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ABSTRACT

SCHCTOL #
The distribution, tissue localisation and actions of the gut
peptides have been comprehensively studied solely in mammals.
The aim of this study was to expand the information to include
the lower vertebrates (in this case the amphibians and reptiles)

by establishing the phylogenetic development of the regulatory

peptide system.

The work involved the localisation of the gut peptides by
immunocytochemical techniques using well characterised antisera
to the mammalian peptides. The gut and pancreas from twenty-
five sgpecies was investigated. The species were drawn from the
following families -

Reptilia - Emydidae, Chelydridae, Crocodylidae , Agamidae,
Gekkonidae, Boidae, Colubridae and Viperidas,

Amphibia - Salamandridae, Discoglossidae, Ranidae, Bufonidae,

Atelopodidae and Hylidae.

The peptides studied included gastrin, cholecystokinin, insulin,
glucagon (pancreatic and enteric), somatostatin, pancreatig
polypeptide, gastric inhibitory polypeptide, motilin, secretin,
neurotensin, vasoactive intestinal polypeptide, substance P,

enkephalin and bombesin.

The results show that in the amphibia the dual localisation to
mucosal endocrine cells and nerve fibres and cell bodies, as
seen in the mammals, was already well established. Of the

peptides/.....
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peptides investigated only cholecystokinin, motilin, gastric
inhibitory polypeptide and secretin were undetected in the
amphibians. Even in mammalian tissues there are species-
specific problems in detecting motilin and gastric inhibitory
polypeptide, therefore as the investigation was limited to the
use of mammalian antisera the absence of immunoreactivity
cannot exclude the presence of the peptides in amphibian
material. In the reptilia all the peptides investigated were

detectable.

The study has demonstrated that the regulatory peptide system
is, in comparative terms, well established in vertebrate
evolution. It will also show that, especially in some Anurans
and ggrpentes s further work will provide excellent experimental
models which may give considerable information as to the actions

of some of the regulatory peptides.



ABBREVIATIONS

Ins - Insulin

Gluc - glucagon

Gas - gastrin

CCK - cholecystokinin

SP - substance P

BN - bombesin

NT - neurotensin

SOM - somatostatin

GIP - gastric inhibitory polypeptide
VIP ~ vasoactive intestinal polypeptide
MOT - motilin

SEC - secretin

PP - pancreatic polypeptide

ENK - enkephalin

NSE - Neurone specific enolase

IMF - immunofluorescence

PAP - peroxidase anti-peroxidase

PBS - Phosphate buffered saline
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Introduction

The term "Gut Hormone" refers to the biologically active
peptides isolated from mammalian intestine. It has been
suggested that these peptides form a major regglatory system
controlling a number of gastrointestinal functions including
motility, blood flow and secretion (Polak and B100m19863.
In the strict sense of the word the gut peptides should not
be termed hormones as many of the criteria for their
recognition as such have as yet to be fulfilled. The
precise physiological action of most of these peptides is
unknown, although there is growing evidence from

. .
pharmacological studies that specific actions do exist.

Due to the wide variety of physiological processes involved,
the control of gut function is a complex system. Functions
such as the release of the digestive enzymes, acids and mucins
as well as muscle contraction and the normal balance of
nutrient absorption must be regulated, at least in part by the

proposed system.

The original Pavlovian view that all functions are wultimately
under neural control was transiently reversed by Bayliss and
Starling at the beginning of the century. They isolated an
active, humoral factor from pig duodenum which, when
administered to dogs with a denervated stomach, elicited a
dose related release of pancreatic juicej this factor was

subsequently/.....
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subsequently named secretin (Bayliss and Starling 1902).
Their work was taken, then, to have disproved Pavlov's
theory of neural control, leading to an almost exclusive
concentration of effort on purification and identification
of further humoral (peptide) factors from the intestine.
Much of this work has been carried out by Mutt and

co-workers at the Karolinska Institute.

Histology

As these peptides were being isolated from intestinal
tissue, it was thought that they were synthezised and
secreted from this region. Feyrter had, in 1938,
demonstrated the existence of a system of clear cells
'helle Zellen' distributed throughéut the intestine, which
appeared to be unstained with common histological mefhods
(Feyrter 1938). Feyrter suggested that these cells might

have a local (paracrine) action on the surrounding tissue.

Subsequent ultrastructural work showed that the cells
contain characteristic secretory granules, varying from one
cell type to another. A classification of cell types based
on the appearance of the cells and their characteristic
secretory granules was introduced in 1970 (Creutzfeldlﬁﬂca
(see Table 1) in order to provide a uniform
nomenclature. There was at that time no direct evidence
available(from localisation work at the‘ultrastructural level)
that these cells did in fact produce the biologically active
peptide found in the gut, although the antral G-type cells

were/eceeee

~14-



were linked with the production of gastrin (Solcia et al
1969) as the distribution of these cells paralleled the
results found in immunocytochemical work using antisera

to gastrin with light microscopy (McGuigan 1964 .

Table 1 ~ Wiesbaden Classification

Cell type Secretory granules Localig ation Hormone
I polymorphic
(serotonin) electronopaque
a big cardia to jej. serotonir
b small cardia to jeje.
c nibbled stomach
II round, electronopaque
(A cells)
a big cardia, fundus ?
b dense core fundus ?
c small small intestine secretin
pancreozy
I11 pale, round
(D cells)
a variable
electrondensity fundus ?
b big pylorus ?
v round, electrondense
(X cells)
a big stomach to jej. ?
b irregular, clear
core fundus ?
v round, variable
(gastrin electrondensity pylorus gastrin
cell)

The further study of these cells proceeded at the same time
as the biochemical purification of gut peptides. When pure
samples of the peptides were available it was possible to

produce specific antibodies to the peptides and to determine

their amino acid compositions.

The/.....
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1.3.

The development of specific antisera to the individual
pepﬁides was necessary in order to demonstrate their
cellular origin. When these antisera were available
techniques such as immuno-cytochemistry were modified as
required for studies of these peptides by both light and

electron microscopy.

The result of all this has been to show that the cells of the
'helle Zellen' system are in fact the source of some of the
intestinal peptides. The up-dated classifications produced
at Lausanne (Solcia et al 1978) and Cambridge (Solcia et al
1981) (see Table 2) summarise the present knowledge of this
system, the majority of the cell types no longer being
defined purely on morphological grounds but by the peptide
produced. However, it must be noted that the information
used to create the classification is confined to mammals with

special emphasis on man.

APUD concept

As early as 1968, a theory was put forward linking the
intestinal endocrine cells with those of the endocrine glands.
This was the APUD theory {(Pearse 1968) based on certain common
cytochemical characteristics, principally the presence of
intrinsic biogenic amines or the ability to take up and
decorboxylate their amino acid precursors. APUD is in fact
an acronym of this ability, ie Amine Precursor Uptake and
Decarboxylation. . It was originally proposed that all
members of the APUD group, regardless of spatial location,
were derived from the neural crest. In the light of more

recent/.....
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Table

CELL

- vs B

CL

=3

IG
TG

Revised Lausanne Classification of Human Gastroenteropancreatic Endocrine Cells.

MAIN PRODUCT

?

?
SHT, Peptides
Somatostatin
Insulin
Glucagon

?
?(b,histamine)
Gastrin
Gastrin
C-terminal G/CCK
CCK
Secretin
GIP
Motilin
Neurotensin

GLI

a = foetus or newborn

PANCREAS

b = animals

f = few

STOMACH INTESTINE
Oxyntic Antral Small Large
Upper Lower
+ + +
+ f f f
+ + + +

+
+
-+

a,b
+
+
f
+ r .
r
+ b "
+ T
+ f
+ f
+ £
r + T
f + +

r = rare
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recent evidence this has been modified to include

specialised neural and placodal ectoderm (Pearse and Takor

Takor 1976).

Peptide~containing Autonomic nerves

A peptide-containing component of both the peripheral and
central nervous systems has recently been demonstrated by
immunocytochemistry. Peptides originally thought to be
produced in endocrine cells have been localised in intestinal
nerve plexuses, such as substance P (Nilsson et al 1975,
Pearse and Polak 197;3 and vasoaétive intestinal polypeptide
(VIP) (Bryant et al 1976, Larsson et al 1976), both the
myenteric and the sub~mucous. On the other hand
enkephalin, first isolated from braih tissue (Hughes et al
1975) has been found in a population of enteric nerves

(Alumets et al 1978).

These findings provide circumstantial evidence in support of

the APUD theory.

An extension of the APUD theory which links the morphological

appearance of the individual elements with the possible mode

of secretory activity has been suggested. In relation to

this it has been proposed that all the secretory elements,

whether nerves or endocrine cells,are merely a refinement of
& Kobayashi 1972

an original secretory cell (Fujita In this way the

regulatory peptides may show a spectrum of potential actions,

For convenience these can be divided into four general groups:-

1. ClassicaL/.....

18-



1. Classical neurotransmitters, released from a nerve
terminal at a synaptic junction, fast acting and of
short duration.

2. Neuromodulators, released from nerve terminals but
not necessarily at a synaptic junction, slow in onset
and of longer duration.

3. Paracrine (locally acting) cells, releasing their
product into the intercellular spaces -and thus
controlling the function of surrounding cells.

4, Endocrine cells releasing their product into the
circulation and affecting their target organs which

may be quite distant.

In effect it would seem as if both Pavlov and Bayliss and
Starling were correct in that the control of gut function
is accomplished by an interaction between humoral (endocrine)

and neural elements with a common factor being the presence

of peptides as the proposed active agents.

Physiology

At the same time as their morphological localisation was being
established, physiological studies were being initiatéd to
establish the action of each of the purified peptides.

There are at present 15 recognised biologically active
peptides isolated from the gut. Their actions show
considerable similarities but presumably each responds to
different stimuli. In Table 3 the peptides and actions,

as established to date, are given. It must be remembered

that/}....
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Table 3 Regulatory Peptides and their main actions.

PEPTIDE

Gastrin

CCK

Secretin
Motilin

GIP
Neurotensin
Enteroglucagon
Insulin
Glucagon
Somatostatin
PP

Substance P

VIP

Enkephalin

Bombesin

20~

ACTIONS
Gastric acid release
Trophic

Pancreatic enzyme release

Gall bladder contraction
Pancreatic bicarbonate release
Upper intestinal motility
Insulin release

Stimulates glycogenolysis
Trophic

Hypoglycaemic

Hyperglycaemic

Inhibitory

Inhibits pancreatic enzyme release

Vasodilation

smooth muscle contraction

Vasodilation

smooth muscle relaxation

Inhibits gastric emptying

. pH dependant gastrin release

Stimulates glucagon and PP release.



1.6.

1-7-

that much of this work has involved the use of pharmocological
doses and therefore its exact biological significance is
difficult to assess.

Pathology

The regulatory peptides have been shown to be altered in a
number of pathological conditions such as diabetes, duodenal
ulceration, automomic neuropathy and infant nesidioblastosis
(Table 4, Polak and Bloom 198JkY Of these only the role of
insulin in diabetes is well understood; for the remainder it
is not known whether the changes in the peptides are causative
or secondary to an unknown primary factor.

As a means of establishing the precise role of the individual
peptides significant information can be obtained both from
studies of their localisation in normal human and mammalian
tissues and from their phylogenetic'development. Once the
contribution of each of these peptides to the normal
regulatory system is understood, a further evaluation of
their status in pathological situations can be undertaken.
Chemistry

As the peptides were purified, protein chemists determined the
amino acid sequences. It was found that the peptides could
be grouped according to sequence similarities. Thus gastrin
and cholecystokinin share a C-terminal pentapeptide sequence
(Diagram 1). Secretin, VIP, gastric inhibitory polypeptide
(GIP), pancreatic and enteric glucagon have numerous common
sequences (Diagram 2) and substance P and bombesin share two
C-terminal residues (Diagram 3). At present it appears as

if somatostatin, motilin, insulin, neurotensin and pancreatic
polypeptide are not members of any related family group.

There are indications from some preliminary data concerning

the isolation of a peptide PYY which has N-terminal sequence

similarities/c.ce..
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TABLE 4 - PATHOLOGICAL DISORDERS

Syndrome Peptide Incréase Decrease
Diabetes Ins x
Gastrinoma Gas x

Vipoma VIP x

Crohn's vip x

Chagas VIP x
Nesioblastosis SOM b |
Glucagonoma Gluc X

Insulinoma INS x

-20..



1.8.

1.9.

similarities to neurotensin and C-terminal similarities to
pancreatic polypeptide (Tatemoto and Mutt 1980) that these
two peptides may be related in some way. In addition,

neurotensin is related to the amphibian peptide, xenopsin

(Diagram &4).

Antisera

These shared sequences have led to problems in raising
specific antisera to the related peptides. For example
antisera to gastrin that bind to the C-terminal region of
gastrin will also bind the C-terminal region of
cholecystokinin (CCK); this multi-specificity is most
unsatisfactory in immunocytochemical studies. In order to
overcome this problem, antisera to the N-terminal of gastrin
have been raised which therefore do'not cross react with

CCK (Vaillant et al 1979),. The raising of specific antisera
to CCK was also a problem because of the same dual binding.
However, synthesis of a partial sequence (9-20) 6f the

molecule allowed the production of antibodies which did not

bind to gastrin ( PBlak et al 1977).

Similar problems have been found with glucagon and GIP
(Buchan et al 197é§ and with bombesin and substance P. In
all immunocytochemical work great care must be taken in
order to eliminate false results produced by inadequately

characterised antisera.

Immunocytochemistry

All immunocytochemical methods rely on the production of
antibodx/antigen complexes which are then visualised by a

variety of techniques. There are two main problems to be

faced/.....
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Diagram 1

CCK-8

Gastrin

Caerulein

Diagram 2

—Gln-ASP—TYR(HSOB)—Thr—GLY-TRP—MET—ASP—PHE-NH

C-terminal sequence similarities Gastrin and CCK.
—ASP—TYR(HSOB)—Met-GLY-TRP—MET—ASP—PHE-NHZ

—Tyr(HSOB)—GLY—TRP-MET—ASP—PHE—NH2

2

Sequence similarities Secretin Family

Secretin HIS-SER-ASP-Gly-THR-PHE-THR-SER-Glu-Leu-SER-ARG-LEU-ARG-

VIP HIS-SER-ASP-Ala-Val-PHE-THR-Asp-Asn-Tyr-Thr-~-ARG-LEU-ARG-

Glucagon HIS-SER-G1n-GLY-THR-PHE-THR-SER-ASP-TYR-SER-Lys-Tyr-Leu-

GIP Tyr-Ala-Glu~-GLY-THR-PHE-Lke~-SER-ASP-TYR~SER-Ile-Ala-Met~

Secretin —ASP—Ser—A1a—ARG—Leu-GLN—Arg—Leu—LEU—GLN—Gly~LEU—Val—NH2

VIp —Lys—Gln-Met—Ala—Val—Lys—Lys—Tyr—LEU—Asn—Ser—Ile—LEU—Asn—NH2

Glucagon ~ASP-Ser-Arg-ARG-Ala-GLN-ASP-PHE-VAL-GLN-TRP-LEU-Met-Asn-The---

GIP ~ASP-Lys-I1e-ARG-Gln-GLN-ASP-PHE-VAL-Asn-TRP-LEU-LEU-Ala-Gln---

vDiagram 3

Substance P
Bombesin

Physalaemin

Diagram 4

Neurotensin

Xenopsin

Sequence similarities Substance P and Bombesin

Arg-Pro-Lys-PRO-Gln-Gln-PHE~Phe-GLY~LEU-MET-NH.
Pyr-Gln-Arg-Leu-Gly-Asn~-Gln-Trp-Ala-Val-Gly-His-LEU-MET-NH.

Pyr-Ala-Asp-PRO-Asn-Lys-PHE-Tyr-GLY-LEU-MET-NH.

Sequence similarities Neurotensin and Xenopsin

—Lys—Pro—Arg—ARG—PRO—Tyr—ILE—LEU—NH2

-G1u-Gly-Lys-ARG-PRO-Trp-ILE-LEU-NH,

(C-terminal octapeptide).

—ob_



faced when undertaking such work. Firstly the fixation
employed must give an acceptable morphological preservation
whilst also retaining the antigencity of the peptides.
Secondly, the antisera employed must be specific for a
single peptide, which in these studies is complicated as the
antisera are applied to tissue sections and can bind to any
of the available tissue antigens. It follows from this
that an antiserum can only be considered as specific if the
antigenic determinants detected are not shared with any
other peptide in the tissue. The problems inherent in
immunocytochemical work have been extensively réported in two
recent publications (Petrusz et al 1980, Van Noorden and

Polak 1981).

An exciting new development has beerl the production of
monospecific antisera by the use of cloning selective

. . <ol
hybridoma cell lines (Milsteingl979). These monoclonal
antisera may prove to be the answer to the immunocytologists
prayer, as all non-specific antibody interactions will be
eliminated and there will be an unlimited supply of the

antisera.

Immunocytochemical studies are essential in order to
establish the tissue components responsible for the
production and storage of the individual regulatory
peptides. It is only by such studies that a full under-
standing of the dynamic processes of peptide release, as
demonstrated by the secretory cycle of the individual cells

and nerves, can be obtained.

1.10. Outline of Thesis

It is generally accepted that the evolution of different

species/ce...
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species has proceeded by means of natural selection, whereby
only those species best adapted for the prevailing

conditions will thrive, ie 'survival of the fittest'.

The framework of this thesis rests on the major assumption
that the ancestral, aquatic, vertebrate stock gave rise

first to a primitive partially terrestrial amphibian-like
creature which through continued speciation gave rise to both
the amphibians as we know them today and the reptiles. The
original common ancestors presumably shared many common
characteristics which may still exist in the present day
species. Adaptive radiation within the two groups has
produced increased specialisation such as the secondary
development of the hind limbs in the frogs and the total loss

of even vestigal limbs in the advanced snakes.

As a basis for the work to be presented, it is suggested

that during this adaptive radiation the regulatory peptide
system would have evolved in parallel with the differentiating
species and would become increasingly complex with increasing

specialisation of the animals.

As this work proceeds the above hypothesis will be tested

and either endorsed or refuted. Comparative studies are
also of interest in establishing the chemical and
morphological antecedants of the regulatory peptide system.
By use of such an approach various aspects can be shown to be
either intrinsic to the organisation of the system from its
origin or innovations limited to specialised animals. For
example the phylogentic development of the intestinal
neuroendocrine system with its dual localisation to

endocrine cells and nerves has been investigated, in order

to/.....
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to give information as to whether the cellular localisation

pre~dated the neural or the neural the cellular,

In addition, pre-mammalian species are often easier to
study as their metabolism tends to be simpler and therefore
the regulatory mechanisms may be relatively uncomplicated.
By studying such systems it should be possible to see how
the various components of the regulatory peptide system
interact. If such information is available it can be a
valuable basis on which to plan further mammalian studies.
However, such further work can only be contemplgted iflthe
existence of the full regulatory peptide system (or a
reasonable part thereof) has been established in the lower

vertebrates.

Although there are indications of the presence of some of

the intestinal biologically active peptides in primitive

etol
vertebrates (cyclostomes, Van NoordenA1972; teleosts, Van
& Patent
Noorden 1980, Dockray 1974, Klein & Van Noorden1980;

invertebrates (ascidians, Fritsch et al 19795

Thorndyke and Bevis 1980; Lumbricus, Sundler et al 1977;
molluscs, Fritsch et al 1974; insects, Kramer et al 1977;)
there is no detailed study of the existence of this

system as a unit.

Initially it was thought that problems might have been
encountered in detecting the non-mammalian peptides, as the
antisera used in the staining procedures were mostly raised
to mammalian (porcine) antigens in rabbits. In practice
it has been shown that most mammalian antisera successfully
bind to pre-mammalian peptides. This may be due to the
fact that the antibodies present in the antisera are

usually/.....
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usually directed to the active portion of the antigen, ie
the sequence involved in receptor binding. This is the
region that would be expected (and indeed has been shown
in insulin (Peterson et al 1974, Steiner et al 1973)) to
remain most stable throughout evolutionary development,
provided that the peptide retains a similar biological
action:* If this is so it would pre-suppose that the
amphibian and reptilian peptides which cross-react with
antisera to mammalian peptides interact with receptors in
the same locations and have the same effects as their
mammalian counterparts. If this is correct it emphasises
how useful these animals would be as experimental models.
Enthusiasm must however be tempered with caution as
physiological studies on glucose homeostasis in amphibians
and reptiles have already shown that mammalian insulin and
glucagon do exert the same effects as in mammals, but onset
is slower and the duration of the effect is much increased
(Penhos and Ramey 1973, Epple et al 1980, Miller 1960).
Whether the same results would be obtained with native

amphibian/reptilian peptides has yet to be determined.

If individual peptides are not detected in the amphibian
and reptilian material using mammalian antisera this alone
cannot eliminate the possibility that a related peptide with

a modified structure is present.

Whenever possible, different region-specific antisera have
been used in order to show which regions of the peptides
are present in the non-mammalian species. This is the
only way in which an idea of peptide composition can be

Obtained/. esee
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obtained using immunocytochemical methods.

It is possible that some peptides will remain undetected
in the less advanced amphibian species, irrespective of
antisera limitations. If this does occur it will be of
great interest to see if the first immunologically
detectable demonstration can be uncovered during the
investigation of the increasingly advanced amphibian and

reptilian species.

It is also possible that the distribution pattern of the
intestinal peptides may show inter-species, inter-familial
or inter-order changes which may give additional

information on phylogenetic relationships.

* However from studies of the action of insulin in lower vertebrates,
it has been demonstrated that this peptide has a much wider spectrum
of actions than in mammals, including an effect on osmoregulation ard
amino acid metabolism. This in turn indicates that the receptors
available for insulin-binding in these animals are more widespread
and therefore in studies of the function of the regulatory peptides
using lower vertebrates as experimental models those actions

retained in mammalian metabolism must be clearly distinguished

from those peculiar to the lower vertebrates.
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Chapter 2 - INFORMATION ON THE RELEVANT ANATOMY AND HISTOLOGY OF THE
GASTROINTESTINAL TRACT AND PANCREAS

2.1. Amphibia

Amphibians were the first vertebrates to live the majority

of their life on land, only returning to water to spawn.

All amphibia lay eggs which are coated in a gelatinous

substance which cannot withstand dessication. The young,

immature amphibians are fully aquatic, undergoing a

metamorphosis from the larval (tadpole) stage to the adult

land living form. Even the adults are not fully adapted
for terrestrial life as the skin remains fully permeable,
restricting them to habitats with easy access to water or

a very high humidity.

2.1.1. Phylogeny. There are three orders of amphibia -
Urodela, Anura and Apoda. The Urodela (salamanders
and newts) are the most primitive, having remained
anatomically unchanged from the first identified
fossil amphibia (Kingsley Noble 1954).

The most prolific order is the Anura, the highly
. specialised frogs and toads. The Apoda (caecilians),

a specialised group adapted for a burrowing existence and
having secondarily lost all but vestigal limbs, are much
less common than the Anurans. The phylogenetic
relationships as at present understood are shown in
Diagram 5.

2.1.2. Peptides. An interesting feature was the finding
of several biologically active peptides in sub-
cutaneous glands of many Anurans (frogs) (Erspat-er
and Melchiorri 1973). The function of these peptides
is uncertain, They may possibly act as deterrants to

predators,/ﬁ....
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predators, as they are excreted on to the skin surface
& Hopkine 1975).
if the animals are handled (Dockray : Several of
these peptides have been isolated and sequenced and
shown to be either identical (as in the case of
bombesin) or related (as in physalaemin and substance P)
to mammalian gut peptides (see Diagram 3). It will be
of interest to see if the peptides present in the skin
are also present in the intestines of the same species.
Bombesin, a 14 amino acid peptide was originally

isolated from the skin of Bombina bombina (Anastasi et

al 1971} and although bombesin-like immunoreactivity

has been reported in the stomach of Rana temporaria

(Lechago et al 197¢) it remains to be detected in the

intestine of Bombina.

.

2.1.3. Conventional Histology and Gross Anatomy
a. Pancreas. Amphibian pancreas consists of columns

of acinar cells with interspersed endocrine islets.
The islets are found throughout the exocrine
pancreas, being clearly separated‘by a capsule of
connective tissue (Penhos and Ramey 1973). Unlike
some fishes and reptiles there is no aggregation
of islet tissue to the splenic lobe (tail). The
islets are thought to be budded off from the ductular
epithelium as the pancreas matures (Gerlovin 1976,
Falkmer et al 1977). The amphibia are known to have
three main islet cells: A, B andD (Epple and Lewis
1973) although there are reports suggesting the
presence of relatively few A cells, the islets being

made up of/.....
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of mostly B cells (Lange 1973). In the primitive
Urodeles it was originally suggested that there

was a total lack of A cells (Falkmer and Marques
1972) but this has since been disproved by more
advanced cytochemical staining.

Anuran islets consist of a central core of B cells
with the A and D cells at the periphery (Lange 1973).
In several species there are also scattered cells in
amongst the acinar tissue. This pattern is
similar to that found in the mammals, especially

man (Orciand Unger 1975),

The information presented above is mainly based on
ultrastructural and cytochemical work with a small
number of immunocytochemiqal studies mostly
confined to the Anura(Falkmer 19791

There is no mention in the literature of the
presence of the fourth mammalian pancreatic hormone,
pancreatic polypeptide, although some studies refer
to the presence of a fourth cell type which has yet
to be linked to the production of any peptide.

Work on the innervation of the amphibian pancreas
has shown that there are both cholinergic and
adrenergic fibres in the exocrine and endocrine
tissue, no peptidergic component has yet been
identified.

The pancreatic hormones insulin and glucagon are
known, in mammals, to be involved in maintaining
glucose homeostasis. Amphibia have been shown

to have relatively low blood sugar levels, except

during/.....
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during the mating season. Insulin-induced
hypoglycaemia in frogs (caused by injection of
mammalian insulin) is slow in onset and of
prolonged duration (Penhos and Ramey 1973).
Whether this mimics the effect of amphibian
insulin is unknown, the purification of amphibian
insulin is required before this can be clarified.
However the pancreas in the amphibia is not the
only site of glucose control, the pituitary,
thyroid and inter-renal glands are also involved
( Kingsley Noble 1954).

As the vast majority of the physiological work
has involved the use of mammalian insulin and
glucagon the precise importance of these hormones
in regulating amphibian glucose levels remains

uncertain.

Stomach. The stomach can, histologically, be

divided into two areas - upper {(fundic) and

lower (antral). In both regions the mucosa is

made up of numerous glands, those in the fundus
being deeper than those in the antrum. The cells
comprising these glands are mostly mucin-containing,
those of the fundus producing acid polysaccharides
and those of the antrum, neutral polysaccharides.
Endocrine cells have been identified in both regions.
In the Ranidae (Anura) some of the endocrine cells
have been linked with the production of bombesin
(Lechago et al 1978) and of a gastrin/cholecystokinin-
like peptide (Larsson and Rehfeld 1977).

There/eeec..
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There are well developed circular and longitudinal
muscle layers, with a rich cholinergic and
adrenergic innervation, the circular muscle coat
having a denser innervation, a similar situation

to mammals (Rogers and Burnstock 1966, Campbell
1969).

In the amphibia the stomach functions as a sack for
the storage and lengthy digestion of the ingested
food (mostly live insects and worms). The well
developed muscle layers are probably related to
holding the initially alive prey. They are also
presumably involved in the movement of the digested
food into the foregut (duodenum).

It is known that both hibernation and seasonal
variations occur in the th;ckness of the muscle
and mucosal layers of the stomach, possibly related
to the difference in general metabolic rate

in amphibians (Geuze 1971 a, b). Further studies
of possible changes in the regulatory peptide system
would be of great interest. A thorough
investigation was considered to be outside the

scope of this study.

