of Gl7
was liberated, suggesting that component I consists like G34 of Gl7
covalently joined by basic aminoacid residues at its N-terminus to
a larger peptide molecule. Owing to the very small amounts of C-I
present in antral tissue and in most gastrinomas, isolation of it
has not been achieved and nothing is known of its chemical nature.

THE N-TERMINAL TRIDECAPEPTIDE FRAGMENT OF G17 (NT13)

In 1967 Tracy and 115 isolated from hog antral mucosa small
amounts of a pair (sulphated and unsulphated) of inactive gastrin
fragments which proved to have the N-tridecapeptide sequence of G17.
Attempts to find in the extract the cleaved fragment, which would be
the active C-terminal tetrapeptide amide, were unsuccessful. Dockray
and Walshl® have identified in serum a component which appears to
correspond to NT13,
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GASTRIN HETEROGENEITY: THE BIOSYNTHETIC SEQUENCE

It is becoming generally recognised that many, perhaps all,
peptide hormones are formed as the product of genes which specify
a molecule considerably larger than the major active form finally
secreted, and that there occurs cleavage of this initial molecule
in stages, commonly at points where basic aminoacids occur. This
results in the formation of 'precursor' forms and cleaved fragments
in addition to the final product, and all may find their way into
the circulation or be detectable in the tissue.

The first hormone precursor to be discovered was proinsulin17;
slices of an insulinoma were incubated with tritiated phenylalanine
and leucine and an extract of the system fractionated by gel filtra-
tion. Besides labelled insulin there was also detected a larger
labelled component which was transformed into insulin-like material
by tryptic digestion. Proinsulin proved to be a straight-chain
peptide of MW about 9000; trypsin cleaves it at the pairs of basic
residues situated at either end of the 'C-peptide' fragment. Not
only insulin, but also material corresponding to proinsulin and
C-peptide, can be detected in the circulation.

In several other instances, similar trypsin-like cleavage of
a 'prohormone' has been described; and by analogy it becomes highly
probable that G34, which is rapidly cleaved by trypsin at the site of
the two lysyl residues in the middle of the chain (Fig. 1), is the
immediate precursor of Gl7, which is the main active product of the
gastrin or gastrinoma cell.

The major difficulty of studying the biosynthetic pathway for
gastrin directly lies in the fact that suitable preparations of
antral G cells have not yet been made, and fresh gastrinoma tissue
is now rarely obtainable because they are seldom resected, the pre-
ferred treatment for the disease being chemotherapy or total gastrec-
tomy. There is however an alternative approach which has been used
in several other instances and which is well exemplified by the
brilliant studies of Habener and his colleaguesl8/19 on the bio-
synthesis of parathyroid hormone (PTH). Messenger RNA was prepared
from parathyroid adenomas (and from normal glands) and its transla-
tion studied in a cell-free system (wheat-germ). There was first
formed a large peptide 'pre-pro-PTH' (115 residues) which was very
rapidly cleaved at a basic aminoacid residue into a smaller peptide
'pro-PTH' (90 residues) which was in turn cleaved at a slower rate
(again at a basic residue) into PTH (Fig. 2). Steiner20, using
the same method, has identified a 'pre-proinsulin' in the biosyn-
thesis of that hormone.
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Figure 2. Biosynthesis of parathyroid hormones (Harbener, 1977)

These results obvicusly suggest a place for component I in the
formation of gastrin; it may represent the 'pre-pro' form of the
hormone, as identified for PTH and insulin. When component I is
digested in vitro with'trypsin only immunoreactive material of the
size of Gl7 is liberated; but it may well be that G34, which is
cleaved very rapidly by trypsin, is in fact formed but is rapidly
converted to Gl7 and so does not accumulate. Two facts support the
view that the biosynthetic sequence is: Component I - G34 > Gl7.
Firstly, both G34 and G17 have an N-terminal pyroglutamyl residue;
and it has been shown that in the tryptic cleavage of G34 the G17
at first liberated has N-terminal glutaminyl which then spontaneous-
ly changes to the pyroglutamyl form (Fig. 1). Obviously if G34
were formed in a similar manner from a larger peptide, this would
account for its N-terminal pyroglutamyl residue. Secondly, it has
recently been shown by Dr. G. J. Dockray in my laboratory (unpublish-
ed studies) that an antibody specific for the N-terminal region of
G34 detects in extracts of antral mucosa large amounts of a compo-
nent with immunological and chromatographic properties corresponding
to the N-terminal 'tryptic peptide' of G34; and in collaboration
with Dr. Camille Vaillant of the Department of Histology, University
of Liverpool, immunocytological studies using the antibody have
localised G17 and the N-terminal fragment of G34 to the same gastrin
cell. These observations thus provide strong indirect evidence that
Gl17 is formed from G34 in the gastrin cell and that the liberated N-
terminal fragment can also be found there.
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No place in a biosynthetic scheme can yet be assigned with any
confidence to minigastrin and the N-terminal fragment of Gl17. They
might both be formed from Gl7 by an enzyme cleaving on the N-terminal
side of the tryptophan residues, and the small amounts in which they
occur suggest that this may be a trivial side-reaction.

