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ABSTRACT

A vascular factor may be implicated in the initiation
of peptic ulceration.However, a review of the 1literature
showed that information on the gastric and duodenal arterial
vascular patterns, though plentiful in man, was scarce in
animals. Hence, this study was undertaken to remedy the
situation and to seek for particular features which might be
implicated in the aetiology of ulceration.

The literature describing the arterial vasculature of
the stomach and first part of the duodenum in the dog,
monkey, cat, pig, rat, guinea pig, rabbit, ferret and
dolphin was reviewed. The methods used to investigate the
gastric vessels were also assessed.

The gastroduodenal arterial vasculature of dogs,
monkeys, cats, pigs, rats, guinea pigs, rabbits, ferrets and
a dolphin was perfused with a contrast medium, the
muscularis externa was removed and the mucosa and submucosa
were cleared. The topology and dimensions of the vessels
were determined, with particular reference to the submucous
plexus. In the dolphin and ferret, the extramural arterial
vasculature was dissected and examined.

This work establishes the vascular architecture of the
submucous plexus and the origin of the mucosal arteries in
the species named, with the exception of the dolphin, where
only the extramural arteries were described. Three notable
features emerge.

1. A gradation was found in the relative density of the
submucous plexus between the various animals, from the
richest in cats to the poorest in guinea pigs and
rabbits.

2. In most species, a plexus was found in both the submucosa

and the mucosa. There was a spectrum, between the dog,
which had only a submucous plexus, through the cat, where



both were equally dense, to the rabbit, where most
anastomoses were located in the mucosa.

3. In rabbits and guinea pigs, patches of mucosa were found
which were supplied by end arteries. These arose outside
the gut wall, not from the submucous or mucosal plexus.

This work defines certain vascular characteristics of
potential animal models for the investigation of the role of
end arteries in peptic ulceration. Since end arteries have
been reported in man, and their role in the initiation of
peptic ulceration has been hypothesized, it provides a
specific animal model whereby the vulnerability of mucosa
supplied by such an end artery system can tested in vivo.
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PART I
INTRODUCTION

The treatment of peptic ulceration has undergone a
revolution during the 1last decade, as effective
pharmacological therapy has obviated much of the need for
surgical intervention. However, both gastric and duodenal
ulceration remains a common and disabling disorder, with a
significant mortality. In 1986, 4528 deaths were attributed
in England and Wales to these causes (ICD 531 + 532 + 533).

This disease, or group of diseases, has been
investigated for over 80 years, and although great strides
have been made in treatment, there is still no unequivocal
comprehensive theory to account for its aetiology. More
recently, the multifactorial nature of the condition has
been accepted, encompassing earlier hypotheses, such as bile
reflux, genetics, mucosal ischaemia, environmental factors
and neurogenic influences.

Two particular aspects of ulceration which still
require explanation are the tendency of ulcers to occur
singly and their predominant localisation to the 1lower
lesser curvature in the case of gastric ulcers, and to the
anterior and posterior aspects of the first 2cm of the
duodenum in the case of duodenal ulcers. Various hypotheses
have been proposed to explain these phenomena, such as the
occurence of localised compression (Ivy, Grossman & Bachrach
1950), islets of ectopic mucosa (Ivy et al. 1950; Spira
1956) , a "pyloric jet" of gastric contents into the duodenunm
(Kirk 1968) and the interaction of mucosal boundaries and
intramural.muscle bundles (0i et al. 1969).

The significance of a vascular factor is suggested by
three pieces of evidence. Tension on the stomach downwards
and to the left results reversibly in an area of pallor on
the antral wall of the first 2.5cm of the duodenum - "Mayo’s
anaemic spot" (Mayo 1908; Kirk 1968). Post-mortem anatomical
examination in man, largely using injection techniques, has
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shown that the lesser curvature is less well vascularized
than the remainder of the stomach (Disse 1903; Reeves 1920;
Jatrou 1920; Hoffman & Nather 1921; Berlet 1923; Barlow,
Bentley & Walder 1951; Piasecki 1974). Finally, vessels have
been demonstrated in man which penetrate the gastric
muscularis and supply patches of mucosa, but which do not
communicate with the intramural arterial plexus - "Mucosal
arteries of extramural origin" (Piasecki 1974).They occur
singly or in small numbers in a distribution which parallels
that of gastric ulcer localisation.