Intestine. The intestine is lined either by a

simple or stratified epithelium, depending on the
species., There are no true villi and crypts

such as are found in mammals. The absorptive
surface is increased by gut folds which
superficially resemble villi,

Although there is no direct proof of a peptidergic

component/.....
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component to the peripheral innervation,
physiological studies showing the presence of
an atropine-resistant vagal response are
suggestive of its presence (Carlson and
Luckhard 1921).
The colon of these amphibians has an additional
function as a bladder-like organ in that it
re-absorbs significant amounts of water prior
to excretion of the faeces (Carter 1975).
Reptilia
The reptiles were the first truly terrestrial énimals.
With the development of an impermeable, scale covered skin
they were no longer limited to areas near water. Some
reptiles are extremely well adapteq for life in the most
arid conditions, such as the desert wastes. The young
are laid as eggs (oviparous) or born live (Viviparous).
living
2.2.1. Phylogeny. There are fourkorders of reptiles -
Testudinata ,Crocodilia, Rhynochephalia and Squamata.
The Testudines comprise the turtles and tortoises,
all distinguished by the possession of a hard boney
carapace enclosing the body. The Crocodilia consist
of crocodiles, alligators/caiman and gharials. of
these the alligators are the oldest, being recognisable
in the Jurassic (150 million years ago) (Young 1950). The
crocodiles are an emergent form which have replaced
the alligator in most areas apart from the Southern United
States and China. The caiman is the alligators'
answer to the crocodile; being smaller and more
aggressive | and it is gradually invading the

territories/eee..
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territories taken over by the crocodiles. The
gharials (or gavil) are the fish eating crocodiles
with greatly elongated, tapering snouts which are
thought to be advantageous for fish catching. The
exact relationship of this family to the other

members is at present uncertain.

The order - Rhynochephalia - has been created for a
single species, Sphenodon, which is confined to a few
islands around the coast of New Zealand. Due to the
rarity of this species, it has been impossible to
include this fascinating animal in the present study.
The‘Squamata includes the most abundant sub-orders -
the Lacertilia (lizards) andSerpentes(snakes). The
lizards and snakes have undergone extensive adaptive
radiation, being found from temperate zones to the arid
desert zones.

The phylogenetic relationships of the various reptilian
orders and the sub-orders are shown in Diagram 8.

2.2.2. Conventional Histology and Gross Anatomy. Although

the pancreas has been studied in several species, there

is in general a lack of information on the histology of

the intestinal tract in the reptiles. The following
summary will of necessity be confined to the species
described in the literature.

a. Pancreas. Although the anatomical site of the
pancreas varies in relation to the spleen and
stomach it is always attached to the duodenum in
all the species so far described (Miller and
Lagios 1970).

In/fee...
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In the Testudines and the majority of

Lacertilia the arrangement of the pancreas is
similar to that in amphibia and mammals. The
endocrine islets are found throughout the exocrine
tissue., Only two cell types investigated by
cytochemical techniques are at present recognised
in those species. B cells are found in the
centre of the islets and A cells at the periphery
(Miller 1962).

In theSerpentesand some Lacertilia the pancreatic
anatomy differs, especially in the primitive
snakes (Thomas 1942) and the Varanidae (lizards)
where there is a reversion to the fish pattern of a
concentration of islet tissue to the splenic lobe

ie the Brockmann bodies, or sometimes to a single
'giant' islet as in the Varanidae,

There are also reports of islets occurring actually
within the spleen, being totally separated from the
rest of the pancreas (Hellerstrom and Asplund 1966).
In these animals the arrangement of the cells within
the pancreas differs from the mammalian, with the

A cells being found in the centre and the B cells at
the periphery (Hellerstrom and Asplund 1966). This
was presumed to be a primitive characteristic;
however, similar findings were also reported in
members of the Viperidae, the most advanced of the
snake families.

The situation in the Crocodilia is confusing - some

reports stating that there is a splenic concentration
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of the islets (Miller 1962) whereas others have
described islets distributed throughout the
pancreas (Penhos and Ramey 1973). As no
definitive description is available this will be

investigated in the present study.

Stomach. The stomach was divided into two areas -

fundic and antral - the mucosa of both regions
consists of glands, deeper in the fundus than in the
antrum. The glands are made up of two types of
cells, mucous and serous (Gabe and Saint Girons 1972)
The mucous cells produce either acid or neutral
mucopolysaccharides, the serous cells produce
zymogen-like enzymes. Endocrine cells detected

by both the argentaffin and argyrophyl silver
staining methods have bee; identified in the mucosa
{(Ferri et al 1974). One of the cell types has been
suggested as the site of gastrin-production by

histochemical methods but this has not as yet been

proved by immunocytochemistry (Gabe 1972).

Intestine. The longest intestines {relative to

body length) are found in the Testudines and the
shortest in the gnskes (Luppa 1977). The mucosa
lining the intestine may be either simple or
stratified. The Lacerdﬁafkncodilia and
Testudinata, all have pseudo-crypts in that there are
small glandular depressions in which cell divisions
have been detected but there are no true villi and
the majority of cell divisionsstill take place at t!
basal lamina (Wurth and Musacchia 1964).  The

gnakes /ee...
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snakes pave been shown to be totally lacking
pseudo-crypts, the gut being lined by simple

folds (Reis and Lyons 1943).

Four types of cells are distinguished in the
intestine ie Paneth, mucous, absorptive and
endocrine (Luppa 1977). Two types of endocTine
cells have been described - argentaffin
enterochromaffin (EC) cells (Vialle 1929) and
argyrophil, spindle-shaped cells (Gabe 1973).
Although no quantitative data is available it is
thought that there are more endocrine cells in the
lizard intestine than in that of the snake (Vialli 1966
In the colon there is usually a single cell type -
mucous - producing both acidic and neutral mucins
(Gabe 1971). However, thé advanced Colubrid
snakes have both mucin and goblet cells (Junqueira
et al 1966). In general the muscle layers are much
better developed in the colon than in the upper
intestine.

Although a peptidergic innervation has not been
detected there is a considerable body of work on
autonomic innervation of the intestine which
suggests that the peptidergic system may be present

(Burnstock 1969).
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ChaEter 3 - MATERIAL

3.1.

Amphibia

In ali, 72 animals from 11 species were collected. The
species studied were chosen to cover both the primitive
and highly specialised members of the phylum.

The primitive ancestral types are found in the Urodela,

therefore three species were chosen for study. These were

the adult forms Salamandra salamandra and Cynops hongkongensis,

Salamandra being a mostly terrestrial species and Cynops mostly

aquatice. In addition, Ambystoma mexicanus, the permanent

larval form of the salamander, was investigated to see if the
pre-metamorphosed animals shared the adult characteristics.
In the Anura, eight diffecrent species were studied ranging
from the unspecialised Discoglossid frogs to the highly
specialised Hylidae (tree frogs). The species were chosen
either as representative of different stages in adaptive
radiation orbecause if they were known to contain biologically
active peptides in the sub-cutaneous glands. Thus, from the

Discoglossidae, Bombina bombina was chosen as its skin is

known to contain the peptide bombesin and Alytes obstetricans

because its skin contains physalaemin which is related to

substance P.

I was exceptionally lucky in being able to study a member of
the divergent family Atelopodidae ,which is confined to the
South American rain forests, This was made possible by the

kind gift of three Atelopus oxyrhynchus from Dr Scorza during

a visit to our laboratery.

The full list of species studied and the number of specimens

is/.....
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is given in Table 5 while Diagram 5 shows the relationships
between the different species.

Reptilia

A total of 52 animals from 14 species were investigated.
Again, the species studied were chosen as being representative
of the different orders.

Testudihet® - The most primitive reptilian order still extant,
this order can be roughly divided into the terrestrial
tortoises and the aquatic terrapins and turtles.

Four families of the aquatic animals were studied - the
European pond tortoise,Emys orbicularis, the North American
fresh water turtles,Pseudemys (two species) and the snapping

turtle Chelydra serpentia.

Squamata - The Squamata is divided into two sub-orders - the
snakes Serpentes and lizards Lacertilia of these,two species
of lizard were studied. From the snakes members of the
Boidae, Colubridae andViperidae . families were included.
Crocodilia - Originally, it was thought that due to
difficulties in obtaining specimens, the work would have to be
confined to the sub-species - Caiman - a recent offshoot from
the Alligatorinae. However, due to collaboration with

Dr Lance at Louisiana State University it has been possible

to obtain several fully adult wild specimens of the
Mississippi alligator. As the alligators are the ancient
relic form of the Crocodllia, it was therefore of especial
interest to be able to study this species.

Table 5 shows the exact species and numbers of animals studied,

while Diagram 6 shows their phylogenetic relationships.

Sampling/.....
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DIAGRAM 5 - PHYLOGENTIC RELATIONSHIPS - AMPHIBIA
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DIAGRAM 6 - PHYLOGENIC RELATIONSHIPS - REPTILIA
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Sampling Procedure -
Material was taken from the following areas -
Pancreas (whenever possible divided into head, body
and tail regions)

Fund
Stomach undus

Antrum

Duodenum

Small intestine 1 (jejunum)

Small intestine 2 (ileum)

Large intestine (colon)
The animals were all kept in the laboratory for a minimum of
5 days before being killed.
The majority of the frogs were killed by simple decapitation
as were the lizards and turtles. The snakes were
anaesthetised prior to decapitation to prevent excessive
muscle spasms, which made the dissection difficult.
The alligators were shot through the base of the spine prior
to dissection.
To check the effect of anaesthetics on the detection of the
regulatory peptides a controlled experiment using two sets of
frogs, one anaesthetised, one normal were immunostained. No
difference in the immunostainings was detected in the two
groups. It was therefore decided that anaesthetisation
was acceptable.
The animals kept in the laboratory were fed on mealworms,

earthworms, crickets and daphnia depending on species.
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TABLE 5

SPECIES STUDIED

Order

Amphibia

Urodela

Anura

Reptilia

Testudinota

Crocodilia

Squamata

Lacertilia

Serpentes

Family

Salamandridae

Discoglossidae

Ranidae

~ Bufonidae

Atelopodidae
Hylidae

Emydidae

Chelydridae
Crocodylidae

Agamidae
Gekkonida.e
Boidae

Colubridae

Viperidae

TOTAL NUMBER OF SPECIES -

TOTAL NUMBER OF ANIMALS

~L43-

Species Number
Salamandra salamandra 6
Ambystoma mexicanum

Cynops hongkongensis 5
Bombina bombina 15
Alytes obstetricans L
Rana temporaria 10
Rana_esculenta 8
Bufo bufo 10
Atelopus oxyrhnchus 3
Hyla arborea 4
Hyla crepitans

Emys orbicularis 3
Pseudemys scripta 6
Pseudemys picta 3
Chelydra serpentia 5
Alligator mississipiensis 11
Caiman crocodylus crocodylus 1
Agama agama 3
Hemidactylus brooki 3
Python recticularis 1
Natrix natrix 3
Nerodia rhombifera 8
Thamnophis sirtalis 3
Agistrodon piscivora 1
Crotalus atrox 1

25
124



Chapter & - METHODOLOGY

L.a,

Fixation

Light Microscopy - Samples from each area were
immediately quenched in Arcton, freeze-dried over-
night, vapour fixed in p-benzqquinone dissolved in
toluene (Pearse and Polak 197 for three hours and
then embedded in paraffin waxe. Five micron sections
were cut for the immunostaining.

Transmission Electron Microscopy - The fixation of

the samples for electron microscopy presented two
problems, namely that the tissue had to be preserved

to a sufficiently high standard to given an acceptable
ultrastructural appearance but at the same time the
antigencity of the peptides had to be retained to allow
for identification of the peptide-containing structures
by immunocytochemical staining.

During the course of this study successively improved fixations
have been developed, with the result that material from the
first animals collected, although adequately fixed, is not of
as high a standard as the samples from the last animals

studied.

Conventional Electron Microscopy - Material for purely
morphological study was fixed in 3% glutaraldehyde in
0.1M phosphate buffer pH7.1 for two hours at room
temperature followed by post-fixation in 1% osmium
tetzgxide in Millonig's buffer (phosphate) for one hour
at C.

This material normally cannot be used for immunocytochemical
stainings because the presence of osmium masks the antigenic
determinants preventing successful binding. However, in the
last year (1980) a method of removing the osmium by oxidation
with periodic acid has been optimised and a limited number of
peptides can now be detected in the osmicated material.

Immunoctyochemistry for electron microscopy - Two main
fixations have been employed. Firstly, 2.5% vacuum-
purified glutaraldehyde in 0,05M phosphate buffer
pH7.2 for 10-15 minutes at 4°C (Buchan et al 197223
Secondly a modified Karnovsky's fixative consisting
of one part 5% vacuum-purified glutaraldehyde in O0.2M
phosphate buffer pH7.2 and nine parts of 2%
paraformaldehyde in 0.2M phosphate bugfer pH7.2,

samples were fixed for two hours at 4 C. In both
cases the material was not post fixed in osmium
tetroxide.

In/eeeee
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In all cases the samples after fixation were washed in
phosphate buffer, de-hydrated in alcohol and finally embedded
in argldite at‘60°C. Details of the immunostaining
performed on the material for electron microscopy are given
on page 46,

For observation in the electron microscope, 60nm sections
were cut on a Reichert Ultratome or an LKB III ultratome.

The sections were collected on either copper or nickel grids.
The copper grids were subsequently counterstained with 5%
uranyi acetate in methanol and Reynolds lead citrate. The
sectiongon the nickel grids were used for the immunostaining
procedure as outlined on page 336 . In all cases the grids
were examined in an AEI 6B microscope.

3

Scanning Electron Microscopy - Tissue samples of 2cm
were fixed by the conventional routine as given on
page 44 , then dehydrated through to 100% ethanol,
subjected to critical point drying and finally coated
with gold palladium to a thickness of Z2mm.

The samples were mounted on to platinum stubs and observed
in a Cambridge Stereoscan S4-10.

Immunocytochemistry

Light Microscopy -

The wax was removed from the 5 micron sections by immersion
in xylene followed by either petroleum ether

or inhibisol.

The two main methods used were the indirect immunofluorescence
technique (IMF) (Coons et al 1955) and the peroxidase-
antiperoxidase method (PAP) of Sternberger (1979). In
special cases the double staining technique developed by
Nakane (1968 ) was also used.

The antisera were applied at their optimal dilutions (see

page 49 ) and incubated at 4°C for between 24 and 48 hours.

Fon/.....
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For the IMF technique the sections were rinsed in
phosphate buffered saline (PBS) pH7.2 then a second
layer of fluorescein conjugated goat anti-rabbit
globulin (IgG) (Miles) was applied at a dilution of
1:150 for one hour at room temperature. The
sections were again rinsed in PBS and coverslipped
in PBS/glycerine (9:1) and screened with a Leitz
orthoplan microscope.

The sections stained by the PAP method were rinsed by
PBS and incubated with an unconjugated goat antirabbit
globulin (IgG) (Dakopats) at the dilution of 1:150 for

30 minutes, rinsed in PBS and incubated with a
peroxid@se antiperoxidase complex (Miles) at a dilution
of 1:130 for 30 minutes. . :
After a further rinse in PBS the complex was visualised
by development in a solution of diaminobenzidene
(25mg per 100 ml) and hydrogen peroxide (50ul per 100mls)
for 5-10 minutes. After this the sections were stained
with haematoxylin, de-hydrated and coverslipped in DPX.
If the double staining method was to be employed, instead of
staining with haematoxylin the whole staining procedure was
repeated with a second antiserum, excepting the final step
where the PAP complexes were visualised by the use of
L4_chlarol-naphthal which produces a blue end colour contrasting
with the brown of the diaminobenzidene.
Where antisera raised in guinea pigs were used the IMF
schedule was altered by the use of a fluorescein conjugated
rabbit anti-guinem pig IgG at a dilution of 1:100 for one hour
at room temperature. The PAP technique could not be performed$
instead, a two step peroxidase method was used, with a second
layer of peroxidase conjugated rabbit anti-guinea pig IgG at a
dilution of 1:100 for 30 minutes at room temperaturej the
development was identical to that for the PAP method.
Immunostaining for electron microscopy -
Two types of immunostaining were used during this study.
Firstly a technique making use of a combination of light and
electron microscopy - the semithin/thin method (Polak et al

1976). In this, serial semithin (500nm) and thin (80nm)

sections/.....
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4.3.

sections are cut. The 500nm sections are mounted on glass
slides and air dried whereas the 80nm sections are picked up
on coéper grids (200 mesh). The 500nm sections, after
removal of the araldite by immersion in a saturated solution
of Na OH in ethanol (Lane and Europa 1% 7)), are used for the
immunostaining. The protocol for this is identical to that
described above for 1light microscopy, both IMF and PAP
methods were used.

The second immunostaining method was to stain directly on
the thin sections. For this the 60nm (thin) sections
collected on the nickel grids (300 mesh) were used.

The immunostaining involved floating the grids on successive
drops of reagents, the full sequence is given in Appendix II.
The marker in this case was the electron dense colloidal gold

linked either to protein A (from Staphylococcus aureus) which

binds specifically to IgG, to goat antirabbit IgG or to the
parent antigen (Roth et al 1978, Larsson 19733. The gold
particles were either 12nm or 20nm in diameter. After the
immunostaining was completed the grids were thoroughly washed
and then counterstained for a short period to enhance the

background tissue detail.

Antisera

During the course of this study a total of 32 different
antisera to 18 different peptides were used. As it was
essential to know, as far as possible, the precise region

of themolecule detected by each antiserum, the specificity
controls were extremely important.

With those peptides already successfully synthesized smaller

component fragments were available which were indispensible

for/.....
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for the precise characterisation of the antisera.

The peptides for which fragments were available included
gastrin, motilin, CCK, bombesin, substance P and VIP.

For the remaining peptides, studies of the competitive
binding by related peptides and a check to ensure that the
antisera were specific for the parent antigen shewing no
crossreaction with other peptides,were the only means of
monitoring the specificity of the antisera.

The characterisation of the antisera was performed by two
methods} firstly,the well established pre-absorption with
nanomolar quantities of the individual peptides and the
available fragments§ secondly, as a further check, the newly
developed ELISA method (Voller et al 1976) was used

as previously described (Buchan et al 197é3. This involves
the solid phase absorption of the peptide to a polystyrene
plate to which the antisera are added. Those antisera
bound to the absorbed peptide are detected by an alkaline
phosphatase enzyme reaction. The ELISA method was very
useful when checking for crossreactivity between the antisera
and the full range of available éut peptides. Tables 6,7,‘8
and 9 give details of the individual antisera and their

working dilutions for the IMF and PAP techniques.
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Table 6

Antiserum

Region
detected

9-20 CCK

C-term CCK

C-term Gas.
N-term G17

N-term G3h4

Antisera

No. Diln.

280 }uoo
198 }200

278 }200
1295 }200

L33 }100

Amount of antigen added =

- = Absorption successful

1

Antigens

Gastrin

Gl

5nM per ml of diluted antiserum.

Gastrin /CCK

G17

X

G34

CCK
CCK8

X

X = Absorption negative.

CCK 1-36

Antisera 1295 and L33 were kindly donated by Dr. J. Walsh and

Dr. G. Dockray respectively.

TABLE 7

Antiseruym

Region
detected

mid-Cterm.
whole
C-term

N-term

Antisera 2

No., Diln.

324 }ZOOO
V9 }500
v }500

vez Y500

- = Absorption successful

Antigens - VIP fragments

1-28

-49.

1-6

X = Absorption negative.

1-18

15-28

18-28



Table 8 Antisera 3 Region specific antisera

Antiserum Antigens

Region No. Diln. PGlu Glic BN MOT MOT SP PP
detected 1-17 7-22
C-term Gluc. RCS5 1/100 - X

N-term Gluc 38 1/1000 - -

Glicentin 575 1/600 X -

HPP 219  1/L0o0 X X _
BPP 317 1/600 = ND -
APP 623 1/500 X X -
N-term Mot M4  1/200 - X

C-term Mot  GP71 1/500 X -

C-term BN 627 1/L400 - -
N-term BN 377 1/200 - X

1+

1

Partial absorption

Not done

Absorption successful

<
1

Absorption negative. ND

A11 absorptions were performed with the other antigens at a
concentration of 10nM per ml of diluted antiserum whereas the

parent antigen was added at 1-2Z2nM per ml.
The following antisera were kindly donated from various sources -~

575 from Dr. A. Moody, RCS5 from Dr. S.R.Bloom, 623 from Dr. J.Kimmel,
GP71 from D¥. J. Brown and 377 from Dr. J. Walsh.
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Table 9 : Antisera b4 Non-region specific

Antiserum Diln. Antigens
Sec Gluc VIP GIP NI SP ENK INS END BN SOM

Secretin 1/1000 - X X X

GIP 1/800 X X X -

Neurotensin 1/400 X -

Substance P 1/2000 - X X
Insulin 1/400 : -
Somatostatin /800 -
Endorphin 1/200 ' X -
Enkephalin  1/400 - X

- = Absorption successful X = Absorption negative

The absorption controls involved addition of related peptides and
those occurring in the same area. 1In all cases the absorptions
with the other antigens were performed at a concentration of

10nM per ml of diluted antiserum, whereas the absorption

with the parent antigen involved the use of 1-2nM per ml of the

diluted antiserum.
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Figure 1da
i 5 micron section of allipator pancreas

stained with antibodies to pancreatic
glucagon, showing several positive cells
(arrows).

x 250
il The same area in a serial section sitained

with the pancreatic glucagon antiserum
pre-absorbed with glucagon (0.5nm/ml of
diluted antiserum), showing the absence of
any lwmmnunoreactivity.

x 250
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Chapter 5 - RESULTS - LIGHT MICROSCOPY AND GROSS ANATOMY

5.1,

Legend of the Tables given for each individual species.
Antiséra to thg peptides as available during the course of
the study are shown along the horizontal axis of the Table ,
the anatomical areas of the gut and pancreas are given
by the vertical axis.
The abbreviations are as follows:-
Areas - Panc - Pancreas in those species where the pancreas
cannot be divided.

Panc. H - Pancreas head region.

Panc. B - Pancreas body.

Panc. T - Pancreas tail region.

Duod. - Duodenum.

Jeje. - Jejunum.
Peptides (antisera) -

Ins ~ anti insulin.

Gluc. - anti glucagon detecting both the
pancreatic and enteric forms.

Gli. - antiglicentin detecting the large molecular
weight enteric form.

PGlu. - anti pancreatic glucagon.

Som. - anti somatostatin.

APP - anti avian pancreatic polypeptide.

L

BPP - anti bovine pancreatic polypeptide.

HPP - anti human pancreatic polypeptide.

G/CCK - anti C-terminal gastrin which also detects
CCK.

G17 - anti gastrin specific for the gastrin
17 form.

G3h - anti gastrin specific for the gastrin
34 form.

CCK - anti CCK specific for the mid-portion

(9-20) of the molecule.

Bnl/.....
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Bn1 - anti bombesin detecting the C-terminal

region.

Bn2 - anti bombesin detecting the N-terminal
regione.

Sp - anti substance P.

NT - anti neurotensin.

Mot 1 - anti motilin detecting the C-terminal
region.

Mot 2 - anti motilin detecting the N-terminal
region.

GIP - anti GIP.

Sec - anti secretin.

VIP 1 - anti VIP detecting the C-terminal region.

VIP 2 - anti VIP detecting the N-terminal region.

VIP 3 - anti VIP detecting the whole molecule of
VipP,

Enk. - anti enkephalin specific for the met-

enkephalin form.

Prl. - anti prolactin.
ACTH - anti ACTH.

*
NSE - anti neurone-specific enolase .

* Neurone specific enolase is an isoenzyme isolated from
rat brain which was found earlier to occur exclusively
in nerve axons and cell bodies in brain tissue (Marangosetal
1979 ). Recent work has shown that this isoenzyme is
also present in the gut mucosal endocrine cells as well
as in the nerve plexuses. It was therefore included in
the study as a possible marker of the components of the
neuroendocrine system.

The/.-...
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The results table is split into sections, the largest part
refers to the mucosal endocrine cells with the second half
confined to those peptides found within the nerve fibres,
Those peptides'specifically immunostained will be indicated
by '+' - the more abundant peptides will be indicated by
et In the case of those peptides which
showed positive immunostaining which was later shown to be
non-specific the inability to prove the specificity of the

immunostaining will be indicated by 'x'.

Amphibia

5.2.1. Histology. In general the structure of the gut
in the Urodela and Anura was very similar. The
stomach was lined by a glandular epithelium in which
the most numerous cell types were those containing
mucin. The intestines had po true villi and the
epithelium was lined by a single stratified layer
(Figure 1). The thickness of the muscle coat varied
from region to region being more developed in the
stomach and colon compared to the rest of the gut.

5e2.24 Urodela.
Pancreas. The pancreas was found attached to the

duodenum as a thin lobulate mass, extending dorsally

along the intestine, varying between 1 - 2 cms in
length.
Stomach. Two macroscopically distinct regions were

seen in the stomach. The fundus was distinguished by a
lighter colour and irregular folds and the antrum was
distinguished by a light colour and regular horizontal
folds.

Intestineg/.....

-5k




Amphibia

Figure 1
A 5 micron section through the duodenum of Rapa
temporaria, showing both the stratified epithelium
and lack of crypt development.

SM = sub mucosa

x 120
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Intestine - The duodenum was defined as the region

to which the pancreas was attached. The small intestine

was divided into two regions, upper jejunal and lower

ileal.

5.2.2.2a.

Immunostaining. In all cases only those

immunostainings that have been succéssfully
absorbed with 1-5nM/ml of diluted antiserum of
the parent antigen (and no other) will be
referred to as specific, the term non-specific
will refer to those stainings which were
unabsorbed in the control experiments.

In all the species identical results were
obtained whether the immunostaining was performed
by the peroxidase-antiperoxidase (PAP) or the
immunofluorescence (IMF) method.

i. Salamandra salamandra -

Pancreas. Insulin-, glucagon-,somatostatin-
and pancreatic polypeptide-immunoreactive cells
were found either as scattered elements or in
small clusters. No large,well-defined islets
were seen in any specimen. There did not
appear to be any distinct distribution pattern
of the cell types to a particular region of the
pancreas. Glucagon-immunoreactivity was
detected with both the N- and C- terminal
specific antisera but the glicentin antisera
showed no staining. Although the pancreatic
polypeptide (BPP) antiserum stained numerous

cells, these were identical to those immunostained

bx/.....
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by the glucagon antiserum. However, cross-
absorptions with glucagon failed to remove

‘the BPP staining, indicating that there may be

a dual peptide content in these cells. Neither
the APP or HPP antisera showed any detectable
immunoreactivity.

An attempt to localise peptide-containing
nerves in pancreatic tissue failed. Antisera
to VIP, substance P, bombesin and met-

enkephalin gave no positive staining.

Table 10 Salamandra salamandra European ;
I
; 1
o |
jom) [®} LA N Y e :
nioAls| & v ~ e a, amgl
Zialojol al PNelzlz el - =
Hivnnl m (O=zialr|uz ! > >
]
Panc. + ]+ i
’ | é
“Fundus + + +* +Ix + ,!
!
i

Antrum i + "

|
Duod.

uo + + +l4 | 4+ +

Jej. + +* +l4 -
Ileum + 4 -+ + + |
]
!
Colon + -+ 4 _.!...|.. + %

Stomach/.e...
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Stomach - Fundus

Endocrine cells were demonstrated with antisera
to bombesin, glucagon, neurotensin, somatostatin
and substance P. Of these, those cells stained
by the bombesin, substance P and glucagon
antisera were the most numerous. Absorption
controls showed that the majority of the
stainings were specific, except that obtained
with the neurotensin antiserum. The
immunostaining was not removed by the addition
of either neurotensin or the related amphibian
peptide, xenopsin.