Finally mention must be made of the fact that the C-terminus
of the gastrins is phenylalanine amide, and the amide group is
essential for physiological activity of the gastrin molecule2. There
are a number of other active peptides in which the C-terminal resi-
due is similarly masked (notably, of course, CCK and caerulein) which
also depend for their activity on this feature. It has recently
been suggested2l (Fig. 3) that it results from cleavage by trans-
amidation of a peptide longer at the C-terminal end, rather than by
direct amidation of the free carboxyl group. It seems very doubt-
ful whether such a peptide would be active and whether it would
crossreact with the gastrin antibodies commonly in use, which are
directed towards the C-terminus. The mechanism of C-terminal amid-
ation remains an important unsolved problem in the biosynthesis of
gastrin and similar peptides.

HOW HETEROGENOUS IS GASTRIN?

In our preparations of the gastrins from antral mucosa and
gastrinoma tissue, Tracy and 13 noted the presence of small amounts
of two further forms of Gl7 and two further forms of G34; exactly
how these differ from the well-known types I and II and whether they
are artefactual in origin remains uncertain. However, the remarkable
study of Rehfeld and his colleagues22 reveals an hitherto unsuspected
multiplicity of what might be termed 'subforms' of the various
varieties of gastrin. They subjected serum containing a large amount
of immunoreactive gastrin to repeated filtration on very large
Sephadex columns and were able to identify no less than twenty

R'CH,.CO.NH.CHR® ,COOH + NH,= R'CH,.CO.NH, + NH,.CHR®.COOH

Figure 3. Formation of C-terminal amide by transamidation with
simultaneous cleavage of a peptide bond (Bradbury, Smyth and
Snell, 1975)
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different gastrins - six component Is, six G34s, four Gl7s and four
Gl4s. Probably the differences in structure of these multiple sub-
forms will prove to be trivial; but the final account of the bio-
synthesis of gastrin will need to include some explanation for their
existence.
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BTOLOGICAL ACTIVITY AND CLEARANCE OF GASTRIN PEPTIDES IN DOG AND
MAN: EFFECTS OF VARYING CHAIN LENGTH OF PEPTIDE FRAGMENTS

J. H. Walsh
Department of Medicine, U.C.L.A. Medical School

Los Angeles, California

Gastrin is known to exist in mammalian tissues and blood in
multiple molecular forms.l Six of these forms have been character-
ized chemically and shown to be three pair of single chain peptides
in which the single tyrosine residue either is nonsubstituted (Gas-
trin I) or is sulfated (Gastrin II). The three pairs have a common
C-terminal tetradecapeptide sequence and differ only in the number
of amino acids comprising the N-terminal portion of the molecule.
The largest form contains 34 amino acid residues and is known as
big gastrin or G-34. The other forms are the heptadecapeptide or
little gastrin (G-17) and the tetradecapeptide or minigastrin (G-14).
Other gastrin peptides which have been identified immunochemically
but not characterized by chemical analysis include an amino ter-
minal fragment of G-17, a molecule slightly larger than G-34
known as Component I, and a molecule with an apparent molecular
weight similar to albumin known as big-big gastrin. None of these
forms has apparent biological activity. In addition, synthetic
preparations have been prepared of nonsulfated human G-34, G-17,and
G-14, as well as shorter C-terminal fragments of gastrin which are
not known to occur naturally. C-terminal peptides as short as the
tetrapeptide (G-4) are known to be potent stimulants of gastric
acid secretion and the tripeptide has slight activity.