Experimental investigation of peptic ulceration has
used a range of species, but comparative regional
differences in gastroduodenal vascular anatomy have hardly
been studied. This study was therefore undertaken to compile
a detailed description of the intramural arterial
vasculature of the stomach and first part of the duodenunm in
a range of laboratory species (dog; primate; cat; pig; rat;
guinea pig; rabbit; ferret). In addition, the dolphin was
examined as the occurence of spontaneous peptic ulceration
is well documented in them, in contrast to other species
(Ridgeway 1965; Ridgeway & Johnson 1965; Testi et al. 1971).
The extramural arterial vasculature was analysed in greater
detail in those species in which it had not been described
in the literature (ferret and dolphin). In particular, the
occurence and characteristics of intramural end arteries
were investigated in all species. The overall objective was
to provide a firm foundation for the selection and
interpretation of animal models in which further
investigation of vascular factors in the aetiology of peptic
ulceration could be more rationally investigated.
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PART II
REVIEW OF THE LITERATURE

CHAPTER 1

NOMENCLATURE

A system of scientific classification must not only be
self consistent and reflect the inherent structure and
divisions of a phenomenon, but must also be universally
accepted. The early anatomists, such as Vesalius (1555),
devised their own nomenclature for the structures they
observed. Although there wés some awareness of the
classifications used by contemporaries and predecessors in
the field, the individualist tradition prevented the
formation of a consensus. Thus, von Haller (1745) suggested
that the Left Gastric Artery ("Coronaria superior arteria")
should be named the " Arteria gastrohepatica sinistra", due
to the common occurrence of a large branch of the artery
passing to the 1liver. (this has been revived by Michels
(1955) ) . However, the majority of subsequent authors ignored
von Haller’s suggestion. This approach resulted in the
existence of a number of synonyms for each structure. Bell
(1826) speaks of the " Arteria coeliaca (or coeliac artery
or coeliac trunk or axis arteriae coeliacae)" and of the
"arteria coronaria ventriculis ( or coronary artery of the
stomach or gastric artery)".

The first attempt to remedy this was made in 1895, with
the publication of the Basle Nomina Anatomica (B.N.A.)
(Jamieson 1916). This reduced approximately 30,000
anatomical terms in use to about 5000. It was based upon the
body in the anatomical position, but was not widely adopted.
In 1933, the Birmingham Revision (B.R.) of the BNA was
issued, which was also based upon the anatomical position
(for examples see Cunningham 1951). This was followed by the
Jena Nomina Anatomica (J.N.A. - 1936) in which structural
descriptions were related directly to position in the body
and not to arbitrary spatial co-ordinates. In 1955, the
Paris Nomina Anatomica (P.N.A.), which is the basis of
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current terminology, was published. This returned to the
anatomical position standard (Nomina Anatomica 1963).

The Basle Nomina Anatomica (1916) was unsuitable for
direct application to veterinary anatomy as it was based
upon the anatomical position. An adaptation was published in
1923, the Nomina Anatomica Veterinaria (N.A.V.), but this
was not generally accepted. In response to the Paris Nomina
Anatomica, the International Association of Veterinary
Anatomists was formed, and this produced a revised Nomina
Anatomica Veterinaria (1963; 1973)

The evolution of anatomical terms from Gray (1858) to
P.N.A. with reference to the coeliac trunk and its branches
in Man has been reviewed by Piasecki (1973). Due to the non
applicability of the anatomical position to animals and
actual differences in struc‘%%xﬁ',a the P.N.A. and N.A.V.
terminologies are not identicalj, For example, terms such as
"superior" (P.N.A.) are replaced by position invariant terms
such as "cranialis" (N.A.V.). There are also differences
between the orders in the nomenclature. For example, in
swine (Sus)., the 1left gastric artery is 1listed under the
splenic artery. Wherever possible the terms used by the
authors themselves will be used in this work, rather than
attempting to reduce them to a common terminology, with the
consequent risk of misinterpretation.
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Table. 1

A COMPARISON OF HUMAN (PARIS NOMINA ANATOMICA)
AND

VETERINARY (NOMINA ANATOMICA VETERINARIA)