Nerve fibres were only detected using the anti-
VIP serum (Figure 2)% enkephalin, substance P,
bombesin and gastrin/CCK antisera did not stain
any recognisable fibres.

Stomach - Antrum

Antisera to gastrin/CCK, glubagon and
somatostatin detected muscosal endocrine cells.,
Somatostatin cells often displayed long
cytoplasmic processes either projecting along
the basal lamina of the gland or inter;
digitating with other epithelial cells

(Figure 3).

As in the fundus, nerve fibres were only stained
by the VIP antiserum (see Table 10).

Intestine - Duodenum

The immunostained endocrine cells were found
at all levels of the gut folds. In general

the/eeen.
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Salamandra salamandra

Figure 2
VIP-immunoreactive nerve fibres in the circular

muscle of the stomach.

x 400

Figure 3
Somatostatin-immunoreactive cell in the antral

mucosa with two cytoplasmic processes(arrows).

L = Lumen x 400

Figure 4

B endorphin-positive fibres at the edge of the
circular muscle, in a position corresponding to
the deep muscular plexus in mammals.

x400
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the cells had large central nucleii with the
immunostaining confined to the outer edges.

An interesting finding was the presence of
B-endorphin-immunoreactive cells and fibres

in the lamina propria of the duodenum (Figure L),
These cells stained specifically for
B-endorphin, being unstained by ACTH, enkephalin
or corticotrophin-like intermediate peptide
(CLIP) antisera. Of the peptides found in
neural tissue in mammals,only VIP was found in
nerve fibres in the salamander gut.

The immunostaining pattern in the ileum and
colon was essentially the same as found in the
duodenum (see Table 10) except that the number
of immunostained endocrine cells was fewer.

Ambystoma mexicanum

The results with this species were similar to
those in the adult salamander, with the
exception of the finding of motilin-like
immunoreactivity in the duodenum. The motilin-
containing cells were only detected with the
C-terminal antiserum (Figure 5). It was
interesting to find that the neurotensin
antiserum again stained non-specifically cells
in the stomach and intestine. In the intestine
the gastrin/CCK antiserum detected numerous
cells in the duodenal mucosa (Figure 6). Of
the neuropeptides again only VIP-immunoreactive
fibres and cell bodies were detected. The cell

bodies/.....
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bodies were confined to the myenteric plexus
with the majority of the positive fibres
occurring in the circular muscle layer (Figure 7)

For a summary of the results see Table 11

below.
. ——— y
Table 11 Ambystoma mexicanum European
! 4 |
3 ) @) - ~] N ™M
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: l
. Panc. R SENE R
, Fundus + |+ 4= }
—
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Duod. i
u + + |+ * i+ + +
gej. + + +! |+ +
Ileum J <+ + + +
Colon ‘ + * +
iii. Cynops hongkongensis

In this species the neurotensin antiserum only'
detected non-specific cells within the stomach.
Of the neuropeptides, only VIP was found in
intestinal nerve fibres. For a summary

the results see Table 12 overleaf.
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Ambystoma mexicanum

Figure 5
Motilin-immunoreactive cells in the duodenal mucosa,
stained by the C-terminal antiserum.

x 200

Figure 6
Gastrin/CCK-immunoreactive cells in the duodenum, note
the long cytoplasmic extentions (arrows).

L = Lumen x 200

Figure 7

VIP-immunoreactive fibres in the myenteric plexus and =
circular muscl¢ la&er. Note the immunoreactive cell
body (arrow).

S = Serosa . x 200
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| Table 12 Cynops hongkongensis European
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5¢2.2.b., Summary - Urodela

The endocrine cells are found scattered amongst

other cell types in both the gut and pancreas.
Immunostaining, with the antisera to GIP, the N-
terminal region of motilin, secretin, mid-portion CCK

. and neurone specific enolase (NSE) were all negative.

The peptide-containing nerves were concentrated
mainly in the circular muscle layers with lesser
amounts in the myenteric plexus (Figure 8).
5.2.3. Anura
Below is given an outline of the families and their

phylogenetic relationships as understood. -

Hylidae* Degree of Specialisation

Atelopodidae
Bufonidae*
Brevicipitidae
Ranidae™
Pelobatidae
Pipidae
Discoglossidae™

* Families studied
_EA




Urodela

Figure 8
VIP-immunoreactive fibres in the circular
muscle layer and myenteric plexus in the

antrum of Ambystoma mexicanume.

S = Serosa M = Mucosa x 120
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5.2.3.a.

Pancreas. The pancreas was always found as a

small lobulate mass attached to the duodenum at one
end and extending to the spleen at the other. As
it was extremely difficult to divide the small mass
of pancreas into different regions the whole piece

was treated as one.

Stomach. The stomach was divided into two regions'

fundus and antrum, as in the Urodela.

Intestines. The intestine could be divided more

accurately than in the Urodela, as there were clear
macroscopic differences in the appearance of the
mucosa at different levels. The differences were
not identical in all the species studied but in
general the duodenal mucosa was thicker and of a
darker colour than the lower intestine. The upper
small intestine (jejenum) could be distinguished
from the lower intestine by changes in the pattern
of the mucosal folding. The colon was easily
distinguished as a greatly distended region at the
end of the gut.

Immunostaining

i. Discoglossidae - Bombina bombina

The results of the immunostaining are given

in Table 13 overleaf.

VIP was the only neuropeptide present in the
autonomic nerves of the gut, being concentrated
in the stomach. No staining was seen in the

pancreas.
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Table 13 Bombina bombina European

y

INS
GLU
PGLU
SOM
BPP
G/CCK
NT
BN1
BN2
SP
R
VIP1l
vIp2
VIP3

Panc.,

+
+
-+
-+
+

Fundus

Antrum

Duod.

+
-+

i L A L

iia

All four pancreatic hormones were immunostained
and the positive cells were either grouped into
small islet structures or scattered amongst the
exocrine tissue. Again the BPP was the only
positive PP antiserum and the cells detected
were also immunostained with the antiglucagon
serum,

Somatostatin cells were found in the pancreas,
stomach and upper intestine but not in the colon
and ileum. Specific neurotensin-
immunoreactive cells were found in the ileum.
Numerous bombesin-like immunoreactive cells
were found in the mucosa of the fundus and
antrum, immunostained with both the N- and C-
terminally directed to bombesin antisera
(Figure 9). The substance P antiserum was
unreactive.

No immunostaining for the mid-sequence of CCK,

secretin, motilin (N- or C-terminal) or GIP

was detected in this species.

Alytes obstetricans-/.....
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Table 14 Alytes obstetricans European
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The staining pattern for the pancreas was

similar to that found in Bombina bombina with

well established islet-like structures and
scattered cells throughout the exocrine

tissue (Figure 10).

The most interesting finding was the existence
of numerous VIP-containing endocrine cells
within the duodenal mucosa. These cells were
found at all levels of the gut folds, the
immunostaining was shown to be specific as the
pre-addition of 1-0.1 nmol quantities of
VIP (pure porcine) completely removed the
staining while the addition of the related
peptides secretin, GIP and glucagon even at
higher concentrations had no effect on the
immunostaining. VIP-immunoreactive nerve
fibres were also seen throughout the entire

length /.....
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Bombina bombina

Figure 9
Bombesin-immunoreactive cells in the fundic mucosa (arrows).

x 200

Alytes obstetricans

Figure 10
Insulin-containing cells in the pancreas, mostly in islet-
like structures with some scattered cells (arrows).

x 120

Figure 11

VIP-immunoreactive fibres in the circular muscle layer of
the duodenum.

S = Serosa

x LOO
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length of the gut, but were absent from the
pancreas (Figure 11).

In order to see if the VIP-like peptide in the
endocrine cells was similar to that detected
in the nerves, a series of different region-
specific antisera were used (see Table 7).

Both the mucosal endocrine cells and autonomic
nerves were equally reactive with the various
region specific antisera to VIP available during
this investigation (Figure 12).

Of the other neuropeptides only substance P

was detected in nerve fibres, confined to the
fundic region. Bombesin and somatostatin were
found only in mucosal endocrine cells, while
neither met-or leu-enkephalin could be detected
in any region.

The antisera to the peptidesGIP, secretin,

motilin and CCK did not give any detectable

immunostaining.
iii. Ranidae - Rana temporaria
Table 15 Rana temporaria European
|
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Alytes obstetricans

Figure 12
a - 5 micron section of the duodenal mucosa immunostained
with the C-terminal VIP antiserum, showing positive
endocrine cells (large arrows) and nerve fibres (small
arrows) .

x 120
b - 5 micron section of the duodenal mucosa immunostained
with the N-terminal antiserum, showing a positive endocrine
cell and nerve fibres (arrow).

x 200
Note that in both of these examples the staining‘of the
mucosal endocrine cell is blurred, this is caused by
overstaining due to a long incubation in order to allow
recognition of the positive nerve fibres in a low magnificatioh

photograph.
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Alytes obstetricans

Figure 12
c - ‘5 micron section of the duodenal region showing
a positive endocrine cell and nerve fibres as stained by a
whole molecule specific antiserum to VIP.
x 400
d - 5 micron section of the duodenum showing a
positive endocrine cell and nerve fibres (arrow) as
stained by a mid-portion specific antiserum.

x 400

In these examples the overstaining of the endocrine cells
was not seen but this meant that the photographs had to be
taken at a higher magnification in order to show the

immunostained nerve fibres
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VIP-containing cells were found within the
duodenal mucosa and nerve fibres in all areas
of the gut but not the pancreas. VIP-
immunoreactive cell bodies were found within
the myenteric plexus with little or no staining
in the sub-mucous plexus (Figure 13).
Somatostatin was present in endocrine cells
from the pancreas and lower small intestine.
The cells often showed long basal processes
and some appeared to have bulbous projections
at the basal lamina which may extend into the
lamina ﬁropria (Figure 14).

The pancreas again contained both scattered
endocrine cells and islet-like structures.

The PP-immunostained cells were positive with
both the anti-BPP and anti-glucagon sera.

In the intestine and stomach scattered nerve
fibres were seen with the antisera to
substance P, enkephalin(met) and endorphin,

in no case were cell bodies observed.
Endorphin-immunoreactive fibres were also seen
in the duodenal region with immunoreactivity
confined to the base of the circular muscle
layer (Figure 15).

Neurotensin was present in endocrine cells in
both the stomach and duodenal region. However,
only therstaining found in the duodenal
mucosa was specific.

ive/eoeen

-79-



Rana temporaria

Figure 13
VIP-immunoreactive nerves in the myenteric plexus

x 400

Figure 14
Somatostatin-immunoreactive cell in the intestine,
with a basal projection (arrow).

x L0oo

Figure 15

B endorphin-immunoreactive fibres in the duodenum confined

to the edge of the circular muscle.

x 400
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Ranidae - Rana esculenta

iv.
Table 16 Rana esculenta European
3 |
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The pancreatic endocrine tissue was found

almost exclusively in medium-sized islets'

‘the insulin cells forming the central core

with peripheral glucagon/PP- and somatostatin-
containing cells (Figure 16). These islets
did not appear to have any peptidergic
innervation. The VIP-immunoreactive fibres
were confined to the intestine and stomach.

In the gut the most numerous endocrine cell
types in this species were somatostatin-
and gastrin-containing. These somatostatin
cells occurred from the stomach throughout the
intestine, whereas the gastrin/CCK cells were
confined to the antral region of the stomach
(Figure 17).

Apart /.....
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Rana esculenta

Figure 16
a - Insulin-containing cells forming the centre of
a pancreatic islet.
x 400
b - Peripheral somatostatin-containing cells surrounding
the central insulin cells.
x L0Oo
¢ - Glucagon-containing cells surrounding the insulin-
cells seen in a.

x 400
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Rana esculenta

Figure 17
Somatostatin-containing cells in the antral mucosa.

x 120
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Apart from the VIP-immunoreactive fibres no
other peptide-containing nerves were seen in

‘any area of the intestine.

V. Bufonidae -~ Bufo bufo
Material from two different groups of Bufo
bufo were collected, the first group were
killed whilst in hibernation at the beginning
of February and the second group were killed in
May after approximately four weeks of feeding
after the hibernation period. The results of
the immunostainings obtained with the two
groups are given below and show several
differences.
Table 17  Bufo bufo - hibernating European
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Table 18 @ - Post hibernation  European
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Pancreas. In the hibernating animals

although the four pancreatic hormones were
always detectable the staining was greatly
reduced and the islets appeared to be reduced
in size (Figure 18). The islets in the
post-hibernation toads were particularly well
developed and showed the typical distribution
of cell types, +the insulin cells occurring
in the centre with the somatostatin and
glucagon/PP- immunoreactive cells at the
periphery. The major difference from
mammalian pattemwas that the insulin cells
appeared to occur in ribbon-like structures
rather than the well-defined islets as seen
in mammals. 0f the PP antisera available
only the BPP antisera gave

positive/ca...
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Bufo bufo

Figure 18
a - Insﬁlin-containing cells in close association with the
pancreatic ducts (PD) in a hibernating toad.

x 400
b - Insulin-containing cells in a typical ribbon-like
arrangment as seen in a post hibernation toad.

x 400

Note the increased size of the islet seen in the

post hibernation toad.
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positive immunostaining, giving an identical
pattern to that seen using the anti-glucagon
serum.,

No evidence of a peptidergic innervation could
be seen even in the post-hibernation animals
w?ﬂ\large islets.

Stomach and Intestines. Comparison of the
haematoxylin and eosin-stained sections of the
hibernating and post-hibernation animals showed
clear differences in the thickness and develop-
ment of the mucosa.

In the stomach, the post-hibernation toads
showed less epithelial depth (Figure 19)
whereas in the duodenum and upper small
intestine the reverse was found, with the
duodenal folds being greatly enlarged both in
height and complexity (Figure 20).

In parallel with the changes in morphology the
gut peptides were found to be altered. The
four peptides showing the greatest changes

were bombesin, VIP, somatostatin and substance P,
Substance P in the hibernating toads was present
in fine nerve fibres only in the stomach, in
the post-hibernation toads these nerves were
increased both in numbers and in distribution
being found also in the upper small intestine
(Figure 21).

Somatostatin was present in endocrine mucosal

cells of the intestine and pancreas in both

graups./.ee..
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Bufo bufo

Figure 19
a - Section through the fundus of a hibernating toad
showing an increased mucosal depth as compared to b.

x 120

b - Section through the fundus of a post-hibernating

toad.

x 120
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Bufo bufo

Figure 20
a - Shows the duodenal folds in a hibernating toad.

x 120

b - A similar area in the post-hibernation toad showing
the increased development of the folds.

x 120
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Bufo bufo

Figure 21
a ~ Substance P-immunoreactive fibres around a blood vessel
in the stomach.

x 400

b - Similar area in a post hibernation frog showing an

increase in the number of fibres detected.

x kOO
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groups. Although the distribution of the cell:s
did not alter, in the post-hibernation toads
(Figure 22), the cells were more numerous with
conspicuous basal processes.

Bombesin was only present in the antral region
of both hibernating and post—hibernating’
animals - however, a vast increase in the number
of cells was detected in the post-hibernating
animals (Figure 23).

In both groups VIP was found in intestinal
endocrine cells and nerve fibres throughout the
intestine and stomach. In the post-hibernation
toads the distribution of the endocrine cells
was increased, being confined to the duodenum
during hibernation but later extending into the
jejunal region (Figure 2k).

No change was detected in numbers of glucagon
and neurotensin cells. The gastrin/CCK
antisera were uniformly negative, although a
slight staining was observed in the duodenal
mucosa of both groups.

The peptides GIP, CCK, motilin and secretin

were all undetectable.

vi./.....
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Bufo bufo -

Figure 22
a - Somatostatin-immunoreactive cell in the duodenal
mucosa of a hibernating toad.

x L0O

b - Somatostatin-immunoreactive cell in the duodenal
mucosa of a post-hibernating toad -~ note the cytoplasmic
process (arrow).

x 400
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Bufo bufo

—_—
Figure 23 -
a - Bombesin-immunoreactive cells in the fundus of a
hibernating toad.

x 120
b - Bombesin-immunoreactive cells in the fundus of a
post-hibernation toad - note the increased number of
cells detected.

x 200

Photograph a. is at a slightly lower magnification in
order to give a better idea of the distribution of the

cells detected in the hibernating animals.
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Bufo bufo

Figure 24
a - VIP-immunoreactive cell (arrow) in the duodenum

of a hibernating toad.

x 120
b - VIP-immunoreactive cells in the duodenum of a

post-hibernation toad.

x 120
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vi.

Atelopodidae'!- - Atelopus oxyrhynchus

Table 19 Atelopus oxyrhynchus - South American
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Pancreas. Both islets and scattered endocrine

cells were seen. The scattered cells were
mostly immunostained with glucagon/PP antisera.
The islets showed a central core of insulin-
immunoreactive cells with an outer layer of
glucagon/PP and somatostatin cells. No
immunostaining was observed with any of the
antisera to the neuropeptides.

Stomach and Intestine. In the antrum there
were numerous substance P-immunoreactive
fibres, seen both in the circular muscle and
myenteric and sub-mucous plexuses (Figure 25).
No immunostaining was seen with the antisera
to VIP and gastrin/CCK. However, gastrin/CCK

cells/.....

-105-



cells were especially numerous in the duodenal
mucosal folds.

VIP-immunoreactivity was present in both
mucosal endocrine cells and the intestinal
nerve plexuses. The VIP-immunoreactive
endocrine cells were confined to the mucosa
of the duodenal and jejunal regions whereas
the nerve fibres were found throughout the
intestine.

Substance P—immunoreactive endocrine cells

were also detected in the colon of this

species.

In addition the antiserum to prolactin detected

numerous cells in the antrum and small

intestine (Figure 26).

vii. Hylidae - Hyla arborea
Table 20 Hyla arborea European
X i | !
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Atelopus oxyrhynchus

Figure 25
Substance P-immunoreactive fibres in the myenteric
plexus of the antrum.

x 40O

Figure 26
Prolactin-immunoreactive cells in the antral mucosa.

x Loo
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Pancreas. The endocrine tissue was mostly
present in islets showing the classical
mammalian organisation (Figure 27). The
usual immunostaining pattern was seen with the
glucagon/BPP antisera staining the same cell
population. Indications of |

a peptidergic component of the pancreatic
innervation was also demonstrable (Figure 28).
VIP-immunoreactive nerve fibres were seen in
the exocrine tissue but not in association with
the endocrine tissue. No other neuropeptides
were demonstrable in the pancreatic tissue.
Stomach and Intestine. VIP-immunoreactivity
was present in nerve fibres from stomach to
large intestine and in endocrine cells of the
duodenal mucosa. Gastrin/CCK, glucagon and
neurotensin were all present in mucosal
endocrine cells. Neurotensin-immunoreactivity
was present in both the stomach and the upper
small intestine but only the cells of the upper
intestine were specifically immunostained
(Figure 29). Substance P was pfesent, not in
nerve fibres or in cells of the stomach, but

in numerous mucosal cells in the jejunum
(Figure 30).

The peptides GIP, CCK, motilin, secretin and
enkephalin were all undetectable in this
species.

viii./ee...
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Hyla arborea

Figure 27
a - Insulin-containing cells in the centre of an islet.

x 40O

b -~ A serial section showing the glucagon-containing
cells surrounding the central insulin-containing cells.

x 400

c -~ A third serial section showing the somatostatin-
containing cells also at the periphery of the islet.

x koo

NB. Unfortunately a complete series of the three
immunostainings was not obtained in optimally fixed
material, thus the morphological preservation, especially

in the second of the three sections, was not perfect.
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Hyla arborea

Figure 28

Fine nerve fibre running in the exocrine

pancreas (arrow).

x 400

Figure 29
A neurotensin-immunoreactive cell in the small intestinal

mucosae.

x 40O .

Figure 30
Substance P-immunoreactive cells in the jejunal mucosa.

x 250
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viii. Hyla crepitans
Table 21 Hyla crepitans South American
] NV ] -
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Pancreas. The majority of the endocrine tissue
was found as large islets, although the
glucagon/BPP cells were also found scattered
throughout the exocrine tissue (Figures 31 and
32). There was no indication of a peptidergic
innervation in any area of the pancreas.

Stomach and Intestine. Somatostatin and
giucagon immunostained cells and VIP
immunoreactive nerve fibres were seen throughout
the length of the intestines and in the stomach.
Neurotensin-immunostained cells were seen in the
stomach and duodenum but only those in the
duodenum were specifically stained. Scattered
VIP-immunostained endocrine cells were seen only
in the duodenal mucosa. Met-enkephalin

containing/«....
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Hyla crepitans

Figure 31 .
a - Insulin-containing cells forming the centre of a
large islet.

x 250

b - Same region in a serial section showing the peripheral
somatostatin-containing cells.

x 250

c - The same area in a third serial section showing the

scattered glucagon-containing cells (arrows).

x 250 .

-115-



-116-



Hyla crepitans

Figure 32
Glucagon-immunoreactive cells scattered throughout the

exocrine tissue.

x 250

Figure 33
Prolactin-immunoreactive cells in the antral mucosa (arrows).

x 120
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containing cells were found in the antrum
and duodenum of this frog. Prolactin-
“immunoreactive cells were present but
restricted to the antral mucosa (Figure 33).

5.2.3.b. Summary - Anura

The pancreatic islets were well developed especially

in the more specialized species. Double
staining was observed with the glucagon and
BPP antisera. VIP-immunoreactivity was found in

the pancreatic tissue although only in one of the

most advanced species (Hyla arborea). In the

intestines VIP-immunoreactivity was found in nerve
fibres and cell bodies and also in mucosal endocrine
cells of the upper intestine. Substance P-
immunoreactivity was also found in both mucosal
endocrine cells and nerve fibres but the dual
localisation was not seen within the same area in
the same animal. There was also a double staining
of the bombesin and substance P antisera of certain
cells within the stomach of several species} this,
like the glucagon/BPP stainingscannot be fully
removed by the pre-absorption of the antisera with
the crossreacting peptide. The results with the
neurotensin antisera showed that the
immunostainings in the stomach was

non-specific whereas that in the intestine were
specific.

Of the neuropeptides only, VIP and substance P were

detected with any frequency in the nerve plexuses,

the/eee..
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5.3. Reptilia

the other peptides only being found on occasion
(met-enkephalin) or never (somatostatin).
The peptides secretin, CCK, GIP and motilin were
undetectable in this material with all the

antisera available during this study.

Light Microscopy.

5.3.1.

Histology. The basic structure of the gut did

not vary greatly between orders. The stomach
invariably consisted of glands lined by mucin cells
and some endocrine cells, The intestine showed no
clearly recognisable villus and crypt regiqns
although complex gut folding was observed.

The mucosa was composed of enterocytes, mucin cells
and scattered endocrine cells.

The greatest differences were found in the pancreas
both in location and size of the organ (see

Diagram 7 ). The intestinal muscle layers also
varied both in size and consistency - these will be
discussed later.

In the reptilia the macroscopic appearance of the
intestine varied tremendously. In the Testudivwslo,
the structure was simple, resembling that of the
Anura., with a long, looped undifferentiated gut.
In the Squamata the Laecertilishad a short, compact
gut, which appeared relatively thick in comparison
to the Anura and Testudinata.. The snakes shoﬁed
two arrangements of the gut (Diagram 8 ). In all

species/.....
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DIAGRAM 7 LOCATION OF THE REPTILIAN PANCREAS

TESTUDINATA

SPLEEN

G\ PANCREAS STOMACH

LACERTILIA

SPLEEN
STOMACH

ALLIGATOR
STOMACH

SPLEEN

) “DUODENUM

-121-




Diagram 8  Sw~vekE [Infestine and Pancreas
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species except the Vipera, the gut was a long
straight tube which could only be sub-divided
after opening the gut to expose the inner surface.
The Vipera, however, had an extremely long
oesophagus and stomach extending almost 2/3 of
the length of the animal and the remainder of the
intestine was found coiled laterally in small loops.
In the Crocodilia the differences, as observed in the
alligator, were probably associated with the size
and feeding habits of the animals. The gut was
looped inside the body cavity, but was relatively
short compared to the size of the animal. A number
of outstanding features were seen on the inner
mucosal surface of the gut. The intestine had
had three easily identifiable regions, the duodenum
with diamond-shaped patterns of gut folds, the small
intestine with a zig-zag pattern of folding and the
lower intestine with plain longitudinal folds.
Another feature of the alligator intestine was the
extreme development of the muscle layers which were
almost cartilaginous in nature. The precise
difference in composition could not be fully
investigated but in wax sections the appearance was
totally different from any other muscle seen during
the study (Figure 34).
The stomach was constructed as a bag,

with the oesophageal
and duodenal openings being next to one another.
The main part of the bag was composed of the fundic

area/cee..
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area with numerous acid secreting cells. The
antral region was found just proximal to the
duodenum and partly separated from the fundic region
by a sphincter (see Diagram 9 ). The thickness of
the mucosal layers did not alter but in the fundic
'bag! region the muscle coat was greatly increased
in the area directly opposite the oesophageal and
duodenal entrances (see Diagram 9).
Examination of haematoxylin and eosin stained
sections of the duodenal region showed an exceptional
organisation of the mucosa which was not observed in
any other species. The gut folds appeared to occur
in groups. The sub-mucous plexus was thus carried
up into the folds (Figure 35). In the other regions
of the intestine the general histological appearance
was similar to that seen in other species. In
contrast to the appearance of the duodenal region in
the alligator, the snake gut mucosa was much
simpler with long, thin folds which looked very
similar to the villi as seen in mammals (Figure 36).
5¢3.2 Testudinata.

5«3.2.a2. Immunostaining

i. Emys orbicularis

Pancreas. The pancreas was found attached to
the duodenum, extending in a short ventral
process and a longer dorsal process with the
spleen attached to one end. The pancreas when
dissected was relatively easy to divide into
head, body and tail regions, the head being

the/.....
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Diagram 9  Alligator Stomach
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Reptilia

Figure 34
Alligator muscle in the duodenal circular muscle layer -
note the jagged appearance of the individual fibres.

x kOO

Figure 35
Alligator duodenum showing the complex gut folds - note
that there is still no crypt development.

x 120

Figure 36

Nerodia rhombifera duodenum showing the long villus-like

folds with no crypt region.

x 120
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the ventral portion, the body central and the
tail the part attached to the spleen.

All four pancreatic hormones were found in the
pancreatic tissue. No aggregation of the
endocrine tissue was found in any area
including the tail region. The PP-
immunoreactive cells appear to form a separate
group to the glucagon-containing cells. The
cells were only immunostained with the BPP
antiserum and not by the APP and HPP.

In the pancreas VIP-immunoreactivity was found
around both blood vessels and pancreatic ducts
but not in either the endocrine or exocrine

tissue. The other neuropeptides were all

negative.
B Table 22 ~Emys orbicularis Euro;e_;n
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ii.

Stomach and Intestine. Non-specific neurotensin-

immunostained cells were detected in the stomach althoug]

‘specifically stained cells were seen in the lower

intestine. In the stomach there was a double staining
of a single cell population by the antisera to substance
P and bombesin, the results of the absorption controls
were identical to those in the amphibia (Figure 37).
Bombesin and substance P-immunostained nerve fibres were
also found, substance P-positive fibres in the duodenum
and ileum with the bombesin-positive fibres confined to
a separate group of fibres in the ileum.. The duodenum
villus-like structures were well developed with
scattered glucagon-immunoreactive cells found along their
length (Figure 38). Of the remaining peptides, motilin-
like immunoreactivity was detected with

both the N- and C-terminal antisera (Figure 39) but GIP,

secretin and CCK were undetectable.