The principal tissue which contains gastrin is the mucosa of
the gastric antrum (pyloric gland area). Extracts of antral tissue
reveal that the principal storage form of gastrin is G-17, which
comprises 90% or more of extractable gastrin. The remainder con-
sists of G-34 and small amounts of G-14. 1In contrast, the most
abundant circulating form of gastrin is G-34. One possible ex~
planation for the discrepancy between G-17/G-34 ratios in tissue
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and blood is a difference in clearance rates from the circulation

of the two peptides. In order to explore this possibility, studies
were carried out to determine the_clearance rates and disappearance
half time of G-17 and G-34 in dog” and in man3. In both species it
was found that G-17 was cleared 6-8 times more rapidly than G-34.
The estimated disappearance half times for G-17 in dog and man were
about 2.5 and 6 minutes, respectively, while the half times for G-34
were about 15 and 45 minutes, respectively. These differences were
reflected in much higher increments in circulating gastrin concen-
trations which were achieved during constant intravenous infusion

of G-34 compared with infusion of equimolar amounts of G-17. 1In
other studies it was found that sulfation had no effect on the
clearance rate of G-17 in dog and that G-14 had a clearance rate
similar to that of G-17. The differences in clearance rates could
account for most, but not all, of the discrepancy between tissue

and serum concentration of G-17 and G-34. The remaining difference
may be explained either by some selective release of G-34 from
tissue stores during stimulation or by differences in the efficiency
of extraction of these two molecules from tissue.

The proportions and absolute concentrations of G-17 and G-34
in blood differ over time during stimulation of gastrin release. 1In
order to estimate the biological activity of circulating gastrin it
is necessary to measure the biological effects produced by graded
increments in these circulating forms and to relate these effects to
changes in biological response obtained during endogenous stimulation
of hormone release. By administering pure peptides intravenously
as constant infusions over a sufficient period of time, it is possi-
ble to produce relatively steady state blood concentrations. At the
same time gastric acid secretion can be measured to monitor the prin-
cipal biological activity of gastrin. When such studies were per-—
formed in man and in dog, it was found that equimolar exogenous doses
of G-17 and G-34 produced similar rates of gastric acid secretion.
However, when acid secretion was plotted as a function of increase
in circulating gastrin concentration, it was found that circulating
G~17 was 6-8 times as potent as circulating G-34. Since G-17 com-
prises about 20-50% of circulating gastrin, it can be estimated that
G-17 accounts for at least two-thirds of circulating gastrin biolog-
ical activity. Therefore, in order to estimate the circulating gas-
trin which accounts for most of the acid-stimulating activity, it
would be desirable to use a radioimmunoassaz specific for G-17, such
as the one described by Dockray and Taylor.

Recent studies in man seem to confirm that G-17 may account for
most of the gastrin-stimulated acid secretion obtained during intra-
gastric administration of amino acid solutions.® These studies were
performed with continuous perfusion of the stomach with either a
saline solution or with an isotonic solution of amino acids. Acid
secretion was measured by the technique of intragastric titration.
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In preliminary experiments it was shown that slight distention of
the stomach with saline caused a small increase in acid secretion
rate, compared with the secretion rate measured by gastric aspira-
tion, and also increased gastric sensitivity to exogenous gastrin.
Distention alone did not increase serum gastrin concentration. Add-
ition of amino acids to the gastric perfusate caused a further in-
crease in acid secretion rate associated with an increase in serum
gastrin concentration. The increase in plasma G-17 concentration
was measured by radioimmunoassay, using an antibody (L-6) specific
for this molecular form. The increase in plasma G-17 and of acid
secretion which occurred during gastric perfusion with amino acids
were compared with the increase in plasma G-17 required to produce
the same rate of acid secretion when the stomach was perfused with
saline and synthetic human G-17 was given intravenously in graded
doses. It was found that the increase in G-17 which was obtained
during amino acid perfusion was sufficient to account for all of
the measured increase in acid secretion. Although this study did
not exclude the simultaneous occurrence of other stimulatory and
inhibitory factors regulating acid secretion, it could be concluded
that under these conditions of stimulation by amino acids G-17
could be a major physiological regulator of acid secretion.