NOMENCLATURE

Notes

1. Corresponding vessels are not always identically named.

2. Branching order is indicated by indentation order.

3. Branching order is not constant. Corresponding displaced
vessels are joined.

4. The absence of a corresponding vessel at a branch point
is indicated.

5. The NAV has separate nomenclatures for Carnivora, Sus,
Ruminantia and Equus. Only the first two are included.

(Table overleaf)

20



*PI3EOTPUT BIe OM3} 3SaATJ

‘aInljeTousuoN

8yy ATuo °snnbgy pue ejeutuny

‘sns ‘eJIOoATUaRD I0F Saanjeiouswou o9jeaedas sey AVN 9YL °G

*pa3eoTpuy ST

jutod youeaq v 3@ T799s9A Hurpuodsaiioo e Jo aoduasqe aYL ¥
*auUTT udyoxq e Aq pautof aae sTassaa

peoeTdsTp buypuodsaxro) -juelsucd 30U ST I9pio Buiyoueag °¢

*I3pao uoyjejusputr Aq pajeolpuf ST 18pio bujyoueaqg °Z

‘paweu ATTeDTULPT sdAemie 30U aaxe sTesseA burpuodsaaiod 1

[

SAIOR

!

|

ex3sTurs eojordideoaaseb v
sTTeusfOoIlseh °y
snofjeszoued °y
TINDTIXSATP °¥

yobeydosa -ay}

ex3sTuls eotajyseb -y)
STTRUFT 'V

eI3X9p eoTajsed vy
soTeTpeuW TAJISTUTS °*IY
saTexe3e] TIISTUTS °ay
I93STUYs ¥
eof3sho 'y
STTeTpPawW I33Xap 'y
e13xep eotrotrdyrdsoxiseb y )
syretueRId }
sTTeuUsponpootjeazoued vy )
sT1eusponpoxyseb -y)
Taepned tqoT °V
sTrexsje JI93x9p °Yy
Tor3eaaoued *ay
eotrjedsy °v
syrepned eotuaayd °v
RORTT8D Y|

ex3stutrs eotjordrdeoazseb ‘y
seA0Iq Totaaseb ey
ToT3eaxoued °*ay

stTeusty °V
ex3xep wotordidsoxaseb °y

sTlejuexd

sTTeuaponpootijeaaosued °y
syTeusponpoaiseb °y
elI3x9p eorajseb °y
soTeIeje] TAISTUTS Iy

eor3sdo v

goTepaW TIISTUTS "Iy
I93STUTS Y
sSTTeTpaw I23Xap A

{
(
( ———————
(
(
(

T3epned Fqol V¥
sTIeIale] Iajxsp Y
eotTjedsy °y
1abeydosa ‘ay
eIFSTUTS eotayseb -y
(oepytal) syrepnes eofuaayd -y
eoeyIad v

(91d) sns

YIOATNYYD

soTeUaTT *ay

soAa1q FotIaIseb ‘wvy
torotrdide -ay

vxystuys woyoirdydeocaysed 'y
FoFaIweaouvd -ay

saTeuaTy °V
Totvordyde -ay

ex3xep wotordydeocaiseb °v
soTRUepONp 'y
1oT3vaIound ay

zotaadns syreusponpootjveasued °y
syTeueponpoaaseb °y
I938TUTe Y
eof3Isdo ¥

ae3xep ¥

etxdoad eofjedey °v

ex3xap eojaaseb °y

sTunuwoos eofjedsy 'V

yobeydose -ay

RIISTUTS eOfI3Ised °y

(e3aoe woay - xotaedns eotuaayd °v)

SNOR} T8O snounty

NVRN

YIYVNIYALIA VOIWOLVYNY WNIWON

YOINOLVYNY YNIWON SIuvd

21



CHAPTER 2

MATERIALS AND METHODS

Many techniques are available to examine the blood vessels
at all levels of diameter. These fall into two main
categories, direct and indirect.

DIRECT

These methods render the vessels clearly visible so
that their characteristics may be measured and analysed.
They comprise the most widely used techniques and can be
subdivided into two further categories, post mortem and in
vivo.

Post Mortem

The simplest way to visualise the blood vessels
directly is to remove the surrounding tissue by dissection.
This technique has been used by many authors to investigate
the gastroduodenal circulation (e.g. Vesalius 1555; von
Haller 1745; El-Eishi_1973). However, when used alone, it
has two principal limitations.