Pseudemys scripta

Table 23 Pseudemys scripta North American i
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Emys orbicularis

Figure 37
Bombesin~immunoreactive cells in the fundic mucosa.

x 250

Figure 38
Glucagon-immunoreactive cells, as detected with the
N-terminal antiserum, in the duodenal mucosa.

x 40O

Figure 39
Motilin-immunoreactive cells in the duodenal mucosa
detected with the N- and C-terminal antisera.

x 400
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Pancreas. The pancreas was found in an

identical location to that of Emys orbicularis

and was sub-divided in the same way. Again
there was no increase in the amount of
endocrine tissue seen in the tail region.

The structure of the islets differed from that
found in the mammals and advanced amphibia.

No central core of insulin cells surrounded by
an outer peripheral aggregation of other ceill
types was demonstrable. The islet-like
structure in these animals resembled the ribbon-
like structures seen in the Bufonidae, in which
all four cell types apparently occur with
little or no further organisation (Figure 40).
An interesting finding was that the insulin-
and somatostatin-containing cells were much
more numerous than the glucagon- and PP-
containing cells. Also interesting was the
finding that the PP cells reacted with antisera
to both BPP and APP., VIP-immunoreactive fibres
and cell bodies were detected in the pancreas
but only in association with blood vessels and
the muscle surrounding the pancreatic ducts.
Stomach and Intestine. Endocrine cell
staining in these areas was relatively poor.

In the stomach cells containing somatostatin,
glucagon and bombesin were identified as well
as nerve fibres immunostained by the VIP
antiserum. The remainder of the antisera gave

negative/.....
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Pseudemys scripta

Figure 40
Insulin-containing cells in a typical islet-like structufe
composed of ribbons of mostly rectangular cells.

x 250
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negative results. In the intestine
somatostatin cells and VIP-immunoreactive
nerves were present.

iii. Chelydra serpentia

Table 24 Chelydra serpentia  North American
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Pancreas. The location of the pancreas was

identical to the other two species and there

was no aggregation of the endocrine tissue in
the tail region. The pancreas in this species
showed most clearly that the endocrine tissue

in the Testudinetadoes not occur in discrete
mammalian-type islets. The endocrine cells
were found in long ribbons, often associated wit
both exocrine tissue and the pancreatic ducts
(Figures 41 and 42). No infiltration of the

splenic/.....
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Chelydra serpentia

Figure 41

Somatostatin-containing cells (arrows) lining the

pancreatic ducts.

x 120

Figure 42
Insulin-containing cells beside a pancreatic duct.

x 230
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splenic tissue by endocrine cells was seen in
any specimen examined.

The PP-immunoreactive cells were immunostained
with both the BPP and APP antisera. Of interes
was the finding that the distribution of the
endocrine cells varied with the area of the
pancreas. Most striking were the PP-
immunoreactive cells, which were commonest in
the head region and almost completely lacking
in the splenic lobe (Figure 43).
VIP-~immunoreactive fibres were not detected
within the pancreatic tissue.

Stomach and Intestine. In the stomach, the
fundus contained numerous substance P/bombesin -
immunoreactive cells, as well as somatostatin
and glucagon cells. In the antral region in
addition to the above, numerous gastrin/CCK
reactive cells and also some displaying the
non-specific neurotensin-immunoreactivity were
detected. VIP-immunoreactivity was present

in numerous nerve fibres and cell bodies of

the underlying muscularis mucosae, the cell
bodies being mostly located in the sub-mucosal
plexus (Figure 4k).

In the intestine, secretin-containing cells were
detected, ‘ These cells were
not stained by the glucagon, GIP or VIP anti-
sera, nor was the immunostaining affected by the
addition of any peptide other than secretin

(Figure 45)./.....
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Chelydra serpentia

Figure 43

Single PP-containing cell (arrow) in the tail region of

the pancreas.

x 200
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Chelydra serpentia

Figure Lk

VIP-immunoreactive fibres in the muscle coat of the
stomach - note the concentration of fibres in the
sub-mucous plexus (SMP).

S = Serosa M = Mucosa

x 120

Figure 45

Secretin-containing cells (arrows) in the duodenum

mucosa. '

x 40O
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5.3.2.b.

5'3'30

5.3.3.2a.

(Figure 45). The staining of the intestinal
neurotesin-immunoreative cells was specific .

Summary - Testudinata

The pancreas can be easily subdivided into head,
body and tail regions as defined in mammals.
Although it appeared that the distribution of the
constituent endocrine cells varies with the region,
the endocrine islets were not concentrated in any
particular region. VIP-immunoreactiwe nerves were
detectable in all regions of the gut as well as the
pancreas, although they were confined to the
exocrine tissue and pancreatic ducts. In this
family secretin and motilin were detected

within the intestinal mucosa. CCK and

GIP were still undetectable in any region.

Squamata
Lacertilia
i. Hemidactylus brookii
Pancreas. The pancreas was identified as a

small discrete organ attached to the duodenum
with no obvious attachment to the spleen. It
was therefore taken as a whole and not subdivide
into the three regions as in the Testudines.

The endocrine tissue in small clusters and as
single cells was evenly distributed throughout
the pancreas.

All four pancreatic hormones were present, thougl
insulin or somatostatin were the predominant
cell types. The glﬁcagon cells, although

relatively/.....
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relatively few in number, were distinct from
the PP cells. The PP cells were detected by
both APP and BPP antisera.

VIP was found in pancreatic nerve fibres
actually running within the exocrine tissue
(Figure 46). Enkephalin and substance P were
both negative.

Stomach and Intestine. In the fundic region,
cells containing neurotensin- and somatostatin-
like immunoreactivity were detected, those
detected with the somatostatin antiserum being
specific while those by the neurotensin
antiserum weré non-specific. VIP-containing

nerve fibres were also detected.

Table 25 Hemidactylus bfookii Furopean
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In the antral region bombesin, gastrin/CCK

and somatostatin cells were detected (Figure 47)
as were the non-specific neurotensin cells.
Numerous VIP-immunoreactive fibres and cell
bodies were present in this region.

In the upper intestine specific immunostaining
for bombesin, neurotensin and somatostatin
cells as well as VIP nerves and cell bodies was
observed (Figure 48).

No GIP, secretin, motilin or CCK immunoreactivity
was detectable in this species.

In the large intestine, gastrin and PP
immunoreactive cells were detected as well as
numerous substance P and VIP nerve fibres

(Figure 49).

ii. Agama agama
Table 26 Agama ggama FEuropean
L
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Hemidactylus brookii

Figure 46
VIP-immunoreactive fibre in a 10 micron section of pancreas.

x 40O

Figure 47
Somatostatin-containing cells in the antral mucosa.

x 120
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Hemida¢tylus brookii

Figure 48
VIP-immunoreactive nerve fibres in the duodenal circular

muscle.

x koo

Figure 49
PP-immunoreactive cells in the colonic mucosa (arrow).

x 400
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Pancreas. The pancreas was taken as one piece,
as there was no obvious means of separating the
various regions. The endocrine tissue was
evenly distributed throughout the pancreas.

The four pancreatic hormones were present in
ribbon-like islets (Figure 50). VIP-containing
nerves were found mostly around blood vessels
with occasional fibres in the exocrine tissue.
Stomach and Intestine. In the stomach the
fundic region contained somatostatin (Figure 51),
bombesin and glucagon (Figure 52) cells, the
neurotensin staining was non-specific. In the
antral region additional gastrin/CCK cells were
detected.

VIP-immunoreactivenerve fibres and cell bodies
were found in the nerve plexuses and muscularis
mucosae throughout the entire length of the

gut, including the stomach.

In the small intestineycell immunoreactive
with bombesin, gastrin/CCK,

glucagon, neurotensin (Figure 53), BPP and
somatostatin (Figure 54) were detected. The
antisera to motilin, secretin and CCK all

gave negative results.

In the lower intestine (colon) very few
endocrine cells immunostained by the somatostatin
neurotensin antisera were detected.

Substance P-immunoreactive nerve fibres were
also present alongside the VIP-containing

fibres (Figure 55).

-150-



Agama agama

Figure 50

a — Glucagon-containing cells in the pancreas
stained by the C-terminal antiserum.

x 120

b - Somatostatin-containing cells occurring
either in small groups or as single cells.

x 120

¢ - Insulin-containing cells seen in small
clusters and in ribbon-like structures.

x 400
d - PP-containing cells stained by the

BPP antiserum.

x 120
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Agama agama

Figure 51
Somatostatin-containing cells in the fundic mucosa -
note the cytoplasmic extensions (arrows).

x 250

Figure 52
A glucagon-immunoreactive cell in the fundic mucosa
with a well developed cell process.

x 400
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Agama agama

Figure 53
A neurotensin-immunoreactive cell in the duodenal
mucosa.

x 250

Figure 54
A somatostatin-immunoreactive cell in the jejunal
mucosa - note the extension at the basal lamina.

x 250

Figure 55
Substance P-~immunoreactive fibres in the circular
muscle layer of the colon.

x 120
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5¢3.3.b. Summary - Lacertilia

The pancreas was undivided and the endocrine tissue
was evenly distributed throughout. There did not
appear to be any difference in the distribution of’
the endocrine cells. The majority of the cells
were found in the ribbon-like islets although some
scattered PP and somatostatin cells were also found.
Of the neuropeptides both VIP and substance P were
found in intestinal nerves with VIP-stained nerves
being by far the most numerous.
The neurotensin staining in the stomach was again
non-specific although the intestinal staining was
specific.
GIP, motilin, secretin, CCK, enkephalin and
endorphin were all undetectable.
5.3.3. c.Serpe;ntes
In all the snakes studied the pancreas was found as
a discrete lobular mass attached to the duodenum
with the small round spleen adhering to oﬁe end.
It was impossible to distinguish different regions
therefore the whole pancreas was divided into two
and each half embedded (see Diagram 8).
In this way the region surrounding the spleen was
termed the tail region, the central zone was taken
as equivalent to the body and the part furthest from
the spleen as the head region.

i. Boidae - Python recticularis
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Table 27 Python recticularis European
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Pancreas. The endocrine tissue was found in
extremely large islets in all regions of the
pancreas. The islets consisted of a central
region of glucagon-immunoreactive cells with
peripheral insulin and somatostatin cells
(Figure 5¢). No PP cells were found with the
BPP, APP or HPP antisera.
The VIP innervation of the pancreas was striking,
the VIP-immunoreactive nerves being concentrated
in the endocrine islets as well as infiltrating
the exocrine tissue (Figure 57).
Neurone-specific enolase (NSE) was also positive
in the pancreatic tissue (Figure 58).
Stomach and Intestine. In the stomach there

was/.ee..
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Python recticularis

Figure 56

5 micron section of the pancreas stained with the insulin
antiserum showing the positive cells mainly at the periphery
(large arrows). The cells are stained with 4-chloronapthol
which when photographed under Nomarsk:optics gives a dark green
colour. The brown reaction product seen at the edges of the
cells are the VIP-containing nerve terminals demonstrated by
the diaminobenZidene reaction (small arrows).

x 400
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Python recticularis

Figure 57

5 micron section of a pancreatic islet stained by the
pancreatic glucagon antiserum (localised by the
L_chloronapthol reaction) showing that the majority

of the cells are positive. The section has also been
incubated with C-terminal VIP antiserum and localised
with diaminobenzidene. The VIP-ergic terminals were
found in close association with the endocrine cells
shown in this example (arrows),

x &00
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was a complete absence of immunostained
innervation. Somatostatin and gastrin/CCK
were the only endocrine cell types detected.
The lack of immunoreactive nerves was also seen
in the intestine where VIP-immunoreactive
fibres were completely absent. However in the
upper small intestine CCK and GIP immunoreactive
cells were specifically detected (Figures 59
and 60).

ii. Colubridae - Thamnophis sirtalis

Table 28 Thamnophis sgirtglis European %
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Pancreas. The endocrine tissue was found as

large islets confined to the tail region
consisting of a central core of glucagon-

immunoreactive cells with peripheral insulin-

and/.....
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Python recticularis

Figure 58
NSE-immunostained fibres around a pancreatic blood vessel.

x 40O

Figure 59
CCK-containing cells in the duodenum (arrows) stained by’
the mid-portion (9-20) specific antiserum.

x 250

Figure 60
GIP-immunoreactive cell in the duodenum mucosa.

x kOO
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iii.

and somatostatin-containing cells. In this
species there was a total lack of VIP-
immunoreactivity both in the pancreas and the
intestine. This was consistent no matter

which antiserum was used (C-terminal, N-terminal
or whole molecule specific).

Stomach and Intestine. The fundus showed
immunoreactive bombesin and somatostatin cells
and also non-specific neurotensin cells. Cells
containing bombesin-, gastrin/CCK-, glucagon-
and somatostatin-like immunoreactivity were
detected in the antral mucosa. In addition
numerous substance P-immunoreactive nerve

fibres were seen in the muscularis mucosae
(Figure 61).

In the intestine, endocrine cells were
present reacting with neurotensin-,
somatostatin- and gastrin/CCK antisera, the
most numerous being the gastrin/CCK cells
(Figure 62).

In the lower intestine (colon) only a very few
endocrine ceils were detected with the
neurotensin and somatostatin antisera (Figure 63)
Throughout the length of the intgstine numerous
substance P-immunoreactive nerve fibres were
detected in the muscle coat and cell bodies

were present in the myenteric plexus

(Figure 64).

Natrix natrix/..... =
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Thamnophis sirtalis

Figure 61
Substance P-immunoreactive fibres in the myenteric plexus
of the antrum.

S = Serosa

x 250

Figure 62
Gastrin/CCK - immunoreactive cells in the duodenal mucosa.

x 250
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Thamnophis sirtalis

Figure 63
a - Somatostatin-immunoreactive cells in the colonic
mucosa (arrows).

x &oo

b - A neurotensin-immunoreactive cell in the colonic

mucosae.

x kOO

Figure 64
Substance P-immunoreactive fibres in the sub-mucous
plexus.

M = Mucosa

x 400
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idi. Natrix natrix
Table 29 Natrix natrix European
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Pancreas. The endocrine tissue was confined
to the tail region in several large islets.

The vast majority of the cells were glucagon-
containing with fewer insulin- and somatostatin-
containing cells. Although the staining was
not as pronounced as in the python there was an
indication that there were VIP-containing

nerve fibres around the outside of the islets
but little or no reactivity was seen in the
exocrine tissue.

Stomach and Intestine. Again there was a total

lack/.....
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lack of VIP-immunoreactivity in all areas.

The only positive immunostaining of nerve

fibres was seen with the NSE antiserum, this

was seen in all areas of the intestine and the
stomach but not in the pancreas.

There were relatively few endocrine cells seen in
the stomach and intestine. Those detected
contained either somatostatin or gastrin/CCK

with a few glucagon immunostained cells

occurring in the lower gut.

iv, Nerodia rhombifera

Table 30 Nerodia rhombifera North American
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Pancreas. The endocrine tissue was found

concentrated in the tail region, with a few

cells occurring in the body. The islets seen

in/.....
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in the tail region were composed mainly of

glucagon-containing cells with some insulin-

and somatostatin-containing cells (Figure 65).

There was no indication of the present of
endocrine tissue in the spleen although the
large islets were very close to the limits of
the pancreas adjoining the spleen (see

Figure 66 ), No evidence for PP cells could
be found with any of the PP antisera available,
nor was there any indication of the presence
of VIP-immunoreactive nerves.

Stomach and Intestine. In the stomach the
uéual cell types were present such as bombesin
and somatostatin. No evidence of a peptidergic
component of the innervation could be seen with
either the VIP or substance P antisera.
Gastrin/CCK containing cells were the most
abundant cell type. A few somatostatin,
neurotensin and glucagon cells were also
detected. In the lower intestine (colon) no
endocrine cells were detected, the whole of

the mucosa being composed of mucin producing

cells.

Viperidae - Agkistrodon piscivora
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Nerodia rhombifera

Figure 65

Glucagon-containing cells in a large islet close to the
spleen (SP) - note that the glucagon'A.cells form the
major component of the islet.

x 120

Figure 66

A serial section showing the somatostatin-containing cells
in the same islet. The cells are found throughout the
structure but are not as numerous as the glucagon-
containing cells.

x 120

~17L~



-175-



— PP a4 s s e e e e

Table 31 Agkistrodon piscivora ‘ Nort-}iuﬁner}ica—"}
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Pancreas. The pancreatic islets were

concentrated at the splenic pole and consisted
of glucagon-, insulin- and somatostatin-
containing cells. There were no PP cells
demonstrable with the BPP, APP or HPP antisera.
VIP-immunoreactive fibres were seen in both the
endocrine and exocrine tissue.

Stomach and Intestine. Somatostatin-
containing cells and VIP-containing nerves were
detected in the stomach (Figure 67). The
upper small intestine contained numerous
gastrin/CCK cells as well as a few somatostatin,
neurotensin and glucagon cells and several VIP-
immunoreactive fibres (Figure 68).

The colonic region was again devoid of any
endocrine cells although a few VIP-
immunoreactive nerve fibres were observed.

vi. Crotalus atrox/.....
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Agkistrodon piscivora

Figure 67
A somatostatin-containing cell (arrow) in the duodenal
mucosa.

x 40O

Figure 68
VIP-immunoreactive fibres in the myenteric plexus of the
duodenum.

M = Mucosa S = Serosa

x 120
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Vi Crotalus atrox
P Table 32 Crotalus atrox North American
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Pancreas. The pancreatic endocrine islets
were found concentrated in the region next to
the spleen (tail) and several islets were
observed actually in the spleen (Figure 69).
Insulin-, somatostatin- and glucagon-
immunostained ;ells were present but no PP,

A small number of VIP-immunoreactive fibres
were also seen but these were confined to the
exocrine tissue.

Stomach and Intestine. In the duodenum
numerous neurotensin- and glucagon-containing
cells were present as well as some gastrin/CCK
and somatostatin cells. VIP-immunoreactive
nerve fibres were also seen - these were

confined/e....
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5.303.d.

5.3k,
5-3.4¢ao

confined to the sub-mucous plexus (Figure 70).
Summary - Serpentes
In most species (except the python) the pancreatic
islets were concentrated at the tail region next to
the spleen. The islets consisted of glucagon-,
somatostatin- and insulin-immunoreactive cells with
the glucagon cells being the most numerous. No
evidence for the existence of PP-immunoreactivity
was found in any species. VIP-immunostained nerve
fibres were commonly found in both the pancreatic
islets and exocrine tissue. However, with the
exception of the Viperidae, VIP-immunoreactive
nerve fibres and cell bodies were completely absent
from the intestine and stomach. In the Natricine
snakes there appeared to be an increase in the
abundance of the substance P-immunoreactive fibres
in the intestine, whether this was related to the
absence of the VIP-containing fibres could not be
established especially as this was not seen in the

python or garter snake (Thamnophis sirtalis).

Crocodilia

Crocodylidae

i. Alligator mississipiensis
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Crotalus atrox

Figure 69
Insulin~containingcells in an islet actually within the
spleen.

x 40O

Figure 70
VIP-immunoreactive fibres in a 10 micron section of the
duodenum.

S = Serosa

x 250 '
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Alligator mississipiensis North America
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Pancreas. The pancreas“iﬁ these animals was i

found embedded in fat in a loop of the duodenum
(see Diagram 7 ). Three areas of the pancreas
were distinguished. The head region was a
long process ventral to the main body of the
pancreas and the tail (splenic) portion lay
adjacent to the attached spleen.

The endocrine tissue was found in all three
areas. Discrete islets were not found, the
cells being either grouped in clusters
bordering ductular-like structures (Figure 71)
or found in groups or single cells amongst
the exocrine tissue (Figure 72). In some of
the sections excellent examples of the budding
of endocrine cells from the ductular epithilium
were seen, especially insulin- and soﬁatostatin—
containing cells (Figure 73).

All four pancreatic hormones were distinguished
including PP, which was only detected with the

APP/.....
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Alligator mississipiensis

Figure 71
Insulin-containing cells bordering the exocrine tissue.

x 350

Figure 72
Insulin-containing cells in a small group surrounded by
exocrine tissue.

x 400
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Alligator mississipiensis

Figure 73
Insulin cells budding off from a pancreatic duct (PD).

x 600
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APP antiserum.

The peptidergic innervation was represented by
numerous VIP-containing fibres in both the
exocrine and endocrine tissue (Figure 74).
None of the other neuropeptides were detected
in the pancreatic tissue.

There was no evidence of an aggregation of
either the endocrine tissue or the VIP-
immunoreactive fibres to the tail region, the
distribution appeared similar in all areas.

An interesting finding was the presence of
ganglia containing VIP-immunoreactive cell
bodies in the tissue surrounding the main
pancreatic ducts (Figure 75).

Stomach and Intestine. In this species no
bombesin/substance P-immunoreactive cells were
detected in the fundic mucosa, although a few
cells were observed in the antrum. Non-
specific neurotensin cells were again detected
in the fundus.

The antrum contained relatively more endocrine
cells than the fundus, which were usually
found towards the base of the glands. The
glucagon and somatostatin cells showed long
cytoplasmic processes (Figure 76).

Numerous VIP-immunoreactive nerves were
present in both the circular muscle and sub-
mucosa at the top of the glands (Figure 77).
VIP~immunoreactive cell bodies were found in

the/.euas
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Alligator mississipiensis

Figure 74
VIP fibres (arrows) within the exocrine pancreas.

x 400

Figure 75

VIP-immunoreactive cell bodies (arrows) in a ganglion
outside the main pancreatic tissue, surrounding the main
pancreatic duct.

x LoOo
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Alligator mississipiensis

Figure 76
Glucagon-immunoreactive cell in the fundic mucosa with a.
cell process (arrow).

x 400

Figure 77

VIP-immunoreactive fibres at the top of the gut folds in
a 5-micron section of the duodenum. The PAP stained
section has been counterstained with haematoxylin and
eosin to show the individual cells. Note the close
association of the VIP-~containing fibres and the mucosal
cells. In some cases the VIP nerves appear to surround

individual cells (arrows).
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ii.

the sub-mucous plexus. No other neuropeptides
were found in the nerve plexuses.

In the upper, small intestine, secretin-
immunoreactive cells were detected, usually at
the top of the gut folds (Figure 78). No
gastrin/CCK cells were found in the duodenal
region although they were numerous in the
Jjejunum.

The NSE antiserum stained the nerve plexuses
and sub-mucosal nerve fibres in all areas of
the intestine (Figure 79) but no mucosal
endocrine cells were detected. VIP-
immunoreactive nerve fibres were found throughout
the intestine, the fibres were confined to the
sub mucosa, sub-mucosal plexus and the

circular muscle, no fibres were found in the
longitudinal muscle layers or myenteric plexus.
In addition to the VIP-immunostained fibres
several bombesin-immunoreactive fibres were
also detected. The distribution of the
bombesin- and VIP-containing fibres was clearly
distinct (Figure 80).

In the colonic region the number of endocrine
cells was greatly reduced, the only cells
detected being neurotensin and glucagon.

Caiman crocodylus crocodylus
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Alligator mississipiensis

Figure 78
A secretin-immunoreactive cell (arrow)} in the duodenal

mucosa.

x koo

Figure 79
NSE-immunoreactive fibres in the sub-mucous plexus of the
jejunum.

M = Mucosa

x 250
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Alligator mississipiensis

Figure 80
a - VIP-immunoreactive fibres in the sub-mucous plexus of
the jejunum - note the positive cell body (arrow).

x 120

b - Detail of the positive cell body.

x 600

¢ - Bombesin-immunoreactive fibres in a serial section -
note the different distribution of the nerve fibres as
compared to a.

x 120
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ii. Caiman crocodylus_qrgcodylus L
i dyl : codyl European
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Pancreas. The pancreatic endocrine tissue
was found mostly in large islets composed of
all four pancreatic hormones. There was some

indication that as in the Vipera, some
endocrine tissue was also present in the
spleen (Figure 81) but this would require

further investigation of more individuals,

which were not available. The PP cells were

again only detected by the APP antiserum.

In this speciwen there was no evidence for

VIP-containing nerve fibres but this may be due

to the fixation (Bouin).

Stomach and Intestine. VIP-immunoreactiv

e

nerve fibres were detected in the sub-mucous

plexus in all regions of the intestine.

the/vee..
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5.3.4.b.

the intestine secretin-~ and motilin-
containing cells were detected in the duodenal
mucosa, the motilin-containing cells being
immunostained by both the N- and C-terminal
antisera (Figure 82).
The number of immunostained cells decreased
lower down the gut with a corresponding
increase in the number of mucin-producing cells.
Summary - Crocodylidae
GIP, CCK and enkephalin were all undetectable in
these animals. Those cells detected were usually
found throughout the intestines, the exceptions
being secretin and motilin (confined to the
duodenum) and bombesin (confined to the stomach).
Of the neuropeptides,only VIP and bombesin were
found in the nerve fibres and cell bodies
NSE immunoreactive autonomic nerves were
demonstrated although the endocrine cells remained

unstained.
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Caiman crocodylus crocodylus

Figure 81

Glucagon-containing cells on the edge of the spleen (SP).

x 40O

Figure 82
Motilin-immunoreactive cells in the duodenal mucosa (arrows),
stained with the N-terminal antiserum.

x 250
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Chapter 6 - DISCUSSION - LIGHT MICROSCOPY

6.1. Pancreas
a. Islet structure.
The cells of the pancreatic islets are probably the
most intensively studied components of the regulatory

peptide system.

Considerable differences were seen between the
mammalian and the amphibian/reptilian islets in size,

composition and cell characteristics.

It was noted that in the more ‘primitive' ancestral-
type animals, such as the salamander, turtle and
alligator the islets were ribbon-like, occurring
along the edge of the acinar tissue, whereas in the
more advanced species, such as the tree frogs and

snakes, mammalian-type islets were present.

In the reptiles all four pancreatic hormones were
detected with the available antisera but in the

amphibia the presence of PP was equivocal.

An additional feature of the snake pancreas was the
concentration of islet tissue to the splenic (tail)
region, with large islets occurring right next to the
spleen. The most advanced of the snake families, the
Viperidae, have taken this one stage further, as islets
were found actually within the spleen. The finding of
splenic islets in members of the Viperidae agrees with
a previous report of their presence in the species

Crotalus viridis helleri and Vipera berus, which are

both members of the Viperidae (Hellerstrom and Asplund

1966)./cee..
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1966). The significance of these splenic islets is at

present unknown.

A concentration of islet tissue near the spleen has
also been reported in several groups of fishes where
islet tissue is concentrated in discrete 'Brockmann!

bodies.

Distribution of Islet Cells.

In mammals the existénce of a differential distribution
of the islet cells has been well established (Orci and
Unger 1975). A more recent finding was the distinct
regional localisation of PP in several mammals {(Orci

et al 1976, Orci et al 1978) and also teleosts (Stefan

and Falkmer 1979).

Of the more advanced species investigated the diference in
composition of the islets was most striking in the

snakes. In these animals the glucagon-containing cells
were the major component as compared to the insulin-rich

islets of mammals.

In other groups such as the frogs the typical mammalian
pattern of central insulin with peripheral glucagon

and somatostatin cells was demonstrated.
Regional Variations.

The pancreas in the amphibians and some reptiles was
difficult to sub-divide into head, body and tail regions
with any accuracy. It was thought that in view of the
reported regional variation in the occurrence of PP
cells this might have been used as a marker for the

head and tail regions. In practice this was impossible,

as/.-::.-
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as in all species the distribution showed no marked

gradation from area to area.

However a differential localisation of PP cells was

seen in Chelydra serpentia where no PP cells were

present in the tail region. This was identical to
the reported distribution pattern in mammals and some

fishes.

Individual Peptides.

i Pancreatic Polypeptide.

Of the four recognised pancreatic hormones PP was
the only one not to be specifically detected within
the amphibian pancreas.

It appeared from the immunostaining of the
amphibian pancreas that, regardlesé of species,
those cells reacting to the PP antiserum also
reacted with the glucagon antisera. Further, of
the available PP antisera, only the BPP antiserum
gave positive results, the immunostainings with

the APP and HPP antisera were totally negative.