All gastrin secreted into the portal blood from tissue gastrin
stores must traverse the liver before entering the general circula-
tion. The liver thus could contribute to the proportion of various
forms of gastrin found in peripheral blood by selective removal of
one or more forms. The effects of liver passage were studied by
comparing circulating gastrin concentrations and acid secretory
responses to graded doses of various gastrin peptides in dogs with
gastric fistulas and portocaval transposition. In this preparation
peptide solutions could be administered intravenously either into
the portal or peripheral circulation by selective cannulation of the
front or hind limb.’ It had been shown previously that the liver
removes more than 907 of gastrin tetrapeptide during a single pas-
sage. This finding was confirmed in the portocaval dogs. In con-
trast, intravenous systemic and portal infusions of G-34, G-17, and
G-14 produced similar increases in serum gastrin concentration and
similar acid secretory responses. It therefore is unlikely that
the liver plays a major role in the catabolism of gastrin or in the
regulation of the relative concentrations of the major biologically
active forms in the peripheral circulation. It also was found that
decreasing the peptide length of gastrin fragments from 13 to 10
resulted in considerable hepatic removal and that further shorten-
ing of the peptide to the heptapeptide resulted in nearly complete
hepatic removal. These studies suggest that it is unlikely that
unidentified short gastrin fragments could play any significant role
in total circulating gastrin activity. Even if such fragments were
synthesized and released into the portal circulation, they would be
removed or inactivated during hepatic transit.
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Several groups have reported that the kidney removes gastrin
from the circulation, and it has been postulated that the kidney
is the major organ responsible for gastrin catabolism. Two types
of observation make it unlikely that the kidney contributes more
than a fraction of total body removal of circulating G-17. First,
total renal blood flow is not sufficient to account for the short
half life even if renal extraction of gastrin approaches 100%.
Second, it has been shown that the renal arteriovenous difference
in gastrin concentrations seldom exceeds 30%. Therefore it seems
reasonable to presume that G-17 is removed at multiple sites in the
body. In order to test this hypothesis, G-17 was administered by
constant intravenous infusions to anesthetized dogs until a stable
increment in blood concentration was produced.8 Simultaneous blood
samples then were obtained from the arterial circulation and from
venous drainage from the kidney, intestine, head, and a limb. In
a separate study, blood was obtained from the hepatic vein. It was
found that venous concentrations were consistently lower than arte-
rial concentrations by about 20-307% and that these differences were
not significantly greater in the renal vein when compared with the
other venous sites sampled. Hepatic venous gastrin concentration
was lower than that found in other veins, but this finding could be
explained by passage through two capillary beds (intestinal and
hepatic). It was concluded that removal of circulating G-17 occurs
at multiple sites, possibly all capillary beds, and that the kidney
has no special role in G-17 catabolism. These results are consis-
tent with reports that the disappearance half time of G-17 is not
significantly prolonged in patients with severe renal failure.

It can be concluded that G-17, the most abundant form of gas-
trin in antral mucosa, also is the most important circulating form
of gastrin and that G-17 is likely to play a major role in the
regulation of acid secretion. G-34 is more abundant than G-17 in
the circulation because of less rapid clearance, but the biological
activity of G-34 is too low to account for a major effect on acid
secretion. The liver and kidney appear to play no unique role in
the removal of G-17 from the circulation. Instead, the rapid dis-
appearance of G-17 is due to removal by organs throughout the body.
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DIFFERENT FORMS OF GASTRIN IN PEPTIC ULCER

G. J. Dockray and I. L. Taylor
Physiological Laboratory, University of Liverpool

Liverpool L69 3BX England

The role of gastrin in the pathogenesis of peptic ulcer disease
has received considerable attention in recent yearsl. It is now
known that patients with duodenal ulcer are more sensitive to penta-
gastrin than normal subjects and have higher than normal postprandial
serum gastrin concentrations, possibly due to impairment of inhibi-
tion of gastrin release by acidl, However, the significance of these
observations remains difficult to interpret because gastrin is known
to circulate in several different forms which differ in their biolog-
ical activity. The main forms isolated from gastrinomas and antral
mucosa are big gastrin, or G34, and little gastrin, or G172, Other
forms have also been identified but these either circulate in low
concentrations or are not biologically active; they include mini-
gastrin (Gl4), an NH,-terminal fragment of Gl7, and two forms which
are probably larger than G34 (big, big gastrin and Rehfeld's com-
ponent I)2. In man and dog, Walsh has shown that the circulating
concentrations of G34 required to stimulate half maximal rates of
acid secretion are five-six times greater than those of Gl7, and
that the metabolic clearance rates of G34 are about one fifth those
of G173+4, Clearly, any attempt to understand the physiological and
pathophysiological significance of gastrin must take into account
the relationships between endogenous circulating gastrin and acid
secretion, and this can only be achieved through a knowledge of the
relative proportions of the different forms in blood. As a first
step in this direction we have compared the G17 and G34 responses to
feeding in normal subjects and patients with gastric ulcer and duo-
denal ulcer.

Most previous attempts to estimate separate Gl7 and G34 in blood
have involved the use of physico-chemical methods to separate the two
forms®. These methods are relatively insensitive and laborious and
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we have elected to use a different approach in which G17 and G34
are estimated by radioimmunoassay using two antisera which differ
in their specificity for G17 and G346. One antiserum is specific
for the COOH-terminus of Gl7 and therefore estimates Gl17 and G34,
while in a separate assay an antibody is used which is almost ab-
solutely specific for G17, and which does not cross-react with G34
or with COOH-terminal or NH, terminal fragments of Gl7 (Fig. 1).
The difference between the two estimates is a measure of G34 con-
centration, although it should be noted that this fraction also in-
cludes the small quantities of Gl4 and Component I which may be
present. Dilution curves of serum from a Zollinger-Ellison patient
were parallel with those of Gl7, validating the use of this anti-
serum in the radioimmunoassay of gastrin in blood. Experiments in
which molecular forms were estimated by specific radioimmunoassay
and by separation of the forms by gel filtration showed good agree-
ment between the two methods®.