1. The maximum resolution which can be obtained is low.

2. It involves the destruction of surrounding tissue
and, in the case of the deep vascular system of an organ,
also of the more superficial vascular bed. This makes it
difficult to relate the vessels to the tissues through which
they pass and which they supply.

Increased Resolution

The resolution obtainable from dissection may be
increased by prior injection of an optically opaque material
into the vascular bed. This augments the contrast between
the blood vessel and the surrounding tissue. Such a
substance may be a dye which stains the vascular wall, such
as haemotoxylin or methylene blue, or a particulate
material, such as india ink or carmine. The latter is often
suspended in a medium which will subsequently solidify, such
as gelatine, latex rubber or acrylic resin. (Mall 1896;
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Djorup 1922; Greene 1935; Michels 1955; Schnitzlein 1957;
Berg 1961; Bielak 1967;0bel 1967, 1968a; Perneczky 1969;
Wiland 1970; Gannon 1982).

The maximum resolution is still limited by the process
of manual dissection. This may be obviated by corrosion
casting, whereby the vessels are injected with a monomer,
usually coloured acrylic resin, and, after its
polymerization, the tissue is removed by acidic or enzymic
maceration, leaving the resistant vascular cast. This
process accurately replicates details down to the capillary
level. (Busch 1973; Gannon 1982).

Preservation of Surrounding Tissue

The spatial relationship of the vascular system to the
surrounding tissue 1is destroyed by all dissection
techniques, but other processes permit the vessels to be
visualised without this. These are primarily clearing,
radiography and histology.

A result analogous to that of dissection may be
obtained by making the tissue transparent - clearing. This
is done by dehydration, followed by the replacement of the
water by a liquid with a high refractive index. The most
commonly used clearing agents are glycerine (Thompsett 1970)
and benzene / benzyl benzoate / methyl salicylate
(Spalteholtz 1914). The previously injected blood vessels
can be seen in the transilluminated specimen. Either the
arterial system alone (single) or both the arterial and
venous systems (double - Hase & Moss 1973) may be injected,
using the particulate materials discussed above. (de
Busscher 1948; Leone\/1948; Barlow f951: Jacobsen & Noer
1952; Arabehety 1959; Boulter & Parks 1963; Bellamy 1973;
Busch 1973; Hase & Moss 1973; Kobayasﬁi 1973; Piasecki 1973,
1974, 1975).

An alternative approach is to examine the specimen
radiographically, after the injection into the vessels of a
radio-opaque material such as barium sulphate solution.
(Mignot 1956; Minne 1952; Piasecki 1975). Three dimensional
information may be preserved by taking angularly displaced
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radiographs, which are viewed stereoscopically, or by
computer based tomography, perhaps with digital image
reconstruction in three dimensions.

Conventional histological techniques display the
arrangement and characteristics of blood vessels in the
plane of the section, and the three dimensional architecture
may be reconstructed from serial sections (Ware 1975). The
identification of vessels is facilitated by their prior
injection with a contrast medium (de Busscher 1948;
Schnitzlein 1957; Boulter & Parks 1963; Sherman 1963;
Bellamy 1973).

All of the above techniques rely upon the filling of a
vessel by injectate to enable it to be seen. However, not
all vessels may be patent at the time of injection or, if
they are, they may not £ill with injectate. Although it is
normally possible to detect the presence of unfilled
vessels, if the injectate is miscible with blood (Piasecki
1973), their nature or course cannot be determined. Hence,
observations which demonstrate the presence of a vascular
phenomenon must carry greater weight than those which show
its absence. In contrast, the:pressure applied to the
injectate may force open vessels which were not patent at
the time. This can be avoided by the use of a low pressure
injection in vivo, or by limiting the applied force to the
normal systemic blood pressure in that species.