The control incubations showed that although the
addition of glucagon significantly diminished the
level of the immunoreaction there was still a
demonstrable level of binding to the pancreatic
cells. Recent work on the cross-reaction of GIP
antisera with mammalian pancreatic glucagon cells
showed that the common determinant was present in
the glicentin (Moody et al 1978) molecule not . in the
pancreatic glucagon sequence (Largson and Moody

1980) . It may be therefore that the reaction

seen/e....
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seen with the BPP antiserum in the pancreas of
these amphibians was the result of the binding of
the BPP antibodies to an amphibian equivalent of
glicentin: wuntil this problem can be fully studied
by the purification of the pancreatic glucagons
from these species the question of whether the

BPP staining was purely a crossreactivity with
glucagon-like peptides cannot be answered.

Work on purification of glucagon from the fishes
has already shown that in these species considerable
sequence homologies exist between the glucagon and
mammalian PP which would tend to support the idea
that if an amphibian PP does exist it was not
detected by the present antiserum (Steiner

personal communication | Q'?O).

Immunostaining of the reptilian pancreas has shown
that even in the 'primitive' members, ie turtles,
there was a clear distinction between the cells
reacting with the glucagon antisera (pancreatic

and N-terminal) and those reacting with the APP and
BPP antisera, thus indicating that at this level of
organisation PP-like peptide(s) with sufficient
sequence similarities to bind both sets of PP
antisera but not the HPP antiserum,were already
established. It was interesting to note that in
the Crocodylidae only the APP antiserum detected
the PP cells, which, as the alligators are supposed
to derive from the same ancestral line from which
the Aves have diverged, may suggest that the avian

peptide/.....
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ii.

peptide was established earlier in evolutionary
development.

Of further interest was the finding that in snakes,
from the primitive python to the highly advanced
rattlesnake, there appeared to be a complete lack
of PP-immunoreactivity. As has already been
mentioned, the lack of immunoreactivity cannot
exclude the existence of a related peptidey therefore
once again, the extraction and purification of the
pancreatic hormones from snakes will be necessary
to establish conclusively whether PP really is
absent in these species.

If the lack of PP is confirmed by further work,
these animals may be an ideal experimental model

in which to study the effects of exogenous
administration of PP, This is especially
attractive in view of the present lack of inform-
ation as to a precise biological role for PP in
mammals.

It has been suggested that PP may be involved in the
regulation of food intake and digestion (Gates and
Lazarus 1977, Malaisse-Lague et al 1977); such a
function would be supported by the morphological
finding of PP-rich areas in the head of the pancreas
which is in close relation to the intestine

(Falkmer 1979).

Glucagon

Immunocytochemistry showed the presence of a
glucagon~-like peptide in all the species investigated.

Offeceee
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Of the three types of region specific antisera
available, those detecting the N-terminal to mid-
region of glucagon(which also detect the enteric
forms) and the C-terminally directed pancreatic
glucagon- specific antiserum gave positive results.
In no species was immunoreactivity detected using
the glicentin specific antiserum. These results
indicate that the sequence of pancreatic glucagon
has remained stable for a considerable period, or
at least those areas detected by the antisera to
the C- and N-terminal regions, whereas the larger
enteric form(s) has probably changed considerably
between the amphibians/reptiles and mammals.

It was noticeable that in the majority of species
the glucagon-containing cells were not confined to
the islets as in maﬁmals, but were found scattered
within the exocrine tissue. In those species with
a concentration of glucagon cells to the islets
they usually formed the major constituent of the
islet.

As already mentioned glucagon in these lower species
appears to have the same role in glucose homeostasis
as seen in the mammals.

iii. Insulin and somatostatin

With both these peptides, immunoreactive cells were
seen in every species investigated. The insulin
and somatostatin cells were often found in close
association, a finding which supports the contention
that these two peptides have long been related

functionally./.....
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functionally.
Previous evolutionary studies have suggested that
the first endocrine cells to migrate from the gut
into the developing pancreas were those producing
insulin. These were then followed by somatostatin,
glucagon and finally PP-producing cells (Falkmeretol
1977).
From a functional standpoint, in vitro work with
isolated fish islets has shown that application of
somatostatin to cultured islets completely abolished
the release of insulin. This effect could be’
reversed in incubation of the same islets in a
somatostatin-free medium (Stewart et al 1978).
Thus somatostatin presumably acts primarily to
inhibit the release of insulin in the pancreas while
insulin retains its usual hyperglycaemic effect.
Innervation.
In mammals both VIP-containing nerves (Larssoﬁ?%é?&,
Bishop et al 1980) and tetragastrin-containing nerves
(Larsson 1979b). have been described in association
with the endocrine islets. In none of the species
investigated in this study were nerve fibres detected
with any of the antisera to the C-terminal region of
gastrin.
The results of the present study showed that in the
amphibians only the most specialised tree frogs {Ezii_
arborea) had recognisable VIP-containing fibres in the

pancreas suggesting the presence of a peptidergic

- component of the autonomic innervation.

Immunostaining/.....
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Immunostaining of the reptilian material showed that
‘most species had VIP-containing fibres. The fibres
were mostly confined to the exocrine pancreas and

around the pancreatic ducts, except in the Ophidia and
alligator where a rich innervation of the pancreatic
islets was also demonstrated.

In the python the use of the PAP double staining
technique showed that the VIP-immunoreactive nerve fibres
were in close association with both insulin- and
glucagon-containing cells, Recent work in a related

species Elaphe quadrivirgata (Boidae) has also shown a

rich VIP-innervation of the region around the islet,
although a direct relationship with the islet cells was
not established (Fujii et al 1980).

It has been demonstrated in mammals that VIP releases
insulin, glucagon, somatostatin and PP (Schebalin et al
1977, Ipp et al 1978, Adrian et al 1978). The close
association of the VIP-containing terminals with the
insulin and glucagon cells suggests that VIP may
influence the release of at least these two peptides.
Clearly further physiological studies are required to
establish the exact effect of the endogenous VIP.
Although immunoreactive cell bodies were seen in the
plexué surrounding the main pancreatic duct no positive
cell bodies were seen within the pancreatic tissue
therefore the VIP-fibres may prove to be extrinsic.
Alternatively it may be that the cell bodies were not
detected in the material available due to low amounts

- of peptide. Treatment of further animals with agents

Such./. L)

-209-



such as colchicine before sacrifice may render the
.ganglion cells within the pancreas detectable.

f. Summary. °
The results confirm the presence of insulin-, glucagon-,
and somatostatin-like peptides in the pancreas of all
the species investigated.
A PP-like peptide certainly occurs in the majority of
the reptiles with the exception of the snakes. In
the amphibia the present evidence indicated that if a
PP-like peptide exists, it does not contain determinants
detectable by any of the available antisera.
The presence of a VIP-ergic component of the pancreatic

innervation has been established although its functional

significance remains unclear. Further work using the
snake pancreas may be of importance in answering this
problem.

No evidence of a further peptidergic component was found,
> neither was there any evidence for the presence of other
peptide-containing cells, accepting the limitations of
the use of the mammalian based antisera.
6.2, Stomach
a. Fundus
At present mucosal endocrine cells containing somatostatir
bombesin, serotonin and glucagon have been demonstrated
in mammals. The glucagon cells, which were seen only in
canine fundus, were found to be identical to the

pancreatic glucagon cell (Grimelius et al 1976).

In/eeee.

-210-



In the muscle coat and nerve plexuses, several

neuropeptides have been identified including substance P,

VIP, enkephalin and bombesin (Polak and Bloom 1979 ,

Schultzberg et al 1980).

The fundic region of the amphibians and reptiles

invariably contained glucagon, bombesin/SP, somatostatin

and neurotensin immunoreactive cells.

i. Neurotensin
The neurotensin immunoreactivity in the fundic
mucosal cells was found to be non-specific in that
it was un-absorbed by the pre-addition of either
neurotensin or the related amphibian peptide
Xenopsin. However, it is of interest that in
recent studies using region-specific antisera to
neurotensin, it has been demonstrated that with the
C-terminal specific antisera several related
peptides can be detected in the stomach of both
mammalian and non-mammalian species. On the other
hand, the N-terminal specific antiserum only
detected 'true' neurotensin which was not present
in the stomach of the non-mammalian species
(Carraway 1981). In addition in previous
investigations with frogs and lizards a similar
pattern of a non-absorbable immunostaining in the
stomach was reported,
It would appear froh the present information that
the peptide(s) detected by the neurotensin antisera
available during this study correspond to members
of the "neurotensin family" which all share a

common/e....
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common C-terminal sequence with differing
N-terminal determinants (Carraway and Bhatnagar
1980).

A second explanation involves the newly identified
peptide PYY, This peptide has been shown to have
an N-terminal identity with neurotensin, therefore
it may be related to the peptide detected in the
stomach of these animals. Further

biochemical work on the extraction and purification
of this substance(s) will help to clarify the

question .

Glucagon

The glucagon-containing cells were present
throughout the fundic glands usually occurring close
to the basal lamina. These cells were detected py
both the N~ and C- terminal antisera as were the
pancreatic glucagon-containing cells, suggesting
that the same situation exists as reported for
canine stomach. The function of this extra- J

pancreatic glucagon is unknown.

Substance P/bombesin

In several species, staining of identical mucosal
endocrine cells was detected with both antisera to
bombesin (N- and C-terminal) and substance P
(C-terminal). The pre-absorption of antisera
with the other antigen (ie anti-bombesin with
substance P and vice versa) demonstrated that the
resultant immunostain was not removed by the

cross-absorption. In some other species bombesin-

or/
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or substance P immunoreactive nerve fibres were’
also seen but these were not double-stained ie
where present the fibres were only detected with
one group of antisera.

For several reasons it was unlikely that the double
staining seen by immunocytochemistry was caused by
the presence of the two identical amino acids at
the C-terminal region. For instance, the cross
absorptions should have blocked the binding to
that particular region and further the use of the
N-terminal bombesin antiserum gave the same
immunostaining pattern and it lacks any reactivity
with the common C-terminal region.

In addition the immunocytochemical localisation of
bombesin to the fundic mucosa has been confirmed by
radioimmunoassay, where high levels of bombesin-
like immunoreactivity have been demonstrated
(Appendix III)by an assay system which does not
detect substanée P to any significant degree
(Ghatei in preparation).

Therefore it may be that in those species where
the double staining occurs a related peptide is
responsible, which has available binding sites for
both the substance P and bombesin.

Somatostatin

Somatostatin cells were found to be especially
numerous in the deeper crypt regions éf the glands.
These cells frequently showed long processes
reaching along the basal lamina. These processes

have also been seen in several mammalian cell

types/.....
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types which include somatostatin and it has been
suggested that these processes are related to the
postulated paracrine function of this peptide
(Larsson et al 1979).

Of the neuropeptides detected in mammalian tissues,
VIP, bombesin and substance P nerves were seen in

the fundic region of most species.

VIP

In mammals the VIP-immunoreactive fibres were found
in all species studied except most of the Serpentes

and the frog Atelopus oxyrhynchus. The VIP-

innervation was usually well developed. In the
amphibians the majority of the fibres were seen in
the myenteric plexus and circular muscle with only
a few fibres in the lamina propria. In the
reptiles the situation differed from species to
species. In the Testudinu’a the staining pattern
was similar to that in the amphibians with little
or no immunostaining being found in the lamina
propria, in the agamids and gekko the innervation
showed an increasing development in the sub-mucous
plexus although the majority was still in the
muscle layers and the myenteric plexus. In the
alligator there was an almost total reversal with
little immunoreactivity being found in the
myenteric plexus.Almost all the staining was found
in the sub-mucous plexus and in the lamina proprié
where there was a close connection between the
cells at the basal lamina and the positive nerve

fibres./. csee
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fibres.

Substance P

In some species, in addition to the VIP innervation,
substance P positive fibres were also detected.

In the amphibia the substance P nerves were usually
found around the blood vessels, anly rarely being
seen in the myenteric plexus and never in the
muscular layers.

In the snakes the substance P fibres were very much
more numerous (Colubridae) and the myenteric plexus
was particularly rich in nerve fibres. Whether
the increase in substance P content could be related
to the absence of VIP in these animals in this

region is unknown.

Bombesin

Bombesin-immunoreative fibres were by far the least
common, only occurring in a few amphibian species

and the alligator.

Hibernation

An interesting result was seen in the comparison of
the fundus in the hibernating Bufo bufo as compared
to those re-fed for a period of about one month.

The depth of the fundic glands appears to be
decreased in the fed toads, yhether this was related
to stretching of the mucosa due to excessive food
intake is unknown.

These results are the opposite to those obtained
during a study of the effect of hibernation on the

gastric mucosa of the frog Rana esculenta

(Geuze 1971 a and b)/.....
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(Geuze 1971 a and b) where the fundic glands were
reported to be shorter in the hibernating animals.
An explanation for this discrepency would be that
the toads in the present study were only re-fed for
one month whereas the frogs were killed in mid-
summer. yt is possible that a further change
in the mucosa may occur after a prolonged period of
feeding. Therefore the effect of the 'stretching’
would be compensated for and a further cell
proliferation might occur which would produce the
deeper crypts seen in the mid-summer frogs.
Changes in the endocrine cell content and nerve
fibre density were also observed in these animals
with the substance P-containing fibres becoming
more numerous around the blood vessels and the
bombesin cells being increased in the fed toads.
The effect of hibernation on the regulatory peptides
will be discussed further on page 225.

Antrum

The structure of the antral region was essentially similar

to that seen in the fundus.

Of the endocrine cells demonstrated in the fundus only
those containing somatostatin and neurotensin were

a constant feature in the antral mucosa of the majority

of the sub-mammalian species. In addition to these,

cells detected by the gastrin/CCK antisera were always

present. The neural co@ponent was represented by VIP,

substance P and enkephalin.

i. Neurotensig/.....
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Neurotensin

The same situation was found as in the fundus, except
the cells were confined to the mucosa being
found in the lamina propria only in salamanders.
Gastrin/CCK

Several antisera to gastrin and CCK were available.
Somesdetecting the common C-terminal region were
grouped together as G/CCK specific,as with these
there was no possibility of distinguishing between
gastrin and CCK at least by immunocytochemical
methods. The other antisera were either to
Gastrin 34, Gastrin 17 or CCK alone (see Table 6
paged9) .

As in no case were the antral cells stained by any
other than the G/CCK antisera this suggested that
'true' gastrin was not present in these animals.
However, this obviously assumes that the mammalian
antisera to Gastrin 17 and Gastrin 34 would detect

their amphibian equivalent.

There has been some conflicting evidence in the
literature concerning the presence of gastrin and
CCK-like peptides in lower species. One report
using a bioassay system indicates the presence of a

true gastrin-type peptide in the stomach of Rana

berlandieri. Similar findings in extracts of the

salmon inteatine and stomach led the author to
suggest that the gastrin- and CCK-like peptides
diverged at the level of the chondrichthyeans

(Vigna 1979)./.....
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(Vigna 1979). In addition, significant amounts of
gastrin were detected by radioimmunoassay in the

stomach of the amphibians Rana catesbeiana and

Necturus maculosa. Gel permeation chromatography

on G50 columns demonstrated that a G34-like peptide
was the predominant form although some of a Gl17-
like size was also present (Gibson et al 1976).

In contrast to the above findings,and in agreement
with the present observations,work using region -
specific antisera to gastrin and CCK has shown that
in frog antral extracts the molecular forms present
were equivalent to a large CCK, CCK-33 and the
decapeptide caerulin, with no detectable gastrin
(Larsson and Rehfeld 1977). In addition the antral
endocrine cells were detected by both C-~terminal
gastrin and CCK antisera, indicating that the frog
does not have separate gastrin and CCK peptides.
Clearly, in order to solve the present dilemma, the
purification and full characterisation of the
peptides by amino acid analysis will be required.
If it can be shown that the region specific
antisera are capable of binding to the peptides
from lower species the present data would support
the belief that CCK and gastrin as separate entities
are only recognisable at the reptilian level of
organisation.

An interesting observation was that although the
region specific antisera to G17, G34 and CCK were
almost always negative, if the C-terminal gastrin

antiserq/.....
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antisera were pre-absorbed by the addition of
gastrin pentapeptide, the immunostaining seen was
not removed , whereas if the antiserum was
absorbed with G17 no immunostaining was detected.
This may indicate the existence of a second anti-
body population in the C-terminal antiserum
directed to an antigenic determinant at the
C-terminal region which differs from that detected
by the specific G17 antisera. Further, this
determinant was present in the antral and duodenal
mucosa of several of the species investigated (the
full results of the work completed at present are
given in Appendix IV).

It follows from this that the peptide detected in
these areas by the use of the C-terminal antiserum
is nearer to the gastrin-type peptides than the
CCK-1like, Although more advanced studies must be
initiated to finally solve the question, there is
an indication from these results that the use of
region-specific antisera to areas of the molecule
that are probably non biolegically active (such as
the mid-region of CCK) may give rise to false
negatives, as amino acid substitutions probably
occur more often in these areas thus causing a
negative result.

Somatostatin

These cells were relatively less numerous than the
gastrin/CCK cells in the majority of the species
studied. Morphologically they were identical to

those/.....
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iv.

and

Intestine

those seen in the fundic mucosa.

VIP

Nerve fibres and cecll bodies containing a VIP-like
peptide were detected in all of the species

investigated except the majority of the Serpentes

the frog Atelopus oxrhynchus.

The VIP-fibres were numerous in the muscle layers
especially in the circular muscle. I'n mammals VIP
has been shown to modulate smooth muscle relaxation
(Kachelhoffer et al 1976). In view of the highly
localised distribution to the muscle layers it may
be that the amphibian/reptilian peptide has a
similar action on the muscle fibres.

The ViP-containing cell bodies were confined to the
myenteric plexus in the amphibians, whereas in the
reptiles the vast majority of the cells were found
the sub-mucous plexus, similar to the situation
reported in mammals (Schultzberg et al 1980,

Jessen et al 1980).

- Duodenum

In general the greatest numbers of endocrine cells were seen

this region. The cell types varied greatly from species to

species, as did the morphological appearance of the duodenal

mucosa.

Although the actual structure and the cell types detected

altered, the distribution of the ceclls within the mucosa was

fairly/.....



fairly constant.

a.

.Peptides of limited distribution

Several peptides were only detected sporadically such
as GIP, secretin, CCK and motilin. In every case, when
these peptides were detected the immunostained cells
occurred in the duodenal mucosa. It was interesting
to note that the detection of GIP and motilin presents
considerable difficulties even in some mammals(ie rat,
mouse and dog) indicating that this was not an unusual
occurrence.,

The lack of consistent detection of secretin immuno-~
reativity was interesting as this peptide has been
demonstrated in avian intestine (Nilsson 1974) and
there has been no difficulty encountered with species
to species cross-reactivity in mammals. However, in
the Crocodylidae ,both the alligator and the caiman
contained secretin immunoreactive cells in the duodenal
mocosa., As previously mentioned,the

have been suggested to be the ancestral stock of the
Aves. The fact that secretin was not easily detected
in most of the lower species and yet was present in
these animals can be added to the APP reactivity in the
pancreas as another link between the two groups.

The lack of immunoreactivity found with the CCK antiserum
has already been discussed (see Page 217)

VIP

The results of the VIP—staining) especially in the
amphibia were quite remarkable. In the Anura there

appeared to be two groups, the terrestrial species

(Rana/....o
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(Rana temporaria, Alytes obstretricans, Bufo bufo,

Atelopus oxrhynchus, Hyla arborea and Hyla crepitans)

with both VIP-containing mucosal endocrine cells and
VIP-ergic nerve fibres and cell bodies, and the

aquatic frogs (Bombina bombina and Rana esculenta)

o

which lacked immunoreactive endocrine cells. In an
attempt to analyse whether the immunoreactive material
detected in the cells was of a similar chemical nature
to that in the nerve fibres, a group of three types of
region specific antisera were employed for immunocyto-
chemical staining, each detecting different regions of
the molecule (see Table 7 , Page 49). The results
showed an identical staining pattern with all the
antisera, indicating that not only was the peptide in
both locations very similar but also that it probably
has considerable structural identity with the mammalian
VIP used to produce the antisera. The immunocytochemical
results were supported by the findings obtained on VIP-
immunoreactivity in radioimmunoassay of extracts of
Anuran duodenum from both groups of frogs (in
co-operation with Dr S, R, Bloom's laboratory, using the
assay developed by M. G. Bryant - see Bryant and Bloom

1979).

The results of the assay are shown in Table

Page 337 (in Appendix III). From the levels detected,
it was clear that the duodenal extracts from the
terrestrial frogs had a higher VIP content than those
of the aquatic species. A further investigation into
the molecular form of the VIP in these extracts was
undertaken using gel permeation

chromatographx/.....
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chromatography in combination with the aforementioned
assay.
The profiles produced showed that the majority of the
VIP detected eluted in a position identical to porcine
VIP, although two minor peaks were also detected (see
Page 338 , in Appendix III).
Considerable technical difficulties, due to the thinness
of the Anuran gut,were encountered in separating the
mucosa from the muscle coat. Therefore the
chromatographic profile from an area with cells and
nerves was compared to an area contaiﬁing only nerves
Page 338 ,in Appendix III). The profile was
found to be identical, lending further support to the
immunocytochemical finding of a single peptide with a
dual localigzation.
The finding of VIP-immunoreactiwe cells and nerves in the
same area was confined to the Anura, and not seen in any
of the Urodele or Reptilian species studied.
In these species, VIP was only demonstrable in nerve
fibres and cell bodies which, as they were immunostained
by each of the antisera tyﬁes, indicated that the VIP-
like peptide had remained remarkably stable throughout
these later evolutionary developments.
The significance of the presence of VIP-immunoreactive
cells only in the terrestrial Anuran species is not
understood at present. There is a report of a similar
finding in chicken intestine (Sundler et al 1§79) and it
is interesting that this was not parajlelled by the
finding of such a localisation in the Crocodylidae

during/ee«..
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during this study.

The only common factor between the Anuran species was
their predominantly terrestrial habitat. VIP, in the
mammals, was originally isolated due to its vasodilatory
action (Said and Mutt 1970). Whether the increased
guantities of VIP in the amphibia reflected an
osmoregulatory control of water intake by controlling
blood flow merits investigation. If this was the case,
then the lack of cells in the aquatic. frogs

and Urodeles would be explained by the fact that these
animals have no need for a strong control of water
intake as there would be no lack of water.- Equally,
the reptiles can dispense with this as they possess an
impermeable skin which cuts off excessive water loss.

An alternative explanation could be that as these species
lack a recognisable secretin-like peptide, the VIP-

like peptide has a secretin-like effect on the pancreas.
In birds not only has VIP been shown to have such an
effect (Dockray 1973) but the structure of avian VIP has

been established (Nilsson 191@).

Unfortunately, although the idea is quite attractive, the
absence of both secretin and VIP cells in the Urodeles,
aquatic frogs and the majority of the reptiles suggests
that additional cross-reactivity problems may also be
influencing the results.

Clearly, further physiological studies on the function
of these peptides in the Anura and Reptilia is required
in order to clarify the problem.

Other Peptides/.....



Ce

d.

Other Peptides

i.

Endocrine Cells

Neurotensin-, somatostatin-, glucagon- and gastrin,
CCK-immunoreactive cells were detected in most
species.

Neurotensin. Unlike that in the stomach, in all
the species the immunoreactivity found in the
intestine was specific. The presence of neuro-

tensin in frog (Rana temporaria and Xenopus laevis.

and lizard (Lacerta viridis) has recently been

reported (Reinecke et al 1980) by use of region
specific antisera to C- and N-terminal fragments
of the peptide. The cells were shown to be most
numerous tn the pyloric region, the numbers
decreasing in the distai intestine. In a further
communication the same group have reported that the
immunoreactivity found in the stomach was caused
by non-specific binding as encountered in the
present study. . In
general the agreement between the two sets of data
was reasonable except that the concentration of
cells to the pyloric region as reported by the
German group was not confirmed by the results of

this investigation.

Hibernation

As the amphibiansduring hibernation do not eat any food

adaption of the intestine might he expected to parallel

that of mammals during prolonged fasting.

In mammals experiments have shown that during fasting

the depth of the mucosa decreases, on re-feeding there

is an initial hyperplasia of the mucosa which gradually

returns/.....
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returns to normal.

In Bufo bufo the adaption of the gut to the fasting
(Hibernating) and re-fed states differed according to

the area studied.

Stomach. In addition to the histological changes the
immunostaining of two peptides showed marked changes.
Bombesin-containing cells within the mucosa and substance
P-containing nerve fibres were both increased in the

re-fed toads.

Bombesin in mammals has been shown to potentiate the
release of gastrin from the antirum and therefore
indirectly influences the release of gastric acid
(Erspamer - and Melchiorri 1973). Whether bombesin
would have the same effect in amphibia has to be proven
but if so this would be an explanation of the increase

seen after feeding.

Substance P in mammalian intestine has been shown to
increase motor activity (Von Euler and Gaddum 1931).

If the amphibian peptide has a similar action then the
increase after feeding could be in or to stimulate
intestinal muscle contractions to move food through the

gut.

Small intestine. There was clearly an hyperplasia of
the intestinal mucosa in the re-fed toads as compared
with the hibernating specimens. The hyperplasia was
most marked in the duodenal region where differences
in the content of the VIP cells (increased number) and
somatostatin cells {number of cellular processes).

VIP-—COntaininE/. ®ee
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VIP-containing cells were increased in number in the
fed animalsg, it has already been suggested that in the
amphibia VIP may play a role in the control of the
output of pancreatic bicarbonate and it may be that the
increase in the detectable VIP cells reflects increased

pancreatic activity.

Although the number of somatostatin-containing cells did
not alter,the staining intensity and abundance of
cellular processes were increased. Somatostatin in
mammals acts primarily to regulate the release of the
other hormones from the gut. If somatostatin also
affects the release of the possible trophic factors

from the gut the increase in the cell processes may
reflect a means of preventing excessive mucosal

hyperplasia in the fed toads.

It is hoped to increase the information available on the
effects of hibernation on the regulatory peptides in a
future study.

Neural Elements

Several peptides were detected in nerve fibres and cell
bodies of the myenteric and sub-mucous plexuses. The
peptides concerned included VIP, bombesin, substance P,

enkephalin, and endorphin as well as the enzyme NSE.

ie/eeene
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i. VIP
VIP-immunoreactive nerve fibres and cell bodies

were detected in every species investigated with

the sole exception of the snake Nerodia
RS —

rhombifera.

Amphibia. In all of the amphibian species a

VIP-like peptide was detected from stomach to colon,
the majority of the immunoreactive fibres were seen
in the myenteric plexus and circular muscle with
little or no immunoreativity being detected in
either the sub-mucous plexus or the lamina propria.
The VIP-containing cell bodies were found to be
completely confined to the myenteric plexus, which
was the opposite of the mammalian findings, where
VIP has been shown to occur in cell bodies of the
sub-mucous plexus (Jessen et al 1980, Schultzberg

et al 1980).

The finding of the cell bodies in the myenteric
plexus does, however, agree with comparative studies
on the development of the autonomic innervation.

It has been shown that in the Amphibia no ganglion
cells were present in the sub-mucous plexus

(Gunn 1951) and that those of the myenteric plexus
were scattered amongst the fibres of the plexus
instead of being aggregated into the large ganglia
as seen in mammals (Burnstock 1969). In addition,
it has been demonsfrated that the innervation of

the circular muscle was greater than any other regioq
of the gut wall (Rogers and Burnstock 1966).