Gastrin responses to a standard meal of eggs, toast, and oxo
were studied in 25 normal subjects and an equal number of age and
sex matched patients with duodenal ulcer’/. The increases in circu-
lating Gl7 measured by specific radioimmunoassay rose to a peak of
about 18 pmol/l in the duodenal ulcer subjects compared to about
13 pmol/1l in normal subjects, but the differences were not statis-
tically significant. In both groups Gl7 immunoreactivity reached a
peak about 20 min after feeding and then declined towards basal.

In contrast, the increases in G34 were about 70% higher in
patients with duodenal ulcer than in normal subjects and these dif-
ferences were significant (p < 0.05). In both duodenal ulcer and
normal subjects the peak G34 concentrations were higher than those
of G17 (Fig. 2), and occurred later (50 min in normals, 30 min in
duodenal ulcer). Several groups have reported that the total gastrin
responses to feeding are higher in duodenal ulcer than in normal sub-
jects, and the present study therefore extends these findings by
showing that the elevated postprandial gastrin concentrations are
mainly attributable to increased G34. The differences between the
groups were most pronounced in the first hour after feeding, and
there were negligible differences in the second hour.

An indication of the biological activity of gastrin in blood in
the two groups can be obtained by relating the present data to that
obtained in studies of the biological activity of exogenously admin-
istered gastrins. A convenient expression for the comparison of cir-
culating biologically active gastrin is obtained by describing the
gastrin concentrations as a multiple of the serum concentrations of
exogenously infused gastrin giving half maximal rates of acid secre-
tion (DSO)' In duodenal ulcer patients the D5o of G17 was reported
to be 25 pmol/l and that of G34 was 145 pmol/1.4 Similar data ob-
tained in our own laboratory (IL Taylor, unpublished observations)
indicates that in normal subjects the D59 of G17 is 70 pmol/1, or
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Figure 1. Inhibition of binding ofY2°I G17-I to antiserum L6 (1:
100,000) in the presence of graded amounts of human (H) G17-I, G34-
I, 2-17 G17-I, 1-13 G17-I and serum from a patient with Zollinger-
Ellison syndrome. Inhibition of binding is deseribed in terms of
the ratio of bound (B) to free (F)125I G17-I expressed as a percen-
tage of the ratio in the absence of unlabelled peptide or serum.
(Reproduced from Gastroenterology, ref 6).

about three times that in duodenal ulcer subjectsj these results
are in good agreement with the observation that duodenal ulcer sub-
jects are about three times more sensitive to pentagastrin than
normal subjectss. If one assumes that in normal subjects, as in
dogs and duodenal ulcer patients3'4, there is a six fold difference
in potency between circulating G17 and G34 then the Dgg of G34 will
be about 420 pmol/l. Table 1 shows gastrin concentration 30 min
after the standard meal in normal and duodenal ulcer subjects ex-
pressed in 'Dgg units'. The results indicate that G17 accounts for
over two thirds of circulating biological activity in both duodenal
ulcer and normal subjects even though G34 is present in higher molar
concentrations. In duodenal ulcer patients the total circulating
activity at peak gastrin concentrations is almost one Dy unit, in
other words if maintained these concentrations would produce about
half maximal acid secretion. In normal subjects on the other hand
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Figure 2. Peak increments in concentration of G17 and G34 measured
by specific radioimmunoassay in normal (m = 25), duodenal ulcer

(n = 25) and gastric ulecer (n = §) subjects, in response to a stan-
dard meal. Vertical bars represent S.E.M. (Taylor IL and Dockray
GJ, to be published).

the total circulating biological activity is only about 0.25 of a
D50 unit, and from Michaelis-Menten kinetics this would correspond

to less than 207 of maximal acid output. The differences in cir-
culating gastrin concentrations in duodenal ulcer and normal subjects
therefore become all the more striking when one takes into account
the increased sensitivity of duodenal ulcer patients to gastrin.