The observed anatomy is, therefore, dependent on the
filling pattern which is, in turn, a function of ante mortem
physiological parameters and of the mode of death. Ante
mortem injections will be modified by such factors as
surgicai shock (Basu Mallik 1955), drugs and anaesthetics
(Baumel 1970; Altura & Altura 1975), all of which will
affect the vasculature. Post mortem injections will be
modified by the mode of death and by the length of time
elapsing between killing and injecting the animal.
Immediately after death, there is generalized
vasoconstriction due to spasm of the vascular smooth muscle,
which takes up to 24 hours to subside (Baumel 1970). This
may alter the filling pattern.
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The conditions under which the injection takes place
are, therefore, important factors in determining the anatomy
which is observed. Thus, patterns displayed by different
techniques are not necessarily comparable. The same is true
of the bores of the vessels, which vary as a function of the
methods used (Hase & Moss 1973).

In Vivo

Many of the above problems can be overcome by observing
the gastroduodenal circulation in the 1living animal. This
may be done in an anaesthetised animal by exposing and
transilluminating the area of interest (Basu Mallik 1955;
Baez 1959; Guth 1970, 1972a:;1975). Although this technique
overcomes the problem of post mortem artefacts, the results
are not necessarily identical to those that would be
obtained from the hypothetical 'il"xtact' animal. Any invasive
process must produce physiological effects which may modify
the vasculature. For example, anaesthetics and drugs are
given (Altura & Altura 1975), the animal is in surgical
shock (Basu Mallik 1955) and superficial tissue and vessels
must often be removed to obtain adequate resolution in
deeper planes. Despite this, the resolution which is
obtained is 1less than that resulting from injection
techniques. This factor can be improved to a limited extent
by the introduction of a contrast or fluorescent medium into
the circulation. In the 1latter case (fluorescence
angiography), a material such as fluorescin, coupled to a
large molecule to retard its loss from the blood vessels, is
introduced into the circulation and irradiated by ultra
violet radiation, whereupon it emits light in the visible
region of the spectrum, thereby increasing the contrast
between the vessels and the surrounding tissues. Three
dimensional reconstruction using holographic techniques has
been achieved, but only of mesenteric vessels (Donaho 1972).

The vessels in the conscious, intact animal are
currently most commonly studied after the injection of a
radio-opagque medium, such as a suspension of barium
sulphate, into the systemic circulation (Adams 1965; Mincev
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1971; Enge 1972). Unfortunately, this method has a limited
resolution capability, since focussing and magnification of
the image is not possible, and it can be difficult to
distinguish between overlapping and intercommunicating
vessels. More recently, techniques such as computerised
axial tomography, nuclear magnetic resonance and positron
emission tomography have been used to examine larger
vessels, although still only in two dimensions. Preservation
of the three dimensional information can be achieved by
taking two laterally displaced radiographs and viewing them
stereoscopically. Computerised reconstruction of the full
three dimensional network is possible, as a research rather
than a clinical tool (IBM Scientific Centre - unpublished
data). In addition, dynamic information can be retained by
fluoroscopy, enhanced, if necessary, by image
intensification. An alternative method if visualising the
vasculature of the conscious animal is to remove the tissue
overlying the vessels and to replace these layers with a
transparent material, such as glass, mica or ’‘Perspex’.
After healing, the underlying vessels may be observed by
transillumination. Such techniques have only been used on
thin structures, such as the rabbit’s ear (Nims 1973).

INDIRECT METHODS

Use is made of the relationship between changes of
physiological parameters in response to experimental
manoeuvres and the underlying vascular anatomy. The
physiological parameters themselves may be indirectly
determined from physical measurements e.g. blood flow from
radioactive isotope distribution. Since the relationship
between these quantities is often imperfectly understood, or
based upon'a number of assumptions which are made to reduce
the complexity of the mathematical model, the amount of
anatomical information obtainable is usually 1limited and
often of uncertain validity.
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Appearance '
The physiological parameter may be the appearance

of the tissue. For example, changes in the colour of gastric
venous blood after handling the stomach may be interpreted
in terms of arteriovenous shunts (Barclay & Bentley 1949a).
The extent of the interarterial anastomoses and the areas
supplied by individual vessels may be investigated by
selective arterial 1ligature and observation of the
consequent changes in the mucosa and blood flow patterns
(Bernheim 1932; Blalock 1939; Babkin 1943; Layne 1943; Berg
1947; Baronofsky 1948; Holm 194%a, 194%b; Guth 1972, 1975;
Varhaug 1979). An analogous technique was used by Seirafi
(1962) who ‘devascularized’ the stomach of the dog by
blocking its arterioles and capillaries with microspheres.