It/eee..
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It is interesting to note that this pattern is

also seen in the gut of human foetuses. A study
of the developing nervous system in human foetuses
showed that initially all the ganglion cells were
confined to the myenteric plexus and migrated throug!
to the sub-mucous plexus around the third month of
gestation (Okamotn and Ueda 1967). This

correlates well with the finding of VIP-
immunoreactive fibres and cell bodies initially

in the myenteric plexus of 12 - 16 week old foetuses
and then in the sub-mucous plexus of foetuses over
20 weeks of gestation (Buchan et al 1980).

In view of the localisation of these VIP-containing
fibres predominently to the circular muscle layer it
appears likely that the action of VIP in the
Amphibia is linked to an effect on the smooth muscle
fibres. In mammals VIP has been shown to relax
smooth muscle fibre contraction (Kachelhoffer 197¢,
Said and Mutt 1972) and to produce increased
movement through the pyloric sphincter (Edin et al
1979) and has been suggested as a mediator in
atropine;resistant gastric relaxation (Fahrenkrug

et al 1978).

The high concentration of VIP-fibres seen in the
stomach coupled with the high quantities seen by
radioimmunoassay suggest that VIP may be involved

in the control of food transit into the upper
intestine. Whether there was an increased VIP
content in the pyloric sphincter as has been

reported/.....
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reported in some mammals (Alumets et al 1979)

has not been established.

The potent action of VIP as a vasodilator, seen
inAmammals (Said and Mutt 1970) may not be of
importance in amphibians as VIP-ergic nerves were
only rarely seen innervating blood vessels.
Reptilia. In the Testudinata.and Lacertilia. VIP was
found throughout the intestinal tract, including
the stomach. The distribution of the immuno-
reactive fibres and cell bodies was similar to
that seen in the amphibia, although some positive
cell bodies were seen in the sub-mucous plexus.
The VIP-containing fibres were seen predominantly
in association with the circular muscle, therefore,
as in the amphibians, its action is probably
associated with smooth muscle relaxation.

In the gnakes a variety of results were found, in
the majority of species (boid and natricine) the
VIP-immunoreactivity was confined to the pancreas,

except in Nerodia rhombifera where no VIP-

immunoreactivity at all was detected. Nerodia
rhombifera is a water snake whereas the other snakes
investigated in the présent study are terrestrial.
Whether there is any significance in the reduction
in VIP-content and an aquatic existence is at
present unknown.

In the Viperidae, VIP-immunoreactive fibres and

cell bodies were seen throughout the intestines

and stomach. The intestine in the Viperidae was

morphologically/.....
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morphologically simple with a thin gut wall and
long tapering gut folds. The immunoreative VIP
fibres were confined to the gut wall, never being
detected in the gut folds.

The finding of VIP-immunoreactive fibres and cell
bodies in the gut only of the Viperidae was
interesting as in this family the intestine was
found in loops and not as a straight tube as in the
other snakes (see Diagram g , Page]_22). Clearly,
the looping of the gut in the Viperidae will
restrict the passage of food from duodenum to
colon, requiring increased peristaltic movement,
and it may be that the presence of the VIP-
containing fibres was associated with this.

In the Crocodylidae several differences were
observed, As previously mentioned the gut wall
in these animals was exceptionally thick which may
have some significence on the results of the
immunostaining. The two enteric plexuses were
well delineated being separated by a thick circular
muscle layer. The VIP-containing fibres and cell
bodies in the gut wall were mostly found in the
sub-mucous plexus and the upper layers of the
circular muscle. It is possible that further
fibres and cell bodies may have been present in
the lower circular muscle and the myenteric plexus
but were not localised due to the problems in the
collection and fixation of the whole thickness

specimens.

An/ee...
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An exceptional finding was seen in the duodenal
mucosa where the VIP-containing nerves were found not
only in the muscle coat and sub-mucous plexus but
also in the complex gut folds. It appeared as if,
in addition to the two enteric plexuses a third
plexus occurred just underneath the mucosal folds .,

A similar plexus has
been reported in teleost fishes (Burnstock 1959) but
not in other vertebrates. From the VIP-immunos taining
it appeared that the plexus cqntained occasional
intrinsic cell bodies, therefore differing from the
amphibian sub-mucous plexus which was only a loose
network of fibres. In addition to the third plexus,
this region also showed an exceptionally rich
innervation of the villus-like folds. The immuno-
reactive fibres did not appear to be in contact wifh
the blood capillaries but were in close association
with the mucosal epithelium (see Figure 77, Pagel92)
It may be that in this situation VIP is involved in

the control of the gut secretion.

In general, from the results of the use of the

region-specific antisera it appears as if the VIP-
like peptide detected in all the reptilian species
is very similar to the mammalian (porcine) form as

seen with the amphibians.

Substance P

Amphibia. In the amphibians the substance P-
containing fibres were confined to the stomach

occurring/e....
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occurring around the blood vessels.,

The two main actions originally attributed to
substance P were vasodilation and smooth muscle
contraction (Von Euler and Gaddum 1931, Pernow 1953).
From the anatomical localisation it appears likely
that in these amphibians, substance P is involved

in vasodilation.

However the frog Atelopus oxyrhynchus contained

numerous substance P immunoreactive fibres
predominantly in the myenteric plexus, although no
fibres were seen in the circular muscle layer. As
the fibres were absent from the muscle layer it is
unlikely that substance P is influencing smooth
muscle contraction.

Recent work on the ultrastructural localisation of
substance P in mammalian gut has shown the presence
of numerous terminals around the cell bodies of the
myenteric plexus, several of which form synaptic
contact with the cell bodies (Probert et al 198¢g).
The same phenomenon may be occurring in this frog,
in which case the substance P may be affecting the
function of the ganglion cells.

Reptilia. In the reptiles, substance P-containing
fibres were seen in the intestines, with varying
distributions, occurring either in the duodenum or
in the ileum and colon.

In the Testudinatal2C€Ttilia s orocodylidae , the
fibres were found in both the myenteric plexus and
the circular muscle layer. It is possible therefore

that/.....
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that in these animals substance P has an effect

on both the contraction of smooth muscle and on
the control of the ganglion function.

In the snakes (except the Viperidae) a similar
staining pattern to that seen in Atelopus
oxyrhynchus was seen, with the fibres occurring in
the myenteric plexus, suggesting that its role is
confined to the control of the ganglion cells.
During this study several antisera to substance P
were used but they were all specific for the
C-terminus of the molecule. Therefore from the
immunocytochemical studies there can be no firm
indication as to whether the peptide detected in
this study is identical to the mammalian form.

In a recent report, using analysis of parallelism
of dilution curves, it was suggested that the
peptide detected in frog and pigeon intestine with
a C-terminal antiserum was not identical to the
mammalian peptide. However, the peptide detected
in frog skin and frog and pigeon brain was identical
to the mammalian peptide (Creagh et al 1980).
Clearly, further biochemical work is necessary to
evaluate the data correctly.

iii. Endogenous Opiates

Both enkephalin and endorphin were found in the
enteric nerve fibres of the amphibians. The
enkephalin-immunoreactivity was confined to the
antrum with the endorphin-like peptide being
detected in the duodenum,

The/eeen.
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iv.

The enkephalin-immunoreactive fibres were seen in
the myenteric plexus only, no fibres were seen in
the muscle layers.

The known actions of enkephalin in the mammalian
gut, include inhibition of smooth muscle
contraction (Waterfield et al 1977), and inhibition
of neuronal activity (North and Williams 1976,
Sakai et al 1978). With the present information
indicating that the enkephalin-like peptide is
limited to the myenteric plexus,it is likely that
its action will involve regulation of the ganglion
cells.

Endorphin-immunoreactive fibres were seen in the
duodenal mucosa in the sub-mucous plexus. The
action of endorphin in the gut is thought to be
linked to increased transit time,

whether this effect is common to the frog gut

remains to be elucidated.

Bombesin

Bombesin-containing fibres were seen in several
amphibian and reptilian species. In view of the
present problems encountered in ensuring that

the staining is truly specific, no comment on
the possible significance of these fibres can be
made.

Other peptides

No evidence for nerve fibres containing gastrin/CCK,
somatostatin or neurotensin could be demonstrated,
although these have been reported in mammals

(Rehfeld et al 4980 Costa et al 1977,

/

Hok felt /.....
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vi.

HOkfeldt et al 1977, Schultzberg et al 1980).

NSE

An interesting finding was that NSE~immunoreactivity
when observed was confined to nerve fibres and cell
bodies, in no case were positive endocrine cells
detected. This is in contrast to the findings in
mammalian tissue where both nerve fibres and

mucosal endocrine cells have been detected (Marangos
et al 1979, Facer et al 1980).

It is, of course, possible that the iso-enzyme in
the pre-mammalians differs from that in mammals,

and thus only those structures with a high content
are detectable. Clearly further work on this

aspect is required.
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v ChaBter 7

7.1,

the study

- SCANNING ELECTRON MICROSCOPY

Note
The findings from this part of the study were not directly
linked to the localisation of the regulatory peptides but
was undertaken to give an indication of the changes in
structure of the intestines between amphibians, reptiles and
mammals. It was also an attempt to introduce the concept
of the three dimensional structure of the samples which

can only be represented in two dimensions by the other
techniques employed in the present work. Further, it may
be that the gross morphological appearance of the samples
will be of importance in assessing the significance of the
immunocytochemical and ultrastructural results.

The scanning electron microscopy was only carried out on

intestinal samples from the species Rana tempora ria,

Alligator mississipiensis and for comparison Rattus rattus.

Results

a. Anura - Rana tempora ria

In Rana temporari@,material from the duodenum and small

intestine was examined, in order to establish the
surface appearance of the gut folds. In all regions
the mucosa was found to be relatively flat with some
lateral folding (Figure 83). At higher magnification
the surface could be seen to contain numerous mucous
producing glands (Figure 84) each being surrounded by
cells with well developed microvilli (Figures85 & 86).

b. Alligator mississipiensis.

As previously observed in the material collected for

light/ec...
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Rana temporaria

Figure 83
Duodenal mucosa showing the gut folding (arrows).

x 20

Figure 84
At higher magnification the borders of the individual
cells can be seen (arrows).

x 500
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Rana temporaria

Figure 85
Higher magnification showing the microvilli surrounding
a mucin gland.

x 2,000

Figure 86
Detail of the microvilli around the mucin gland.

x 5,000
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light microscopy, the structure of the gut varied with
the region of the intestine. By use of the scanner,
details of these differences could be examined further.
The macroscopic appearance of the duodenal and small
intestinal surfaces was clearly identified at low
magnification. Figure 87 shows the characteristic
diamond pattern of raised folds in the duodenum which
contrasts with Figure 88 showing the small intestinal
surface where only one half of the diamond pattern was
present, giving the appearance of a zig-zag pattern.
A comparison of higher magnification pictures showed that
the ridges or folds in both regions were composed of the
same type of tissue (Figure 89). At higher
magnification the surface epithelium closely resembles
that seen in the frog duodenum (compare Figure 90 with
Figure 84).
It has also been previously mentioned that in the
alligator the gut wall was extremely thick which made
collection of full thickness samples difficult to
achieve and made evaluation of the immunostaining a
problem.
To give an idea of the depth of the gut wall in this
species a montage of two low magnification pictures has
been made showing the duodenal area from mucosa through
- to the serosa (Figure 91). As can be seen from this
illustration,the gut of this animal was exceptionally
difficult to handle as the mucosa formed approximately
one fourth of the total depth of the gut thus making
the collection of flat cross-sectional samples a

considerable challenge.

cefevenn
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Alligator mississipiensis

Figure 87
At low magnification the diamond shape of the raised
duodenal folds can be seen.

x 20

Figure 88
In the small intestine the raised folds give a zig-zag

pattern.
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Alligator mississipiensis

Figure 89
Detail of the arrangement of the duodenal folds in one of
the ridges.

x 200

Figure 90
At higher magnification the features of the mucosa resemble

those in Rana temporaria (see Figure 84).

x 500

-245.



~246-



Alligator mississipiensis

Figure 91
Composite photograph showing a cross-section through the

alligator duodenum.

M = Mucosa

C = Circular muscle

L = Longitudinal muscle
S = Serosa
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d.

Rattus rattus

At the lower magnification the rat duodenum was seen to
consist of numerous villous structures which were
totally lacking in the frog or alligator duodenum
(Figure 92). At high magnification it became obvious
that the scale of the villus structures in the rat
greatly increased the surface area available for
absorption (Figure 93) whereas in the frog and
alligator it was the individual microvilli which were
better developed in order to increase the absorptive
area. It was impossible to photograph the individual
microvilli in the rat as the resolution of the scanning

microscope gave insufficient detail.

Summarz

The results of the scanning electron microscopy were
of interest in order to show the changes in the
development of the intestinal surface between the

different species.

It is intended to have a further look at the alligator
material from all regions of the intestine as the
structure appears to vary greatly from any others seen

during this study.
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Rattus rattus

Figure 92
At low magnification the duodenal villi superficially
resemble elaborate gut folds.

x 20

Figure 93
At higher magnification the individual villi can be
discerned.

x 200
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Chapter 8 - ELECTRON MICROSCOPY - TRANSMISSION

Results

Note:

The original aim for the electron microscopical study was to
establish whether there was any relationship between the
ultrastructural morphology of the peptide-~containing endocrine
cells in the amphibians and reptiles as compared to mammals,
in addition to establishing the individual ultrastructural

characteristics of the immunoreactive cells.

It became evident in the early stages of this work that there
was little or no similarity between the cells as identified in

the pre-mammalian species and those in mammals.

It was therefore decided that rather than a description of
the species by species characterisation of the individual
cell types that one interesting area would be chosen and the
results of representative species reported to show the types

of ultrastructural appearance detected.

The region chosen was the pancreas, as the pancreatic islet
cells are the best characterised of the mammalian cells,
being described in several species, so that a comparison with
the pre-mammalian species was of great interest. Also, the
insulin cells are reportedly easily recognisable in lower
species by virtue of the presence of a crystalline core in

many/eee..
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many of the granules, again the possibility of either

confirming or refuting this idea was of interest.

For the purpose of the comparison, the following species

were chosen:-

Urodela - Cynops hongkongensis
Testudineto - Chelydra serpentia
Serpentes ~ Agkistrodon piscivors
Crocodilia -~ Alligator mississipiensis

The size of the secretory granules was established by

measuring the diameter of a mimimum of 50 granules ¥ SEM,

Urodela - Cynops hongkongensis

The cell types were identified in material fixed in
glutaraldehyde and with osmium tetroxide peost-fixation by

the semithin/thin method.

Insulin. The insulin-immunoreactive cells were commonly

found occurring in ribbons on the edges of the exocrine tissue
in close association with blood vessels and capillaries. The
cells contained numerous large (407 ¥ 19nm) irregular granules
some of which at higher magnification were shown to have bar
shaped crystalline inclusions (Figure 94). In several cells
exocytotic profiles were seen between the cell and the lumen

of the blood capillaries (Figure 95 and 96).

Glucagon. The glucagon cells were far less numerous than

the insulin or somatostatin cells. I'he cells were detected

bx/.....
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Cynops hongkongensis

Figure 9k

a - Semithin (500nm) section showing several insulin-
immunoreactive cells. The cells identified in the
serial thin (60nm) section are indicated by the arrow.

x 400

b - Insulin-containing cells identified in serial thin

section on the edge of a blood vessel (BV).

x 6,000
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Cynops hongkongensis

Figure 9hc -
¢ - Detail of the secretory granules showing the typical
bar-shaped inclusions.

x 40,000

Figure 95
a - Exocytotic granule showing the secretory granule
membrane fused to the plasmalemma (arrow).

x 80,000
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Cynops hongkongensis

Figure 95b
b - Typical exocytotic profile after the release of the
granule content (arrow).

x 80,000

Figure 96

c - Two insulin-like secretory granules (arrows) actually

within the blood capillary.

x 80,000
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8.3.

by both the specific pancreatic glucagon (C-terminal) and
the cross-reacting glucagon (N-terminal) antisera. The
cells were also seen in close association with the
capillaries, containing numerous, irregula:smedium sized
(229 * 8nm) electron-dense secretory granules with a clear

limiting membrane (Figure 97).

Somatostatin. These cells were found scattered throughout

the pancreatic tissue,not necessarily associated with
either other endocrine cells or the blood capillaries. The
secretory granules were uniformly round and electron-dense

with an average diameter of 131 ¥ 6nm (Figure 98).

An additionaly unidentified cell type was also seen in this

material, The secretory granules present in the cytoplasm
were fairly small (100 ¥ knm), very irregular and of varying
electron-density. None of the antisera used in this study

detected these cells (Figure 99).

Anura - Hyla arborea

The cells were identified in modified Karnovsky-fixed material

by the semithin/thin method.

Insulin. The insulin cells were usually found in small to

large cell clusters, closely surrounded by the exocrine
tissue. The secretory granules were either small

(110 b bnm), uniformly round and electron-dense or contained
several smally bar-shaped inclusions surrounded by a clear

halo/..a..
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Cynops hongkongensis

Figure 97
a - Semithin (500nm) section stained with the C-terminal
glucagon antiserum showing a positive cell (arrow).

x kOO

b - Serial thin (60nm) section showing the same cell,

bordering a capillary (c).

x 6,000
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Cynops hongkongensis

Figure 97
¢ - Detail of the secretory granules which appear to be
cylindrical in shape (arrow).

x 30,000
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Cynops hongkongensis

Figure 98
Somatostatin-containing cell (SOM) and unreactive cell
(UN).

x 20,000

Figure 99
Detail of the secretory granules seen in the cell which
did not react with any of the available antisera.

x 60,000
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8.4,

halo (295 ¥ 12nm) (Figure 100).

Glucagon. - These cells were either found as small clusters
or as single cells. They were characterised by irregular,
bar shaped granules which had a mean cross-sectional
diameter of 186 % 8nm) with a length of 315 ¥ 1lmnm

(Figure 101).

Somatostatin. Somatostatin cells were most often found in

association with the insulin cells., They were characterised
by small (161 t 7nm), round, relatively electron-lucent

granules (Figure 102).

Testudinafa - Chelydra serpentia

The cells were identified in glucaraldehyde and osmium post.

fixed material by the semithin/thin method.

Insulin. The cells were usually found in small clusters.
The secretory granules were obviously crystalline in nature,
with a variety of different inclusions, ranging through from
simple rods to star shaped clusters. In every case the
inclusions were surrounded by a clear limiting membrane.

The size of the granules, calculated as the diameter of the

membrane bound area,was 333 t 1onm (Figure 103).
Glucagon. The granules found in these cells were slightly

irregular, with a mean diameter of 210 ¥ 5nm, electron-dense

with/e.oae

~-267-



Hyla arborea

Figure 100
a - Semithin (500nm) section showing positive insulin
cells.

x 4oo

b - Serial semithin section showing positive glucagon
cells.

x 400
¢ - The same area identified in a serial thin (60nm)

section.

x 3,000
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Hyla arborea

Figure 100d

a - Detail of the secretory granules in the insulin
cell,
x 10,000
Figure 101
- Detail of the secretory granules in the glucagon
cell.

x 10,000
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Hyla arborea

Figure 102
a - Semithin (500nm) section stained with the somatostatin
antiserum showing a positive cell (arrow).

x 40O
b - The same cell identified in the serial thin (60nm)

section (arrow).

x 3,000
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Hyla arborea

Figure 102
¢ - Detail of the somatostatin-containing cell showing
the characteristic secretory granules.

x 10,000
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Chelydra serpentia

Figure 103

a - Semithin (500 nm) section showing a group of
insulin-~containing cells. The cells identified in the
serial thin section are shown by the arrow.

x kOO

b - The cells are identified in the serial thin section.

x 6,000
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Chelydra serpentia

Figure 103
c - Detail of the secretory granules present in the

cell.

x 40,000
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with a clear limiting membrane (Figure 105).

Somatostatin. They were found as either single cells or

small groups in association with the insulin cells. They
contained fairly large (236 h 7nm), round, floccular granules

with a clear limiting membrane (Figure 10%).

PP, These cells were often found as single elements amongst
the exocrine tissue. They contained predominantly round,
medium sized granules (225 I 8nm) of uniform electron density
and sﬁowing a clear limiting membrane (Figure 106).

8.5. Sefpentea_ Agkistrodon piscivora

The cells were identified in glutaraldehyde and osmium post
fixed material by either the semithin/thin or the gold

labelled anti-rabbit IgG methods.

Insulin. Insulin cells were found throughout the large
islet structures. These contained large (495 ¥ 27nm)
secretory granules, which varied from round and homogeneous,
round with a central core to large and empty with a small

eccentric core (Figure 107).

Glucagon. Glucagon cells were predominant in this tissue .
The cells contained extremely large granules (553 ¥ 27nm),
round and of varying electron-density with a clear limiting

membrane (Figure 108).

Somatostatig/.....
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Chelydra serpentia

Figure 104
a - Semithin (500nm) section showing an immunoreactive -
somatostatin cell (arrow).

x 40O

b - The same cell as identified in a serial (60nm)

section.

x 6,000
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Chelydra serpentia

Figure 10k

¢ - Detail of the secretory granules present in the
somatostatin-containing cell.

x 40,000
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Chelydra serpentia

Figure 105
Micrograph showing both the glucagon- and PP-

containing cells.

GL

glucagon

PP

pancreatic polypeptide

x 6,000
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Chelydra serpentia

Figure 105

b - Detail of granules in the glucagon-containing

cell,

x 60,000

Figure 106

~ Detail of the granules in the PP-containing cell.

x 60,000
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Agkistrodon piscivora

Figure 107

a - Semithin section showing numerous insulin-containing
cells, the cells identified in the serial thin section
are indicated by the arrow.

x 400

b - The insulin-containing cells (arrows) as identified

in the serial thin section.

x 6,000
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Agkistrodon piscivora

Figure 107

c - Detail of the secretory granules, note the presence
of the acentric inclusions (small arrows) and the dense
core in the larger granules (large arrows).

x 40,000
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Agkistrodon piscivora

Figure 108

a - Thin (60nm) section immunostained with the
N-terminal glucagon antiserum then labelled with
colloidal gold (12nm) conjugated to goat-antirabbit
IgG globulin. The colloidal gold spheres are
concentrated over the glucagon-containing cell
(gluc).

x 6,000

b - Detail of the glucagon-containing cell showing
the colloidal gold spheres over the secretory
granules.

x 60,000
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Somatostatin. These cells contained uniformly round

secretory granules of medium size (325 ¥ 13nm) with a

closely applied membrane (Figure 109).

An additional feature of this pancreas was the presence of
numerous herve terminals containing large e¢lectron-dense
vesicles (Figure 110). The terminals were often found in
close association with endocrine cells in the islets

(Figure 111). Occasionally profiles were seen with synaptic
junctions between the nerve terminal and the endocrine cells
(Figure 112). These terminals clearly contained a mixed
population of vesicles aé can be seen in Figure 113 where
numerous small (34 ¥ 3nmx agranular vesicles were found

alongside the large (101 ¥ Lnm) dense cored vesicles.

- Alligator mississipiensis .

The cells were identified in both tissue fixed in
glutaraldehyde with osmium tetroxide post fixation and
without the osmium treatment. Three methods of localisation
were used: the semithin/thin‘ the gold labelled anti IgG,

and gold labelled protein A.

Insulin. These were found in islet-like structures. The
secretory granules showed many variations in appearance from
large (187 * 6nm% round and electron-dense with a clear halo
between the core and the limiting membrane to single or many
bar shaped inclusions enclosed by a membrane (113 ¥ 12nm)

(Figure 114).

Glucagog/.....
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Agkistrodon piscivora

Figure 109

a - Semithin (500nm) section stained with the somatostatin
antiserum showing numerous immunoreactive cells. The cell
identified in the serial thin section is shown by the arrow.

x L0O

b - Somatostatin-containing cell (arrow) next to an insulin-
cell (INS) Small arrow indicates nerve terminal containing
P-type vesicles.

x 6,000
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Agkistrodon piscivora

Figure 109
¢ - Detail of the secretory granules seen in the
somatostatin cell.

x 60,000
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Agkistrodon piscivora

Figure 110
A nerve terminal on the edge. of a pancreatic islet in

close association with a glucagon-containing cell.

Note the dense cored vesicles (arrows).

x 6,000

Figure 111
A nerve terminal in close association with two glucagon-
containing cells, Note the congregation of the dense-

core vesicles along the plasmalemma in close-proximity

to the glucagon cells (arrows).

x 6,000
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Agkistrodon piscivora

Figure 112

Nerve terminal actually within the pancreatic islet
surrounded by glucagon- and somatostatin-containing
cells, Arrows indicate synapses between two nerve
terminals and an islet cell.

x 6,000

Figure 113
Detail of a typical nerve terminal showing the two types
of vesicles - large, dense core and the small’ clear

vesicles.

x 60,000
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Alligator mississipiensis

Figure 114

a - Section of pancreas immunostained with the anti-insulin
serum then localised with colloidal gold conjugated to
protein A,

x 6,000

b - The insulin-containing granules showing the decreased
labelling density characteristic of the protein A technique.

x 60,000

-30L-



-305-



Alligator mississipiensis

Figure 115

a - Thin section stained with the C-terminal glucagon
antiserum localised by colloidal gold conjugated to
protein A, Note that the granules in the somatostatin
cell (SOM) are not labelled whereas those in the glucagon
cell (gluc) are (arrows).

x 6,000
b - Detail of the labelling seen over the glucagon-

containing granules.

x 60,000
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Glucagon. Glucagon cells contained medium sized
(224 ¥ 11lnm) granules, round to irregular with a reasonable

electron-density (Figure 115).

Somatostatin. Somatostatin cell granules were large

(296 ¥ 1lnm), uniformly round of medium electron-density and

with a clear limiting membrane (Figure 116).
APP, The secretory granules present in these cells were
similar to those seen in the glucagon cells but were smaller

being 190 ¥ 7nm  in diameter (Figure 117)}.

Nerve terminals. Around the pancreatic islets and in the

exocrine tissue, P-type vesicles were detected, the dense
cored vesicles had a diameter of 110 ¥ 8nm, these terminals
also contained small agranular vesicles of Lkl ¥ 3nm in

diameter (Figure 118).

Table 35 - Secretory granule diameter in the pancreatic islet
+
cells (mean = SEM)

Species Insulin Glucagon Somatostatin PP
Cynops h. o7 ¥*'19 200% 8 131% 6 -

Hyla a. 1ot 4 s15f11 161l o7 -
Chelydra s. 333 12 210% 5 2361 5 225 L 8
Agkistrodon p. 495 £ 27 553 2 27 325 I 13 -
Alligator m, 187 % 6 226211 2962 11 190 ¥ 7
Man 270 Y 9 250% 6 koot 2u 210 ¥ &
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Alligator mississipiensis

Figure 116 : °

a - A semithin section immunostained by the somatostatin
antiserum showing several positive cells. The cell
identified in the serial thin section is shown by the

arrowv.

x 400

b - The somatostatin cell (arrow) as seen in the serial

thin section.

x 6,000
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Alligator mississipiensis

Figure 116

¢ - Detail of the secretory granules seen in the cell.

x 60,000
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Alligator mississipiensis

Figure 117
a - Thin section immunostained by the APP antiserum
localised by colloidal gold conjugated to protein A gold.

x 6,000

b - Detail of the secretory granules showing the labelling

with the colloidal gold spheres (20nm).

x 60,000

-313-



RS ATy
: »
[ s r )
. RO
~ ) . . ”Q
\d P2t ‘
. 0 st
AR e APP
»
.'.. ‘.. [ ] . / &
| ] » - } s . o .
. ... .‘.’.‘ n. . >
'® . NS AT "\ Q#
» R ] t:. B .. 3 ; N
Qo L .,. Pa e *e s "‘és -
o *O ; T
';‘. * [ : . ... ...‘ 7 : . ; % ¥ “'
. pr VIR Dy A P’ Al P
L) : LA T 8.0 : vl . #
o % » "ot [ ] ’.: £ .‘ “ ‘;" : ,\‘7
'y . [ ] -e : d y : b'eh
» o ttg0 %! ATty ﬁ
55 ‘! b 0T - A
»® . ce »*® L o Al !
. . o® ~ v |
L3 -' L 1Y ) LR g z - :
..‘..\. B ’ .’._ L L] o
LNt 2 oty Sue’ e :
: .‘.'.. .. ....4 . *
- 2 it : . L] ‘e »"
. * o _o : '..' .‘
(XX X Ph 3 -
° ..!