In patients with gastric ulcer the Gl7 responses to a standard
meal were similar to those in normal subjects. The peak increases
in G17 were slightly higher than normal, but these differences were
not significant. The time courses of the responses were also essen-
tially similar. 1In contrast, the peak G34 responses to feeding in
gastric ulcer were three-four times greater than those in normal
subjects (Fig. 2). Moreover, the elevated G34 concentrations ex-
tended over the full two hour period after the meal and were there-
fore readily distinguishable from responses in duodenal ulcer sub-
jects in which G34 concentrations were similar to normal in the
second hour. It is possible, but unlikely, that these differences
are caused by alterations in the metabolism of G34 in gastric ulcer.
More likely is that in gastric ulcer there is enhanced secretion of
G34 possibly due to increased tissue concentrations of G34. To ex-
amine this possiblity we have analysed molecular forms of gastrin in
extracts of antral and duodenal biopsies obtained at endoscopy in
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TABLE 1. Estimated contributions of G17 and G34 to biological
activity of gastrin 30 min after a standard meal. Gastrin concen-
trations are expressed as a multiple of the serum concentration re-
quired for half maximal aeid output.

Normal Duodenal Ulcer
Gl7 0.19 0.72
G34 0.05 0.25
Total 0.24 0.97

TABLE 2. Concentrations (mmol/q) of G17 and G34 in antral and
duodenal biopsies obtained at endoscopy in patients with gastric
ulcer (n = 5) and duodenal ulcer (n = 9). Values are means +
S.E.M.; asterisks indicate significant differences, p < 0.05 between
the two groups. (Unpublished observations, Dockray GJ, Walker R,
Owens D, Tracy HJ, Callam J).

Antrum Duodenum
Gl7 G34 Gl7 G34
Gastric 13.1 + 4.5 2,9 +1.2 1.1 + 0.6 1.8 + 0.3
ulcer
Duodenal 13.8 + 4.1 1.2 + 0.2% 0.3 + 0.1 0.5 + 0.1%*
ulcer

patients with gastric and duodenal ulcer. Preliminary results
(Table 2) suggest that whereas the concentrations of G17 in antral
and duodenal mucosa are similar in the two groups, the concentrations
of G34 in both antral and duodenal mucosa are elevated in gastric
ulcer subjects. In both groups the relative contribution of G34 to
total gastrin concentrations was higher in the duodenum than in the
antrum. These results point to functional differences in G-cell
activity in gastric and duodenal ulcer. Whether these differences
are secondary to other changes, for example in the patterns of acid
secretion and inhibition of gastrin release, remains to be studied.
The answers to these and other questions will depend on an under-
standing of the factors controlling the relative proportions of

Gl17 and G34 produced and secreted by G-cells.
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ANTRAL G CELLS AND MUCOSAL GASTRIN CONCENTRATION IN NORMAL SUBJECTS
AND IN PATIENTS WITH DUODENAL ULCER

L. Barbara, G. Biascc, M. Salera, F. Baldi, G. Di Febo
and M. Miglioli

Cattedra di Gastroenterologia, Universita di Bologna

Bologna, Italy

INTRODUCTION

The increase of serum gastrin after a protein rich meal,l-2
insulin hypoglycaemia3 and sham feeding4 is higher in duodenal ulcer
patients than in normal subjects. This may result from an increased
number of antral G cells and/or from an increased antral gastrin
content. Previous reports in this field have led to contradictory
results. From a methodological point of view, it is still question-
able if the antral gastrin content or the G cell count determined
from a few antral bipsy specimens can be representative of the
whole endocrine area of the antrum.

MATERTALS AND METHODS

We have examined 15 patients with duodenal ulcer and 12 normal
subjects without known diseases of the gastrointestinal tract. 1In
all cases consent was obtained.

Specimens of antral mucosa were excised during endoscopy from
2,3,4,5 and 6 cm from the pylorus along the greater curvature, using
a small graduated tube previously introduced into the stomach.
Samples were immediately cut vertically to the surface in two frag-
ments under stereomicroscopic view: one was used for immunohisto-
logical examination and the other for estimation of mucosal gastrin
concentration.
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Immunohistochemistry

Tissue samples were fixed in Bouin's fluid and embedded in
paraffin. Non-progressive sections 5 U thick were incubated
with antigastrin serum from a rabbit immunized with synthetic
human gastrin (titre 1:10.000, Imperial Chemical Industries,
kindly provided by Dr. G. Willems). A 1:50 dilution of the anti-
serum in phosphate-buffered saline (PBS) pH 7.4 was used for each
incubation. After three PBS washings, the sections were allowed to
react with sheep-antirabbit IgG peroxidase conjugated serum, diluted
1:50 in PBS. Diaminobenzidine was used to develop peroxidase activ-
ity. The sections were counterstained with Light Green.