Blood Flow

This is normally investigated by the use of exogenous
tracers. These can be non-radioactive or radioactive
isotopes, either in solution or bound to microscopic
spheres, which can also be used in the unlabelled form. The
results from the use of these techniques can be interpreted
to give information of such factors as the volume of a
region, the destinations of certain vessels and the presence
and size of arteriovenous channels.

Examples of the use of non-radiocactive tracers are
Schnitzlein’s work to assess the density of vessels in
regions of the rat’s stomach by measuring its optical
density after the vascular injection of india ink (1957).
Another is the use of aminopyrine clearance (Jacobsen 1966a,
1966b) from the mucosal capillaries to the gastric lumen to
estimate mucosal blood flow.

A number of radioactive isotopes have been used to
estimate blood flow e.qg. 99Tc, 47K, 86grbcl and (17C) analine
(Delaney & Grim 1964; Taylor 1974, 1975a, 1975b, 1975c;
Zinner 1975; Whittle 1976). These may be differentiated by
their decay characteristics, so that more than one isotope
may be used simultaneously. A proportion of the isotope is
taken up by the tissue through which the blood passes, so
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that the final radioactivity of that tissue is a function of
its blood flow, amongst other factors.

Microscopic spheres are available in a number of
materials, such as glass, plastic, agar and latex. If such
particles are injected into the circulation of an organ and
are slightly larger than the anticipated maximum capillary
size, they are trapped in the capillary bed in numbers which
are a function of the blood flow. Counting unlabelled
spheres in tissue sections or the radiocactive assay of
tissue samples containing isotopically 1labelled spheres,
determines the number of particles that have been retained.
The presence and extent of arteriovenous shunting may be
indicated by the presence of microspheres in the venous
effluent that have been injected into the arterial inflow.
(Walder 1951; Sherman & Newman 1954; Peters 1958; Delaney
1972; Sales 1975; Zinner 1976).

The results from all the above techniques are open to
interpretation, since the techniques are based upon
theoretical relationships between the observed parameter and
the required information, which necessarily simplify a
complex system. Nevertheless, the validity of the
radioactive tracer technique as a determinant of blood flow
has been demonstrated by Taylor(1975), who showed that its
results were in agreement with those derived from a number
of other techniques. This has also been demonstrated for
radioactive microspheres (Buckberg 1971; Archibald 1975),
despite the suggestion that the tracer may elute from the
microspheres and appear in the venous effluent (Buchin &
Edlich 1969) and Grayson’s reservations on a technique which
depends upon the blockage of small blood vessels (1974).
CONCLUSIONS

A number of techniques are available to study the
gastroduodenal vasculature, all of which are 1limited in
certain respects. There is no non-invasive method which will
map this area in high resolution in the intact conscious
animal, but the use of a number of techniques, with varying
characteristics, can enable a more comprehensive description
to be synthesized.
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CHAPTER 3
THE CAT

NON-VASCULAR GASTRODUODENAL ANATOMY

There are a number of texts which describe the gross
anatomy of the cat, such as Stromsten (1952), Taylor & Weber
(1951), Bourdelle & Bressou (1953) and Crouch (1969). These
authors concur in their descriptions of the foregut.

External Form

The oesophagus passes through the diaphragmatic crura
and, after a short course, ehteré the stomach. There is no
enlargement of the oesophagus at fhe cardia and indeed Botha
(1958a) described a slight constriction thére, although this
was denied by El-Ramli (1964) and Fatani (1971). The latter
presented photographs which appeared to support his
contention.

The ’‘J-shaped’ stomach has a volume of 300 - 350 ml,
with 80% of its bulk lying to the left of the midline. The
oesophagus enters at almost the most rostral point of the
stomach and the fundus is small. The right lateral aspect of
the oesophagus is colinear with the lesser curvature whilst
the incisura cardiaca, between its left lateral aspect and
the greater curvature, 1is acute as is the incisura
angularis.