-314-



Alligator mississipiensis

Figure 118
Typical nerve terminal found around a pancreatic islet -

note the dense core vesicles (arrows).

x 60,000
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Chapter 9 - DISCUSSION -~ TRANSMISSION ELECTRON MICROSCOPY

Comparison with the mammalian islet cells:-

It was clear from the results obtaine@, that the intention to provide
a comparative assessment of the ultrastructural appeardnce of the sub-
mammalian islet cells, as contrasted with those in mammals, was

unreasonable as the variation between species was too great.

Table 35 shows a comparison of the values obtained for the mean diameter
of the secretory granules from the individual cell types, including
those of man. There was no pattern visible in the changes of granule

size with species.

Comparison with related species:-

There are many purely ultrastructural studies on the structure of the
islet cells in lower vertebrates (sece Sato et al 1966, Epple and Lewis
1973, Patent 1976, Magnier 1976). In some cases, a similarity between

the profiles reported in this study and those of related species in the litera-

ture @an te seen.For exampley in the islets of Rana ridibunda, the Type II

cell (Lange 1967) was similar to the somatostatin cells found in Hyia
arborea , even the granule diameters were similar with the
somatostatin cell (-Hyla a. ) 162 ¥ 6nm and the Type II cell (Rana r.)

160 ¥ 8nm.

A previous study has shown the ultrastructural appearance of the islet

cells in the West African crocodile,Osteoleomus tetraspis (Adesanya et

al 1976). A comparison of those cells and the types as detected in

Alligator missipiensis in the present study was undertaken. Obvious

similarities/.....
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similarities were seen between the insulin (N) cells of the two species
but the cells identified as-A (Glucagon) and D (somatostatin) in the
crocodile bore little resemblance to those identified by immonocyto-
chemistry in the alligator. Whether the identification of the cell
types by ultrastructural morphology would be confirmed by immunocyto-

chemical work in the crocodile remains to be elucidated.

of thé other species studied and reported in the literature little
similarity could be seen between their cells and those identified
during the present study. These findings emphasise the importance of
clearly estéblishing the exact species investigated, as even species
from the same family vary tremendously, eg the alligator and

crocodile - both members of the Crocodylidae .
Cell Type Identification

Several other factors must be considered if the identification of cell
type is to be based on the size and shape of the intracellular

secretory granules.

For example, the physiological state of the animal may produce
variations. Studies on the ultrastructural appearance of islet cells
in lizards after glucose-~loading and chronic insulin administration
(to produce hypoglycaemia) showed marked alterations in the secretory

granule profiles.

In the glucose-loaded animals the changes involved the B cells which
showed a decrease in granules size and type of pleomorphic inclusion
found within the granules. The hypoglycaemic animals showed a
degranulation of the A cells and a decrease in the size of the
remaining secretory granules (Rhoten 1971, 1973). The changes

were not confi%d to the secretory granules but these are the

alterations most relevant to the present discussion.

In/eeees
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In addition there is evidence of seasonal variation in
the islet cells of snakes .y where both the size and

numbers of the individual cells were altered (Moscona 1954).

From these reports and the great heterogeneity of the
secretory granule profiles, as demonstrated in the

different species, it becomes evident that further criteria,
such as immunocytochemical detection must be considered

when identifying cell types in any species.

PP

Amphibia. The immunocytochemical localisation of PP in

the amphibians posed a problem. In all the amphibian species
studied the immunostaining with the BPP antiserum

detected exactly the same cells as those reacting with

the antiglucagon sera. The ultra;tructural investigation
revealed that only one type of cell was being detected

by both of the antisera. The reasons for doubt about

the immunostainings seen with the BPP antiserum were

several.

Firstly, the staining produced by the BPP antiserum could
bé significantly reduced although not completely removed
by the addition of pancreatic glucagon. This may be due
to binding to glicentin rather than pancreatic glucagon
as previously discussed (page 204). Another possibility
is that the BPP antiserum may be contaminated with a
sub~population of glucagon antibodies (Larsson personal

communicationi%?O)
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Secondly, during the screening of the pancreatic material, unstained
cells were detected in several species. Whether these un-stained
cells are responsible for the production of an amphibian PP undetected

by the BPP, APP or HPP antisera remains to be determined.

Finally, in both the reptiles (as demonstrated in the present study)
. 1980

and teleost fishes {(Van Noorden personal communication% the PP-

containing cells were found to be a totally distinct population from

the glucagon-containing cells and were stained by both the APP and BPP

antisera.

Taken together the present results indicate that an amphibian pancreatic
polypeptide may exist but that it cannot be detected by the antisera

available.

Serpentes A rather different situation exists in the snakes where no

immunoreactivity was detected with any of the antisera. In addition a
thorough screening of the pancreatic tissue from these amimals does not
reveal the presence of a distinct cell type unstained by antisera to the

other pancreatic hormones.

In a previous, cytochemical and ultrastructural study the existence

of four cell types in Natrix natrix was reported (Trandaburu and

Caligareau 1969L However,in another study the presence of only three

cell types was reported in exactly the same species (Titlbach 1967).

The present results support the initial report of only three cell types

in the snakes.

1f/ee...
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If the absence of PP from the gnake ©pancreas can be substantiated,
further study of the . intarelationship between the remaining islet

cells in these animals will be of great interest.

Innervation

The ultrastructural studies showed that in both the alligator and
snake there were numerous nerve endings found in close association with

the endocrine islets.

The appearance of these terminals was very similar to the P-type nerves
as described in mammalian and sub-mammalian species (Baumgarlen et al 197¢C

Cook and Burnstock 197 6).

In the snake especially these terminals demonstrated several striking
features. Firstly the vesicular content was not homogeneous. A
mixture of large, dense cored, P-type vesicles and smally clear vesicles,
reminiscent of the mammalian cholinergic vesicles were found in the

same éerminals (see Figurell3 | Page 303). It has already been suggested
that peptide-containing terminals may also contain cholinesterase
activity in mammals (Hokfelt 1980). Furthermore as early as
1974, cholinesterase activity had been reported to occur in the snake

Natrix natrix (Trandaburu 1974) in nerve terminals also containing dense

cored vesicles.

The results of the light microscopical immunostaining strongly
suggests that‘these dense cored vesicles store the neuropeptide VIP,
Unfortunatel& all attempts to stain for VIP in the material coliected
for electron-microscopy have failed, therefore this awaits further

direct/.....
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direct confirmation. Indirect confirmation that these terminals
may well contain a peptide such as VIP comes from investigations in
mammals, w here, in both the central and peripheral nervous system
substance P has been shown to be located in dense-cored vesicles
(Pickel et al 197%, Probert et al 1989) and VIP has been localised
in large, dense-cored vesicles in the intestinal nerve plexuses

(Larsson 1977}.

A second interesting finding was in the organisation of the dense

cored vesicles within the terminals. In many of the nerve endings the
dense cored vesicles were found aligned along the plasmalemma in contact
with the opposing endocrine cell membrane (see Figure 111, Page301l) but
in these regions no synaptic junctions could be seen although these

were detected in other regions (see Figure 112, Page 303). On the
contrary, profiles resembling those reported as indicative of

exocytotic release were occasionally observed. The absence of

synaptic junctions was not due to inadequate fixation as junctions were

observed in other areas.

It may be that the way in which these peptide neuroendocrine substances
act is not by true synaptic release but by exocytosis as seen in the
endocrine cell and that the action is completed by uptake by specific

receptors on the target cell membrane (see Diagram 10 ).

Clearly, to investigate this suggestion further, time-related
observations on the release pattern after nerve stimulation must be
undettaken. The extremely rich innervation seen in the snakes,
coupled with the limited location of the islets within the pancreas
presents an attractive experimental model for the proposed study. It
is hoped to take the pancreas from further snakes, isolate the islets
and set up cultures in which the response of these nerves to selected

stimuli/.....
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DIAGRAM 10 PROPOSED MODEL OF NERVE ACTION

ENDOCRINE CELL
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stimuli can be monitored.

Two hypotheses have been put forward suggesting a function for this rich

innervation.

In teleosts,a similar innervation of the pancreatic islets has been
reported (Epple and Lewis 1975), and it was - suggested that this
innervation was related to the additional osmoregulatory function of

the pancreas in fishes.

Alternatively the innervation may be related to the need of a
particularly fine control over the release of the pancreatic hormones in
these species. Some support for this from mammalian studies is indiated by the
stimulation of the release of glucagon, somatostatin, PP and insulin

seen after administration of exogenous VIP (Adrian et al 1978).

As well as investigating the release pattern of the peptides from the
terminals, cultures of the islets from the snakes could be used to

study the effect of VIP on the release of the other pancreatic hormones.,

General comments

It was interesting that in the majority of the animals studied except

the snake and alligator the islet cells were found close to the
capillaries. In some of the sections it appeared that not only was the
content of the granule released but also the secretory granulds limiting
membrane. This would contradict the present theory of exocytosis
whereby the granule membrane is supposed to fuse with the plasma

membrane and then to be re-absorbed into the cell as an empty pinocytotic

vesicle./uee..
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vesicle. However, the present findings may be an artefact created
by fixation damage during collection of the material. Further

studies are clearly required to solve this problem.

Future

An extension of the work completed on the ultrastructural variations
getween the peptide-~containing cells and nerves in the pancreas will
be of interest mainly on comparative terms. Additional studies on
the dynamic changes within the cells and nerves may be of greater
interest with respect to related problems in the mammalian

regulatory peptide system.
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Chapter 10 - EVALUATION

The aims of this study has previously stated, were as follows:-

1. To investigate the existence of the intestinal regulatory
peptide system in reptiles and amphibians.

2 To demonstrate, where possible, the molecular form of the
peptides detected by the use of region specific antisera.

3. To establish whether there were peptides undetected in the
amphibians investigated, which could be detected in the
reptiles.

L. To evaluate the relevance of species-specificity in relation
to the use of mammalian antisera.

5. To look at the question of whether the gut hormones are
evolutionary relics.

6. To show the ultrastructural characteristics of the peptide-
producing cells in the non-mammalian pancreas and compare them
with the cells as identified in man.

7 To indicate areas for further research.

Point 1. The largest part of the work presented comprises a report
on the detection of regulatory peptides by immunocytochemistry in the
gastro-entero-pancreatic tract of a variety of amphibian and reptilian
species using antisera to the mammalian peptides. A total of

25 species, 11 amphibian and 14 reptilian were investigated.

Peptides detected:-

VIP-, neurotensin-, glucagon (pancreatic and enteric)-, insulin-,
somatostatin-, gastrin/CCK—, bombesin- and substance P-like
immunoreactivity were always present.

Met- enkephalin, prolactin and B endorphin were demonstrable in a
limited number of species, which included the primitive amphibians.

Secretin-/.....
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Secretin-, motilin- and CCK-like peptides were only detected in

some reptiles and in none of the amphibians investigated.

The immunostaining observed with the available antisera to GIP was
limited to a single species of reptile. It is intended to raise
more antisera, if possible to different regions, in order to
establish firmly the presence of lack of a GIP-like peptide in

these species.

A PP-like peptide has been detected in the reptiles but the situation

with respect of the amphibians requires further clarification.

Localisation of peptides:-

This study has demonstrated that both peptide-containing cells and
nerves were already well established in the amphibians. Of the
peptides detected in intestinal nerve fibres in mammals,only VIP

was consistently found in neural tissue in all of the animals studied.
Subsfance P, bombesin and met-enkephalin were also detected in nerve
fibres of the intestine but not as frequently. Neurotensin,
somatostatin and gastrin/CCK containing nerve fibres were not detected
in any species. This is of particular interest as the frequency

of detection in the different species paralleled the abundance of the
different types of peptide-containing fibres in mammals, VIP being the
most abundant, followed by substance P, bombesin and met-enkephalin.
Only a few neurotensin, somatostatin, and gastrin/CCK fibres have been

detected (Schultzberg et al 1980).
Clearly the equivalent of a major part of the mammalian regulatory
peptide system is present in the amphibians and reptiles investigated.

Table/.....
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Table 36 outlines the additional information on the presence of the

gut hormones in amphibia and reptiles found during this study.

Point 2. Region specific antisera to gastrin/CCK, VIP, bombesin,
motilin and glucagon were available during this study. Of the
.results obtained those seen with VIP and glucagon antisera were of
&ost interest. Studies with the VIP antisera indicated that in
those frogs showing a dual localisation in cells and nerves, the
peptide detected was immunologically identical in both locations.
In addition, the equal reactivity of the three antisera indicated
that the peptide detected must be very similar to mammalian VIP,
This suggestion has been re-inforced by the radioimmunoassay data
but cannot be proved until the actual peptide is isolated and

purified.

The results obtained with the glucagon antisera demonstrated that
the peptide detected in the pancreas and stomach was similar to

mammalian pancreatic glucagon, while that in the lower intestine
was not like either pancreatic glucagon or the mammalian enteric

glucagon, in this case represented by glicentin.

With the antisera to motilin and bombesin, immunoreactivity was
present with both the N- and C-terminal specific antisera,
suggesting that the peptides detected may have a reasonable

resemblance to the mammalian form used to raise the antisera.

Of the region specific antisera to gastrin only the C-terminally
directed antisera produced convincing results, which limits any

comment/.....
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Table 36 - SUMMARY OF THE INFORMATION COLLECTED DURING THIS STUDY
ON THE PRESENCE OF THE GUT PEPTIDES IN AMPHIBIA AND
REPTILIA ‘ v

Peptide ORDER

Urodela Anura TestudineXs Lacertilia. Serpentes Crocodilia

G/CCK P P(C) P P P P
INS P P(C) P P(C) P P
PGluc P P P P P P
Gluc P P(C) P P(C) P P
PP A? A? P P A P
SOM P P(C) P P(C) P P
VIP P P(R) P P P P
NT P pP(C) P P(C) P P
BN P P(C)(R) P P P P
SP P P P P P P
ENK P P A A A A
9-20 CCK A A A A P A
GIP A A A A P A
SEC ' A A A A A P

P = present detected by immunocytochemistry only.

P(C)

i}

present and detected by more than one group.
P(R) = present and detected also by radioimmunoassay
A? = absent but doubt about antisera

A = absent with all antisera available at present.
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comment on the molecular identity of the peptide detected.

Although these results to show that the use of region specific
antisera can give an idea of peptide structure there is clearly a
need for the production of a larger range of these antisera, from
which it should be possible to deduce considerable information on
the types and molecular forms of the peptides detected in these
species. However it must be remembered that the production of
region specific antisera to mammalian peptides is still no guarantee
that they will detect the non-mammalian peptides has has been clearly
demonstrated with the gastrin and CCK antisera in the present study.
Hopefully, as the isolation and purification of these non-mammalian
peptides continues it should be possible to raise region specific

antisera that will be of use in phylogenetic studies.

Point 3. Among the peptides undetectable in the amphibian material,

but found in certain reptile species were secretin and motilin. The
presence of immunoreactivity with the available antisera to these
peptides was sporadic, in that only some of the 8nakes , Testudindla and
Crocodylidae showed any immunostaining. However, when immunoreactivity
was detected it was a constant finding within all members of the

species studied. At the moment any definite comment on the

evolutionary development of these peptides is impossible. A much

wider survey of the reptiles and possibly also monotremes and

marsupials will be required before anything other than pure

speculation can be attempted.

Point L. When evaluating the usefulness of mammalian antisera, the
results of this study give support for the theory that the antisera
to the biologically active region of the mammalian peptides will be

of/een..
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of greater importance than those to the non-active area in
investigations of non-mammalian species. For instance the
antisera to the N-terminal regions of glicentin and gastrin 34
gave negative results with all of the species examined. This
may be taken to indicate that similar actions and even receptors
may be expected to occur in these animals as the biologically

active antigenic determinants have remained stable.

Point 5. It has been claimed that the gut hormones are evolutionary
relics and that the regulatory peptide system in the intestine is
of little physiological importance in mammals, the peptides being

simply vestiges from earlier evolutiondry stages.

The case in favour of a significant role for the gut peptides is
strengthened by the finding that although a considerable number of
the regulatory peptides have been demonstrated in the amphibians and
reptiles the system as a whole was not as extensive as that present
in mammalian intestine. It appears as though both the peptide-
containing cells and nerves have undergone further differentiation

in mammals. This differentiation applies both to the range of
peptideg detectable and the site of production. In mammals,
peptides such as GIP, secretin and motilin are well represented in
endocrine cells of the upper intestinal mucosa and on the neural side
neurotensin, somatostatin, and gastrin/CCK are found in nerve fibres
throughout the length of the gut. It seems unlikely that the gut
peptides can be considered as merely evolutionary relics as the
mammalian system would appear to have expanded considerably from that

found in even the most advanced of the reptiles.

The/.....
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The data presented here would seem to agree with the initial
assumption that the regulatory peptide system did evolve in

parallel with the emerging species.

Point 6. The ultrastructural investigation of the pancreatic
islet cells clearly demonstrated the existence of inter-species
variation. The different ultrastructural profiles, as defined
by the size, shape and electron-density of the introcellular

secretory granules could not be predicted with any accuracy.

A good example of this was seen with the somatostatin-containing
cells. In the amphibians the granules were small, in the snakes
they were slightly larger and whilst in the alligator they were
the largest of those seen in all the cell types identified -

Table 35 (page 308)shows a comparison of granule size with species

(including man for comparative purposes).

It i; obvious that the size or shape of the intracellular granules
can no longer be taken to be indicative of the peptide-product and
that all ultrastructural studies must employ immunocytochemical
localisation of the peptides (whether by serial sectioning or
directly staining the thin sections),if any definite conclusion

as to granule product is to be drawn.

The fact that there is tremendous species variation, must not be
taken to indicate that ultrastructural studies are of no value.
Electron microscopical work on the alterations in secretory
granules morphology may be used as an index of how individual
cells respond to different physiological stimuli. However, the
necessity of well controlled, accurate identification of the cell

types/ee...
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types cannot be sufficiently stressed.

Point 7. Future work. The present work has demonstrated that the
study of the lower vertebrates can be extremely interesting and of
relevance to similar studies in mammalians. There is clearly a great
lack of the physiological and biochemical knowledge required to define

the precise actions and structure of these non-mammalian peptides.

Apart from further morphological studies in a greater range of species,
there are many areas.in which morphological techniques can be .used;

for example, functional studies such as a thorough investigation of
the changes seen with seasonal variation (between hibernating and
non-hibernating stated). The quantitiative techniques employed at
present to assess differences in the peptide-containing cells in
mammalian experimental models can be adapted to give similar

information in these animals.

The work on the snake pancreas and gut will be extended. In the
pancreas the innervation of the pancreatic islets was particularly
striking and presents an exciting model for studying the interaction
of the peptidergic nerves and endocrine cells. If cultures of the
isolated pancreatic islets with the attendant nerve fibres can be
set up, then the interaction of the two systems can be monitored

in response to several different stimuli. Physiological studies
will be set up to investigate the effect of VIP on food transit time
in the straight gut snakes and the vipers. It is hoped that both

of these studies can be undertaken in the near future.
CONCLUSION

It appears that the regulatory peptide system is an integral part of

the/.ees.
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the intestinal organisation, at least in vertebrates. It remains

to be determined whether, although the complexity of the system has

increased in mammals, the basic actions of the peptides have remained

unaltered.
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Appendix 1

Light microscopy

Fixative
Vapour

Benzoquinone

Diethylpyro—
carbonate (DEPC)

Liquid

Bouin

Benzoquinone

Fixation experiments

Composition

Benzoquinone+
Toluene

DEPC + Alcohol

75% Picric Acid
25% Formalin
1% Acetic Acid

1% + O.1MPhosp.

Electron microscopy

Fixative

Glutaraldehyde

Glutaraldehyde

Karnovsky's
fixative
modified

Purified
glutaraldehyde

buffer
Lo+ "
10% "
Composition

2% + 0.1M PO
buffer, post-
fixed in Os Oq

2% + 0.1 PO
‘ buffer

9ml 2% para-
formaldehyde
1ml 5% purified
glutaraldehyde
in 0.2M POL+

2.5% + 0.05M
POL+ buffer

PH

-5

7e2
7.2
7.2

pH

72

7e2

7.3

7.1
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Temperature T

60°C

60°¢

25°¢

25°%¢

25°¢

4°¢

Temp Time
4°¢ 2hrs
25%¢ 1hr
4°¢ 2hrs
4°¢ 15min

ime

3hrs

Zhrs

2hrs

1hr
1hr

2hr

Comments

Immunostain
Morphology
Successful

Immunostain
Limited

Immunostain
Limited

reasonable
morphology
Immunostain
for nerves
excellent

but not optimal
for cells.

Comments

Ultrastructural
morphology excellent
Immunostain

limited.

Morphology
acceptable
Immunostain limitedT

Morphology
acceptable,
Immunostaining
successful.

Morphology
acceptable
Immunostain
optimal.



Ap

pendix 2

Gold-labelling Method

80
1-
o=

3

8-

9_

nm sections mounted on 300 mesh nickel grids.
Etch for 10 minutes in 10% hydrogen peroxide.
'Wash 2 x 5 minutes in distilled water.
.incubate in 20% normal goat serum for 30 minutes
incubate in primary antiserum either
a overnight at room temperature with the antisera

at the following dilutions -
glucagon 1 / 1,000
insulin 1 / 2,000

PP 1/ 2,000

Som. 1 / 600

b for 48 hours at 4°C with the anti sera at the

following dilutions -
glucagon 1 / 5,000
insulin 1/ 3,000
PP 1/ 6,000
Som. 1/ 4,000

wash 3 x Sminutes in 0.1M phosphate buffer (PBS)

wash in PBS with 0.S5mg per ml of polyethyleneglycol(PEG)
molecular weight 20,000.

incubate in either protein A conjugated to colloidal gold
diluted 121 with PBS containing PEG,

or rabbit anti-IgG conjugated to cilloidal
gold, diluted 1:20 in PBS containing PEG.

both incubations for 30 minutes at room temperature.
wash in PBS containing PEG (gold buffer), 3x Bminutes

wash in PBS alone, 1 x 5 minutes

10- wash in distilled water 1 x 10 minutes

11- counterstain with uranyl acetate and lead citrate and

examine in an electron microscope.
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Appendix 3 Radioimmunoassay Results

a VIP in the Anura

Species Areas
Fundus Antrum Duodenum Je junum

Bombina b. ND ND 56 39
Alytes o. 32 L1 112 56
Rana t. 19 28 36 37
Rana e. 32 30 45 51
Bufo b. 52 4o 68 51
Hyla a. 36 26 41 31
Hyla c. 62 6 71 50

All the results are expressed as pmol / gram wt weight.

ND = not done.

b Bombesin in the Anura

Fundus Antrum Duodenum Jejunum

Rana e 38 50 15 9
Rana t. 29 36 20 6
Bufo b. 53 62 22 7
Hyla a. 35 41 lo 2

All the results are expressed as pmol/gram wet weight.

-337-

Ileum
ND
51
27
27
66
22

L3

Colon

Colon
ND
59
41
35
83
43
61



:i Appendix 3
;% Results - Column Chromatography
g VIP
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Appendix IV

anti-gastrin anti-gastrin + G4
Ambystoma m. +++ +
Bufo b. +++ +++
‘Hyla a. +++ +++
Nerodia r. ++ +
Chelydra s. ++ ++

G4 is the C-terminal tetrapeptide of gastrin
which contains the sequence homqlogy with CCK.
All the pre-absorptions were performed by the
addition of 5nanomoles of G4 to the diluted
C-terminal gastrin antiserum. In all cases the
absorption of the antiserum with G4 did not
completely remove the immunostaining, indicating
that there is further immunological similarity
between tk peptide detected and gastrin, than

soley the C-terminal region.

-339-



REFERENCES

Adesanya T., Grillo I., Ito R., Wanatanabe K. The endocrine
pancreas of some West African Reptiles - electron microscopy
histochemistry and hormone content. In 'The Evolution of
the pancreatic islets' (eds Grillo, Leibson and Epple)
Pergammon Press pp 189-249 (1976).

Adrian T.E., Bloom S.R.,Hermansen K., Iversen J. Pancreatic
polypeptide, glucagon and insulin secretion from the
isolated perfused canine pancreas. Diabetologia 14,

413-417 (1978).

Alumets J., Hakanson R., Sundler F., Chahg K~-J. Leu-
enkephalin-like material in nerves and enterochromaffin cells
in the gut. Histochem. 56, 187-196 (1978).

Alumets J., Fahrenkrug J.,Hakanson R.,Schaffalitzky de
Muckadell 0., Sundler F., Uddman R. A rich VIP nerve supply
is characteristic of sphincters. Nature 280,155-156 (1979)

Anastasi A., Erspamer V., Bucci R. Isolation and structure
of bombesin and alytesin , two analagous active peptides from
the skin of the European amphibians Bombina and Alytes.
Experientia 27, 166-167 (1971).

Baumgarten H.G., Holstein A.F., Owman C.H. Auerbach's
Plexus of mammals and man, EM identification of three types
of neuronal processes in the myenteric ganglion of the large
intestine from Rhesus monkeys, guinea-pigs and man.

Z. Zellforsch 106, 376-397 (1970).

Bayliss W.M., Starling E.H. The mechanism of pancreatic
secretion. J.Physiol. 28,325-353 (1902).

Bishop A.E., Polak J.M., Green E.C.,Bryant M.G.,BloomS.R.
The location of VIP in the pancreas of man and rat.
Diabetologia 18, 73-78 (1980).

Bryant M.G., Polak J.M.,Modlin I.,Bloom S.R.,Alberquerque
R.H.,Pearse.A.G.E. Possible dual role for vasoactive
intestinal polypeptide as gastrointestinal hormone and
neurotransmitter substance. Lancet i, 991-993 (1976).

Bryant M.G.,Bloom S.R. Distribution of the gut hormones
in the primate intestinal tract. Gut 20, 653-659,(1979).

Buchan A.M.J., Polak J.M.,Capella C., Solcia E.,Pearse A.G.E.
Electron immunocytochemical characteristics of the human

GIP cell and its identification with the K cell of the EM
classification. Histochemistry 56, 37-43 (1978a).

Buchan A.M.J.,Polak J.M.,Solcia E.,Capella C.,Hudson D.,
Pearse A.G.E. Electron immunoctvochemical evidence for the
human I cell as the source of CCK. Gut 19, 403-407 (1978b).

Buchan A.M.J.,Polak J.M., Bryant M.G.,Bloom S.R. Development
of intestinal regulatory peptides in the human £foetus -
Morphological Studies. Submitted to Gastroenteroclogy 19E80.



Burnstock G. The innervation of the gut of the brown
trout (Salmo trutta). Quart. J. Microscop. Sci. 100,
199-220 (1959) .

Burnstock G. Evolution of the autonomic innervation of
visceral and cardiovascular systems in vertebrates.
Pharm. Rev. 21, 248-308 (1969).

Campbell G. The autonomic innervation of the stomach of

a toad (Bufo marinus). Comp. Biochem. Physiol.31,693-706 (1969)

Carlson A.J.,Luckhard E.A.B. Studies on the visceral sensory
nervous system. X The vagus control of the esophagus.
Amexr. J. Physiol. 56, 299-335 (1921).

Carraway R.E.,Bhatnagar Y.M. Immunochemical characterization
of neurotensin-like peptides in chicken. Peptides 1,.
159-165 (1980). '

Carraway R.E. Variants of Neurotensin. In 'Gut Hormones'
2nd edition (eds Bloom and Polak) Churchill Livinstone
in press 1981.