Count of G cells

6 to 12 longitudinal sections have been examined in each biopsy
with a Leitz microprojector (objective 25x, eyepiece 2x) at a dis-
tance of 30 cm from the screen. In agreement with Creutzfeldt,5 the
size of the area used for counting G cells (0.25x0.30 mm) encompassec
the midzone of the antral mucosa, where antral G cells are predomin-
inantly situated in man.

Mucosal gastrin estimation

Each sample (weight: 1.8-5.6 mg) was immediately frozen on dry
ice or in liquid nitrogen and stored at -20°C until assay. When
examined, the frozen biopsy was placed into 2 ml 0.02 M Veronal buf-
fer pH 8.4 in a test tube in a bath of boiling water for 10 min and
then homogenized into a very fine suspension. After centrifugation
at 4500rpm for 5 min, the gastrin content was measured by radioimmunc
assay (Gastrin Radioimmunoassay Kit, Schwarz/Mann, Orangeburg, New
York) in the supernatant in a series of dilutions in ratios from
1:10 to 1:1000. Gastrin mucosal concentration was expressed as jg-
equivalent of the heptadecapeptide gastrin standard per g of tissue
and was the mean of duplicate determinations of three homogenate di-
lutions.

Statistical analysis

All values are presented as means + SD. Student's t test for
unpaired values and the linear regression test were used for calcu-
lations of P wvalues.

RESULTS

As shown in Figure 1, the mean gastrin concentration in antral
mucosa of control subjects (35.9 + 27.3 ng/g) was considerably high~
er than in antral mucosa of duodenal ulcer patients (20.7 + 24.3 ug/s
t = 2.25, P < 0.05). However, when the mean values of each site of
biopsy were compared, no significant difference could be found be-
tween healthy subjects and duodenal ulcer patients (Fig. 2). The
results of the G cell count are shown in Figures 3 and 4. The mean
value of antral G cell concentration was 23.5 + 9.8 G cells/area in
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Figure 1. Immunoreactive gastrin (IRG) concentration in antral
mucosa of duodenal ulcer patients and controls. Mean values + SD
of all sites of biopsy.

normal subjects and 15.9 + 12.3 G cells/area in patients with duo-
denal ulcer (t = 2.48, P < 0.02). The comparison of the mean values
of each site of biopsy shows a generally lower concentration of G
cells per area in duodenal ulcer patients than in controls but the
difference becomes significant only in biopsies taken at 6 cm from
the pyloric ring (t = 2.98, P < 0.02).

A significant correlation was found between mucosal gastrin
concentration and the number of G cells per area when all values
obtained in normal subjects and in duodenal ulcer patients were
considered (Fig. 5).

DISCUSSION

The relative importance of the various sites of gastrin release
was insufficiently known until now. However, the gastrin content
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Figure 2. IRG concentration in antral mucosa of duodenal ulcer
patients and controls. Mean values + SD of each site of biopsy.

in the proximal and distal duodenum, in the jejunum and in the gas-
tric body are only 0.5-10% of antral mucosa concentration,6 so that
it is generally accepted that the antrum is the major source of the
increased serum gastrin levels after a protein rich meal.

The exaggerated gastrin release after various stimulants in
duodenal ulcer patients has been considered to result from an in-

creased G cell mass’~10 or higher functional activity of the G
cells.>=6,11-16

Absolute quantitative estimation of the total number of antral
G cells can be made only in resected stomachs.l’? Similar studies
have been carried out on endoscopic biopsies, presuming a homogeneot
distribution of G cells in tissue and an equal extension of antral
mucosa. /" 10

In our study we aimed to encompass most of the antral mucosa
using multiple biopsy specimens (5 samples taken from 2 cm proxi-
mal to the pylorus, 1 cm apart from one another, along the greater
curvature). The greater curvature of the stomach was chosen as
the site of biopsies because of technical reasons (ease in excising
biopsies) and also because of lower incidence of inflammatory
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Figure 3. Number of G cells in antral mucosa of duodenal ulcer
patients and normal subjects. Mean values + SD of each site of
biopsy.

damages in such a region and a more abrupt borderline zone between
antral and fundic mucosa.