Carter G.S. Structure and Habit in Vertebrate Evolution.
Academic Press (1975},

Cook R.D.,Burnstock G. The ultrastructure of Auerbach's
Plexus in the guinea-pig I: Neuronal elements.
J. Neurocytology 5, 171-194 (1976).

Coons A.H.,Leduc E.H.,Connolly J.M. Studies on antibody
production 1. A method for the histochemical demonstration
of specific antibody and its application to a study of the
hyperimmune rabbit. J. Exp. Med. 102, 49-59 (1955).

Costa M., Patel Y., Furness J.B.,Arimura A. Evidence that
some intrinsic neurons of the intestine contain somatostatin.
Neurosci. Lett. 6. 215-222 (1977).

Creagh T., Cannon D., Skrabanek P.,Powell D. Phylogeny of
substance P. Irish J. Med. Sci. 148, 109-110 (1980).

Creutzfeldt W. (ed) Origin, Chemistry, Physiology and
Pathophysiology of the Gastrointestinal Hormones.
Schattauer Verlag, Stuttgart (1970).

Dockray G.J. Vasocactive intestinal peptide: secretin-like
action on the avian pancreas. Experientia 29,1510-1512 (1973).

Dockray G.J. Extraction of a secretin-like factor from the
intestines of the pike (Esox lucius). Gen.Comp.Endocrinol.
23, 340 (1974). '

Dockray G.J.,Hopkins C.R. Caerulin secretion by dermal glands
in Xenopus laevis. J. Cell Biol. 64, 724-733 (1975).

Edin R ,Lunberg J.M.,Ahlman H.,Kewenter J.,Dahlstrom A.,
Fahrenkrug J.,Hokfelt T. ©On the VIP-ergic innervation of

the feline pylorus. Acta Physiol. Scand. 107, 185-187 (1979).

~-341-~

R

¥




Epple A.,Lewis T.L. Comparative Histophysiology of the
Pancreatic Islets. Amer. Zool. 13, 567-590 (1973).

Epple A.,Lewis T.L. The effect of pancreatectomy on the
survival of Anguilla rostrata in different salinities.
J. Exp. Zool, 193, 457-462 (1975).

Epple A., Brinn J.E. Young J.B. Evolution of pancreatic
islet functions. In 'Evolution of vertebrate endocrine
systems' {(eds Pang, Epple) pp 269-321 (1980).

Erspamer V., Melchiorri P. Active polypeptides of the
amphibian skin and their synthetic analogues. Pure Appl.
Chem.35, 56-61 (1973).

Facer P.,Polak J.M.,Marangos P.J.,Pearse A.G.E. Immuno-
histochemical localisation of neurone specific enolase
(NSE) in the gastro-intestinal tract. Proc.RMS 15,
113-114 (1980). T

Fahrenkrug J.,Haglund U.,Jodal M.,Lundgren O.,Olbe L.,
Schaffalitzky de Muckadell O. Nervous release of vasoactive
intestinal polypeptide in the gastrointestinal tract of
cats: possible physiological implications. J. Physiol.

284, 291-305 (1978).

Falkmer S. Immunocytochemical studies of the evolution of
islet hormones. J. Histochem. Cytochem. 27, 1281-1282 (1979).

Falkmer S. Marques M. In Glucagon: Molecular Physiology,
Clinical and Therapeutic Implications. (eds Lefebvre, Unger)
Pergammon Press,Oxford pp343 (1972).

Falkmer S.,Elde R.,Hellerstrom C.,Petersson B.,Efendic S.,
Fohlaman J.,8iljeval J.B. Some phylogenetic aspects on the
occurrence of somatostatin in the gastroenteropancreatic
endocrine system. A histological and cytochemical study,
combined with quantitative radioimmunological assays of
tissue extracts. Arch. Histol. Jap. ﬁg, 99-117 (1977).

Ferri S.,Medeiros L.O.,Stipp A.C. Gastric wall histological
analysis and cellular types distribution in Xenodon merremii,
Wagler,1824 (Ophidia). Morph. Jb. 120, 627-637 (1974).

Feyrter F. Uber die peripheren endokrinen(parakrinen).
Drusen des Menschen Maudrich Wien (1938).

Fritsch H.A.R.,Van Noorden S.,Pearse A.G.E. Cytochemical

and immunofluorescence investigation on insulin-like producing
cells in the intestine of Mytilus edulis L. (Bivalvia).

Cell Tiss. Res. 165, 365-369 (1976).

Fritsch H.A.R.,Van Noorden S.,Pearse A.G.E. Localisation of
somatostatin-,substance P- and calcitonin-like immuno-
reactivity in the neural ganglion of Ciona intestinalis
L.(Ascidiaceae). Cell Tiss. Res. 202, 263-274 (1979).

Fujii S.,XKobayashi S.,Fujita R.,Yanaihara N. VIP-
immunoreactive nerves in the pancreas of the snake, Elaphe
quadrivirgata (Boie): Another model for insular neuro-
secretion.Biomedical Res. 1, 180-184 (1980) .

-342-



Fujita T., Kobayashi S. Structure and function of gut
endocrine cells. Int. Rev. Cytol. 6, 187-227 (1979).

Gabe M. Pepartition des cellules histaminergiques dans la
parvis gastrique de guelgques reptiles. C.R.Acad. Sci.
Paris 273, 2287-2289.(1971).

Gabe M. Donnees histologiques sur les cellules a gastrine
des sauropsidesi. Arch. Anat. micr. él, 175-200 (1972).

Gabe M. Contribution a l1'histologie des cellules endocrines
duodenales des sauropsides. Acta Anat. 85, 434-449 (1973).

Gabe M.,Saint Girons H. Contribution a l'histoligie de
l'estomac des lepidosauriens (Reptiles). Zool Jb. 89,
579-599 (1972).

Gates R.J., Lazarus N.R. The ability of pancreatic poly-
peptides (APP and BPP) to return to normal the hyperglycaemia,
hyperinsulinaemia and weight gain of New Zealand obese

mice. Horm. Res. 8§, 189~-202 (1977).

Gerlovin E.S. Some principles of cytodifferentiation of
pancreatic islets in vertebrata during onto- and phylogeny
from the standpoint of molecular biology and genetics.
In'Evolution of Pancreatic Islets' (eds. Grillo, Leibson,Epple)
pp 97-112 (1976).

Geuze J.J. Light and electron microscope observations on the
gastric mucosa of the frog (Rana esculenta). 1 Normal
structure. Z. Zellforsch 117, 87-102 (197la)

Geuze J.J. Light and electron microscope observations on the
gastric mucosa of the frecg (Rana esculenta). ii Structural
alterations during hibernation. 2. Zellforsch 117, 103-117
(1971b) .

Ghatei M.,Bryant M.G.,Bloom S.R. Radioimmunoassay for
bombesin. In preparation 1980.

Gibson R.G.,Mikas A.A.,Colvin H.W.,Hirschowitz B.I. The
search for submammalian gastrins: The identification of
amphibian gastrin. Proc.Exp.Biol.Med. 53, 284-288 (1976).

Grimelius L.,Capella C.,Buffa R.,Polak J.M.,Pearse A.G.E.,
Solcia E. Ctyochemical and ultrastructural differentiation of
enteroglucagon and pancreatic-type glucagon cells of the
gastrointestinal tract. Virchows Arch. B. Cell Path.

20, 217-228 (1976).

Gunn M. A study of the enteric plexuses in some amphibians.
Quart. J. Microscop. Sci. 92, 55-78 (1951).

Hellerstrom C.,Asplund K. The two types of A-cells in the
pancreatic islets of snakes. 2. Zellforsch 70, 68-80 (1966).

Hokfelt T.,Elfvin L-G.,Elde R.,Schultzberg M., Goldstein M.,
Luft R. Occurrence of somatostatin-like immunoreactivity

in some peripheral sympathetic noradrenergic neurons.

Proc. Natn. Acad. Sci. 74, 3587-3591 (1977).

~343-



Hokfelt T.,Rehfeld J.F.,Skirbol L.,Ivemark B.,Golstein M.,
Markey K. Evidence -for co-existence of dopamine and CCK in
meso-limbic neurones. Nature 285, 476-478 (1980).

Hughes J.,Smith T.W.,Kosterlitz H.W.,Fothergill L.H., Morgan
B.A., Morris H.R. TIdentification of two related pentapeptides
from the brain with potent opiate agonist activity. Nature
258, 577-579 (1975).

Ipp E.,Dobbs R.E.,Unger R.H. Vasoactive intestinal peptide
stimulates pancreatic somatostatin release. FEBS Lett.
90, 76-78 (1978).

Jessen K.R.,Polak J.M.,Van Noorden S., Bloom S.R.,Burnstock G.
Evidence that peptide-containing neurons connect the two
~ganglionated plexuses of the enteric nervous system.

Nature 283, 391-393 (1980). '

Junguira L.C.U.,Malnic G.,Monge C. Reabsorptive functions of
the Ophidian cloaca and large intestine. Physiol. Zool.
39, 151-159 (1966).

Kachelhoffer J.,Mendelc¢.,Dauchel J.,Hohmatter D.,Grenier J.F.
The effect of VIP in intestinal motility. Dig. Dis. 21,
957-962 (1L976).

Kingsley Noble G. The biology of the amphibia. Dover
Publications NY. (1954).

Klein C.,Van Noorden S. Pancreatic polypeptide (PP)- and
glucagon cells in the pancreatic islet of Xiphorus helleri
H. (Teleostei). Cell Tiss. Res. 205, 187-198 (1980).

Kramer K.J.,Speirs R.D.,Childs C.N. Immunochemical evidence
for a gastrin-like peptide in insect neuroendocrine system.
Gen. Comp. Endocrinol. 32, 423-426 (1977).

Lane B.P.,Europa D.C. Differential staining of ultrathin
sections of epon-embedded tissues for light microscopy.
J. Histochem. Cytochem. 13, 579-582 (1965).

Lange R.H. Licht- und-elektronen mikroskopische identifizie-
rung der zelltypen im inselapparat des Frosches Rana ridibunda
Z2.Zellforsch 82, 156-172 (1967).

Lange R.H. In Hanbuch der Histochemie Vol VIII part 1
Histochemistry of the islets of Langerhans. Gustav Fischer
Stuttgart pp 1 (1973).

Larsson L-1I. Localization of a new neural peptide (VIP) by
electron microscopy and immunocytochemistry. Histochemistry
54, 173-176 (1977).

Larsson L-1I. Simultaneous ultrastructural demonstration of
multiple peptides in endocrine cells by a novel immuno-
cytochemical method. Nature 282, 743-746 (1979a).

Larsson L-I. Innervation of the pancreas by substance P,
enkephalin, vasoactive intestinal polypeptide and gastrin/CCK
immunoreactive nerves. J. Histochem. Cytochem. 27, 1283
(13979b) .

-344-~



r.arsson L-I,,Rehfeld J.F. Evidence for a common evolutionary
origin of gastrin and cholecystokinin. Nature 269,
335-338, (1977).

Larsson L-I,,Moody A.J. Glicentin and Gastric Inhibitory
Polypeptide immunoreactivity in endocrine cells of the gut
and pancreas. J. Histochem.Cytochem. 28, 925-933 (1980).

Larsson L-I.,Fahrenkrug J.,Schaffalitzky de Muckadell 0O.B.,
Sundler F.,Hakanson R.,Rehfeld J.F. Localization of
vasoactive intestinal polypeptide (VIP) to central and
peripheral neurons. Proc. Nat. Acad. Sci. 73, 3197-3200 (1976

Larsson L-I.,Fahrenkrug J.,Holst J.J.,Schaffalitzky de
Muckadell O.B. Innervation of the pancreas by vasocactive
intestestinal polypeptide (VIP) immunoreactive nerves.
Life Sci. 22, 773-780 (1978).

Larsson L-I.,Goltermann N., deMagistris L.,Rehfeld J.H.,
Schwartz T.W. Somatostatin cell processes as a pathway for
paracrine secretion. Science 205, 1393-1395 (1979).

Lechago J.,Hohnguist A.L.,Rosengqguist G.L.,Walsh J.H.
Localization of bombesin-like peptides in frog gastric mucosa.
Gen. Comp. Endocrinol. 36, 553-558 (1978).

Luppa H. Histology of the digestive tract. 1In 'Biology of
the Reptilia' (ed Gans) Academic Press (1977).

McGuigan J.E. Immunocytochemical studies with synthetic
human gastrin. Gastroenterol. 54, 1005-1011 (1968).

Magnier J. Developpement du pancreas d'un amphibien urodele
Pleurodeles waltlii(Michah). Acta Anat 95, 481-507 (1976).

Malaisse-Lagae F.,Carpentier J-L.,Patel Y.C.,Malaisse J.,
Orci L. Pancreatic polypeptide: A possible role in the
regulation of food intake in the mouse. Experientia gi,
915-916 (1977).

Marangos P.J.,Schmechel D.,Parma A.M.,Clark R.L.Goodwin F.K.
Measurement of neurcon-specific (NSE) and non-neuronal (NNE)
isoenzymes of enolase in rat, monkey and human nervous tissue.
J. Neurocytochem. ii, 319-329 (1979).

Miiler M.R. Pancreatic islet histology and carbohydrate
metabolism in amphibians and reptiles. Diabetes 9, 318-323
(1960).

Miller M.R. Observations on the comparative histology of
the reptilian pancreatic islet. Gen. Comp. Endocrinol.
2, 407-414 (1962).

Miller M.R.,Lagios M.D. The pancreas. In 'Biology of the
Reptilia' (ed Gans) Vol 3 Morphology, Academic Press, (1970).

Milstein C.,Galfre G.,Scher D.S.,Springer T. Monoclonal anti-

bodies and cell surface antigens. Cell Biol. Int. Rep. 3,
1-6 (1979).

-345-~



Moody A.J.,Jacobsen H.,Sundby F. Gastric glucagon and
gut glucagon-like immunoreactants. In 'Gut Hormones'
(ed Bloom) Churchill Livingstone pp 369-378 (1978).

Moscona A. Seasonal changes in the islets of Langerhans
in snakes. Bull. Res. Counc. Israel 4, 253-255 (1954).

Nakane P.K. Simultaneous localization of multiple tissue
antigens using the peroxidase-labelled antibody method: a
study on pituitary gland of the rat. J. Histochem. Cytochemn
16, 557-560 (1968).

Nilsson A. Isolation, amino acid composition and terminal
amino acid residues of the vasoactive octacosapeptide from
chicken intestine. Partial purification of chicken secretin
F.E.B.S. Lett. 47, 284 (1974).

Nilsson G.,Larsson L-I.,Bronin E.,Pernow P.,Sundler F.
Localisation of a substance P-like immunoreactivity in
mouse gut. Histochem. 43, 97-99 (1975).

North R.A., Williams J.T. Enkephalin inhibits firing of
myenteric neurones. Nature 264, 460-461 (1976).

Okamoto E.,Ueda T. Embryogenesis of intramural ganglia of
the gut and its relation to Hirschsprung's disease.
J. Pediat. Surg. 2, 437-443 (1967).

Orci L.,Unger R.H. Functional subdivision of islets of
Langerhans and possible role of D cells. Lancet ii,
1243-1244 (1975).

Orci L.,Baetens D.,Ravazzola M.,Stefan Y. ,Malaisse-Lagae F.
Ilots a polypeptide pancreatique (PP) et ilots a glucagon.
Distribution topographique distincte dans le pancreas de rat
Cr. Acad. Sci. Ser. D 283, 1213-1215 (1976).

Orci L.,Malaisse-Lagae F.,Baetens D.,Perrelet A. Pancreatic
polypeptide-rich regions in human pancreas. Lancet ii,
1200-1201 (1978).

Patent G.J. The ultrastructure and innervation of the
pancreatic islets of the holocephalian ratfish, Hydrolagus
colliei. In 'The evclution of pancreatic islets'

(eds Grillo,Leibson and Epple) Pergammon Press pp 131-140

(1976) .

Pearse A.G.E. Common cytochemical and ultrastructural
characteristics of cells producing polypeptide hormones
(The APUD Series) and their relevance to thyroid and
ultimobranchial C cells and calcitonin. Proc. Roy. Soc.
Ser B. 170, 71-80 (1968).

Pearse A.G.E.,Polak J.M. Immunocytochemical localization of
substance P in mammalian intestine. Histochem, 41, 373-375
(1975a) .

Pearse A.G.E.,Polak J.M. Bifunctional reagents as vapour

and liquid phase fixatives for immunohistochemistry.
Histochem. J. 7, 179-186 (1975b).

-346~



¢ A,G.E.,Takoxr Takor T. Neuroendocrine embryology and
the 4FUD concept. Clin. Endoc. 5 (Suppl) 229-244 (1976).

Penhcs J.C.,Ramey E. Studies on the endocrine pancreas of
amphibians and reptiles. Amer. Zool. 13, 667-698 (1973).

Perncw E. Studies on substance P. Purification, occurrence
and biological actions. Acta Physiol. Scand. 29, 1-90 (1953).

Petcrgon J.D.,Coulter C.I.,Steiner D.F.,Emdin S.0.,Falkmer S.
Structural and crystallographic observations on hagfish
insulin. Nature 251, 239-240 (1974).

Petrusz P.,Ordronneau P.,Finley J.C.W. Criteria of reliabili
in light microscopic immunocytochemical staining.
Histochem. J. 12, 333-348 (1980).

Pickel V.,Reiss P.J.,Leeman S.E. Ultrastructural localization
of substance P in neurons of rat spinal chord. Brain Res.
122, 534-540 (1977).

Polak J.M.,Bloom S.R. Neuropeptides and the antrum. In
'Gastrin and the Vagus' (ed Rehfeld) Academic Press (1979).

Polak J.M., Bloom S.R. Peripheral localization of regulatory
peptides as a clue to their function. J. Histochem.
Cytochem. 28, 918-924 (1980a).

Polak J.M.,Bloom S.R. Regulatory peptides of the Gut: the
essential mechanism for gut control. In 'Recent advances
in Gastrointestinal Pathology' (ed Wright) WB Saunders

pp 23-46 (1980Db).

Polak J.M.,Pearse A.G.E.,Heath C.M. Complete identification
of endocrine cells in the gastrointestinal tract- Use of the
semithin-thin section technique to identify motilin cells

in human and animal tissue. Gut 16, 225-229 (1976).

Polak J.M.,Pearse A.G.E.,Szelke M.,Bloom S.R.,Hudson D.,Facer
P.,Buchan A.M.J.,Bryant M.G., Christophodes N.,MacIntyre 1I.
Specific immunostaining of CCK cells by use of synthetic
fragment antisera. Experientia 33, 762-763 (1977) .

Probert L.,DeMay J.,Polak J.M. The ultrastructural
localisation of substance P in a sub-population of autonomic
nerves of the gut. Submitted to Nature 1980.

Rehfeld J.F.,Larsson L-I.,Golterman N.R.,Schwartz T.W.,

Holst J.J.,Jensen S.L., Morley J.S. Neural regulation

of pancreatic hormone secretion by the C-terminal tetrapeptide
of CCK. Nature 284, 133-138 (1980).

Reinecke M.,Almasan K.,Carraway R.,Helmstaedter V.,Forssmann
W.G. Distribution patterns of neurotensin-like immunoreactive
cells in the gastro-intestinal tract of higher vertebrates.
Cell Tiss. Res. 205, 383-395 (1980).

Reis R.H.,Lyons W. Histology of the small and large intestine
of the common green snake Thamnophis sirtalis. I Duodenum,
Wasmann Collect. 5, 81-88 (1943).

-347-~




Rhoten W.B. Light and electron microscopic studies on
pancreatic islets of the lizard Lygosoma laterale.

1 Normal and glucose-loaded animals. Gen. Comp. Endoc.
17, 203-219 (1971).

Rhoten W.B. The cellular response of saurian pancreatic
islets to chronic insulin administration. Gen. Comp. Endoc.
20, 474-489 (1973).

Rogers D.,Burnstock G. Multiaxonal autonomic junctions in
intestinal smooth muscle of the toad (Bufo marinus).
J. Comp. Neurol. 126, 625-652 (1966).

Roth J.,Bendayan M.,Orci L. Ultrastructural localization of
intracellular antigens by the use of the Protein A-gold
complex. J. Histochem. Cytochem. 26, 1074-1081 (1978).

Said S.I.,Mutt v. Potent peripheral and splanchnic
vasodilator peptide from normal gut. Nature 225, 853-864
(1970).

Said S.I., Mutt V. Isolation from porcine intestinal wall
of a vasoactive octacosapeptide related to secretin and
glucagon. European J. Biochem. 28, 199-204 (1972).

Sakai K.K.,Hymson D.L.,Shapiro R. The mode of action of
enkephalins in the guinea-pig ileum. Neurosc. Lett.
1o, 317-322 (1978).

Sato T.,Herman L.,Fitzgerald P.J. The comparative ultra -
structure of the pancreatic islet of Langerhans. -
Gen. Comp. Endoc. 7, 132-157 (1966).

Schebalin M.,Said S8.I.,Makhlouf G.M. Stimulation of insulin
and glucagon secretion by vasoactive intestinal peptide.
Am. J. Physiol. 232, 197-200 (1977).

Schultzberg M. ,Hokfelt T.,Nilsson G.,Terenius L.,Rehfeld J.F.,
Brown M. ,Elde R.,Goldstein M.,Said S.1I. Distributiocn of
peptide- and catecholamine-containing neurons in the
~gastro-intestinal tract of rat and guinea-pig: Immuno-
histochemical studies with antisera to substance P, vasoactive
intestinal polypeptide, enkephalins,somatostatin, gastrin/
cholecystokinin, neurotensin and dopamine B-hydroxylase.
Neuroscience 5, 689-744 (1980).

Solcia E.,Vassalo G.,Capella C. Studies on the G cells of the
pyloric mucosa the probable site of gastrin secretion.
Gut 10, 379-388 (1969).

Solcia E., Polak J.M.,Pearse A.G.E.,Forssmann W.G,Larsson L-I.,
Sundler F.,Lechago J., Grimelius L.,Fujita T.,Creutzfeldt W.,
Gepts W.,Falkmer S.,Lefranc G.,Heitz Ph.,Hage E.,Buchan A.M.J.,
Bloom S.R., Grossman M.I. Lausanne 1977 classification of
gastroenteropancreatic endocrine cells. In 'Gut Hormones'

(ed Bloom) Churchill Livingstone pp 40-48 (1978).

-348-



Solcia E.,Polak J.M.,Larsson L-I.,Buchan A.M.J.,Capella C.
Updated Lausanne classification of gut endocrine cells.

In 'Gut Hormones' 2nd edition (eds Bloom and Polak)
Churchill Livingston in press(1981).

Stefan Y. ,Falkmer S. Imnmunocytochemical and ultrastructural

identification of four endocrine cell types in the pancreas

of a marine teleost, Cottus scorpius: Disparity between the

pyloric and splenic islet parenchyma. Gen. Comp. Endocr.
(1979).

Steiner D.F.,Peterson J.D.,Tager H.,Emdin S.0.,0stberg Y.,
Falkmer S. Comparative aspects of proinsulin and insulin
structure and biosynthesis. Amer. Zool. 13, 591-604 (1973).

Sternberger L. Inmunocytochemistry 2nd edition Prentice Hall
Inc. NJ. (1979).

Stewart J.K.,Goodexr C.J.,Koerker D.J.,Gorbman A.,Ensinck J.,..
Kaufman M. Evidence for a biologucal role of somatostatin

in the pacific hagfish Eptatretus stouti . Gen. Conp.

Endoc. 36, 408-414 (1978).

Sundler F.,Hakanson R.,Alumets J.,Walles B. Neuronal
localization of pancreatic polypeptide (PP) and vasoactive
intestinal polypeptide (VIP) in the earthworm (Lumbricus’
terrestris). Brain Res. Bull. 2, 61-65 (1977).

Sundler F.,Alumets A.,Fahrenkrug J.,Hakanson R.,Schaffalitzky
de Muckadell O0O.B. Cellular localization and ontogeny of
vasoactive intestinal polypeptide (VIP) in the chicken gut.
Cell Tis. Res. 196, 193-202 (1979).

Tatemoto X.,Mutt V. Isolation of two novel candidate hormones
using a chemical method for finding naturally occurring
polypeptides. Nature 285, 417-418 (1980).

Thomas T.B. The pancreas of snakes. Anat. Rec. 82, 327-345
(1942).

Thorndyke M.C.,Bevis P.J.R. Paracrine control of gastric
secretion in protochordates. Reg. Peptides Suppl 1 S115 (1980).

Titlbach M. Licht- und elecktronenmikroskopische unter-
suchungen der Langerhausschen inseln von nattern (Natrix n.

natrix L., Natrix tessellata). Z. Zellforsch 83, 427-440 (1967)

Trandaburu T. The intrinsic innervation of the pancreas

of the grass-snake (Natrix n. natrix L.), with particular
relevance to acetylcholinesterase activity in the islets of
Langerhans. J. Anat. ill, 575-589 (1974).

Trandaburu T.,Calagareau L. Light and electron microscopic
investigation of the endocrine pancreas of the grass snake
(Natrix n natrix L.). Z.Zellforsch 97, 212-225 (1969).

.R. Cellular origins of
pecific immunocytochemical
J. Histochem. Cytochem.

Vaillant C.,Dockray G.J.,Hopkins C
different forms of gastrin. The s
localization of related peptides.
27, 932-935 (1979).

-349-



Van Noorden S.,Greenberg J.,Pearse A.G.E. Cytochemical

and immunofluorescence investigations on polypeptide
localisations indtietpancreasirand 'gut afdithe larval ‘lamprey .
Geh G onNp . Bndoaila s L9 S0 (1972 ) ¢

ManiNocorden 8., Patent G. Vasoactive intestinal polypeptide-
Like immunoreactivity in nerves of the pancreatic islet of
gligstel cogst. fishi@illachthystmaizabil s, @Cell . T158..  Res,

81 bress (1980) .00 o T 6 el

e - Noorden S..,Padak J.M, Advances in Immunocytochemistry.
in 'Gutilormones ®21d edition (eds Bloom-and Polak) in -press
€198 1)

V 1 all Leesime Riceémamsulil e ntest ne -’ del iReEth ld SV
L epiftelioco intestipale: Arehs Biol" (Liégge) 395028958 92

Vora e Histolegy of the enterochromaffin. cell system.
IntHandbook of Experimental Pharmacology' (eds Eichler andé
ar ety Vol 19 -pplE=65s Shringer Bexlin (1966)".

Vigma 5 . R. Distinction between cholecystokinin-like and
gastrain=like actilivities exktracted from gastrodintestinal

Lisgues of someo Jowerivertebrates:. Gam il Cempi MEhdoe. B89
Qi3 -536 (197195 b

oLk el B g Badwe DR mBay £l ekt A Enzyme immunoassays in
tagnostic medicine. B e WOl S0 86 3 0 BiEE B S e

ViemaBulier U SL 5 S@addamadicd . An unidentified depresser
Bubstande in. certain tissve extracts. J. Physiol @ Lond.
Bl 8.7 £ 193] duis

Watextield A.A.,Smekcum R.W.J.,Bughes J.,KesEepdiska - H.W.,
Henderson G. Ins¥itrer pharmacology: ofvthe opuddaipeptliaes

enkephalins and endorphins. Bur. J. Pharmacely 43, 107-11@
LT )

Wur thuMs AL , Misacelia: 2, J. Renewal of intestinal epithelium
in freSnwater turtlisChyrsemys ! picta.  Anat, Rec. l4g,

4.2 )= O (106 ).

Maviner T 0ee S . Threihated ottt Vertebrates. Oxford Clarendon Press
RO5 0 )0;

- 3650~