According to our previous results,18 in the present study the
G cell concentration appears to vary considerably even when adjacent
areas in the same subject are compared or equivalent areas in dif-
ferent subjects are compared. This is true for mucosal gastrin con-
centration too. Furthermore, the extension of antral area varied
considerably from one subject to another and appeared to be smaller
in duodenal ulcer patients than in controls. Similar results have
been obtained by Willems and Keuppens on resected stomachsl’ and by
Creutzfeldt and his associates on biopsy specimens.5,13 These
authors point out that the analysis of gastrin content and G cell
count upon a single or few biopsies may be misleading and does not
give information on the total G cell number and the total gastrin
content of the antrum.
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Figure 4. Number of G cells in antral mucosa of duodenal ulcer

patients and normal subjects. Mean values + SD of each site of
biopsy.
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Figure 5. Relationship between mucosal IRG concentration and number
of G cells in antral mucosa. All values from normal subjects (cir-
cles) and DU patients (triangles) were considered.
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Our results do not confirm the suggestion of more abundant G
cells in antral mucosa of duodenal ulcer patients nor the existence
of a larger gastrin content. Both parameters were found to be lower
in duodenal ulcer patients in each sample site and the difference
was significant when the mean values from all sites were compared
(P < 0.02). Moreover, the mean G cell number in sample 5 (6 cm from
the pylorus) was significantly lower in patients with duodenal ulcer
than in controls. The latter result is in agreement with the obser-
vations of Capper and his associatesl?® and indicates a lesser exten-
sion of the antral area in duodenal ulcer patients. We cannot agree
with the hypothesis of a G cell hyperplasia in duodenal ulcer pa-
tients;7'10 the exaggerated gastrin response to different stimulants
in patients with duodenal ulcer could be interpreted as the conse-
quence of a higher functional activity of the G cells.
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ROLE OF THE SMALL BOWEL IN REGULATING SERUM GASTRIN AND GASTRIC
INHIBITORY POLYPEPTIDE (GIP) LEVELS AND GASTRIC ACID SECRETION

H. D. Becker, N. J. Smith, H. W. Borger and A. Schafmayer
Department of Surgery, University of Goettingen

Germany

An increase in gastric acid secretion after resection or by-
pass of the small bowel has been described by several authors in
man and dogsls2:3, Furthermore, a high incidence of peptic ulcer
disease has been observed in patients with small bowel resection?s>.
The mechanism which induces gastric hypersecretion after exclusion
of large parts of the small bowel from food passage is still poorly
understood. Several authors have described hypergastrinemia after
small bowel exclusion or bypass,which may be caused by either a de-
crease in catabolism or a diminished release of inhibitors from the
small intestine®:7,8. One of the physiologically important inhibi-
tors of gastric acid secretion may be the gastric inhibitory poly-
peptide (GIP) which is released from the duodenum and jejunum after
food intake and shows besides its insulinotrogic effect a strong in-
hibition of stimulated acid secretion in dogs”.

The present experiments in dogs were undertaken to examine the
effect of small bowel exclusion (SBE) and subsequent resection of
the excluded part (SBR) on basal and food-stimulated serum gastrin
and serum GIP levels and Heidenhain pouch (HP) acid secretion.

MATERIAL AND METHODS

Four adult mongrel dogs were prepared with Heidenhain-pouches.
After a recovery period of 6 weeks a standardized feeding study was
performed: After a 12-hour fasting period the dogs were fed a
standard 400 g meat meal. During the basal period and during the
experiment blood samples for measurement of serum gastrin and serum
GIP concentrations were collected at regular intervals from a peri-
pheral vein. Acid secretion from Heidenhain-pouch was measured
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every 15 minutes during the basal period and for 150 minutes after
food intake. Acid concentration was determined by titration with
0.1 N NaOH using phenol red as indicator.

After completing 2 studies in each dog we performed a bypass
of the majority of the small bowel: The jejunum was transsected
20 cm distal from the ligament of Treitz and after closing the dis-
tal part of the transsected jejunum the proximal jejunal stump was
anastomosed end ~ to - side to the distal ileum 20 cm proximal of
the ileocoecal valve (SBE). After a recovery of at least 4 weeks
2 food studies were repeated as described above. After completing
this series of studies the four surviving dogs underwent a third
operation: the jejunum and ileum which had been excluded in the
second operation was resected (SBR). Finally, after a recovery
period of 4 weeks 2 food studies were repeated.

RESULTS

The results are tabulated in Table 1.

GASTRIN

The basal serum gastrin concentration in the control group was
36 + 6 pg/ml; this was significantly increased after SBE to 59 +7
pg/ml (p < 0.01). After SBR basal serum gastrin showed a further
significant increase to 95 + 17 pg/ml (p < 0.01). After food serum
gastrin increased to a maximum of 135 + 16 pg/ml in the control group
to 212 + 27 pg/ml in the SBE group and to 325 + 59 pg/ml in the SBR
group. The integrated postprandial gastrin output for the 150 minute:
after food intake was 9.03 + 1.84 ng/ml in the control group; this
increased significantly to 20.00 + 4.28 ng/ml after SBE. After SBR
integrated postprandial gastrin output increased further to 29.92
+ 6.