The duodenum is approximately 15cm 1long with a
dilatation in its first centimetre and is, according to
Carleton (1935), unusually mobile so that it may form a
single or a double loop. The arrangement more usually
described (Taylor & Weber 1951; Crouch 1969) comprises an
initial cranial flexure, immediately distal to its origin at
the pylorus, followed by a descending portion, 8cm 1long,
which passes slightly dextrad. This is succeeded by the
caudal flexure, at approximately the 1level of the fifth
lumbar vertebra, which leads into the ascending portion. The
duodenum terminates at the duodenojejunal flexure. The
common bile und pancreatic duct enters the descending
portion of the viscus at the Ampulla of Vater (or major

29



papilla) which Taylor & Weber and Carleton place 2.0 - 2.5cm
distal to the pylorus although Villemin (1922) 1located it
4.0cm from the pylorus. The bile and pancreatic ducts enter
the wall of the duodenum separately and join intramurally.
Taylor & Weber also described the entry of an accessory
pancreatic duct at the minor papilla, 2.0cm distal to the
Ampulla.

Mucosal Folds

The folds the distal oesophagus have been variously
described as "coarse longitudinal and fine transverse"
(Fatani 1971), "vague and irregular" (Botha 1958b) and "scale
like" (Crouch 1969). In the stomach Bourdelle &
Bressou(1953) and Crouch described basically 1longitudinal,
though tortuous, folds which began abruptly in the pylorus
and faded out in the fundus. According to Crouch, the
tortuosity is at a minimum on either side of the lesser
curvature, forming a ‘gastric groove’ from the cardia to the
antrum. By contrast, the duodendl folds are irregular and
are invaginated by particularly long and slender villi.

The Gastro-oesophageal Junction

Authors disagree over the existence of an intrinsic
anatomical sphincter at the gastro-oesophageal junction. Its
presence was described by Taylor & Weber and El-Ramli,
whereas Crouch and Botha (1958a) reported its absence.
Fatani (1971) inferred from this that Botha and El-Ramli
were in conflict, but the difference appears to be semantic
rather than factual. Thus, El-Ramli states elsewhere that
"no thickening was found at the lower end of the oesophagus
and no special sphincter was demonstrable
histologically...the muscular walls were continuous with the
muscle coats of the stomach without any pronounced change in
thickness". In this, he was in agreement with both Fatani
and Botha, as he himself noted. The confusion arises from
his use of the word ’sphincter’ in two senses; as an
anatomical mechanism with a sphincteric function or a
localised thickening of the tunica muscularis.
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The presence of a sphincteric mechanism was indicated
by Clarke & Vane (1961) who found that a gastro-oesophageal
pressure gradient of 12-16 cm H,0 (1.18 - 1.57 KPa) could be
supported in the chloralose anaesthetised cat before the
stomach contents emptied into the oesophagus. A similar’
differential was reported by Botha (1962).

The nature of this mechanism was first suggested by
Botha (1958b) who observed a ring of mucosal folds around
the oesophageal orifice in the 1living animal and in
"recently killed" specimens (1958a). These observations were
supplemented by El-Ramli whose histological examinations
showed mucosal folds, raised by a thickening of the
submucosa and muscularis mucosae, at the cardia.

It therefore seems that the cat does possess a
physiological mechanism which limits the reflux of gastric
contents into the oesophagus, but that this is not due to a
localised sphincteric muscular thickening. Its precise
nature is uncertain, but mobile mucosal folds around the
aperture, raised by thickened muscularis mucosae, may have
an occlusive function.

In contrast, there 1is general agreement on the
existence of an intrinsic anatomic sphincter at the
gastroduodenal junction formed by a thickening of the
gastric circular muscle.

Epithelial Lining

The oesophagus 1is 1lined by stratified squamous
epithelium (Fatani 1971) which contains no glands (Trautman
& Fiebiger 1957; El-Ramli 1964). There is an abrupt
transition between the oesophageal and gastric secretory
mucosae, but the precise level is disputed. Most authors are
content to locate it "at the gastro-oesophageal junctidn "
or " at the cardia " but do not define their terminology.
Botha (1962) pointed out the difficulty of precisely placing
the gastro-oesophageal junction and the confusion in the
literature on this subject. He defined it as coincident with
the cardia and located along a line from the incisura
cardiaca, which is marked by the junction of the oblique
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sling fibres and the greater curvature, to the point at
which the right lateral aspect of the oesophagus merged with
the lesser curvature. Using this terminology, he found the
mucosal interface to be 3 to S5cm proximal to the gastro-
oesophageal junction. Since the information presented by the
other authors is inadequate, it is not possible to ascertain
whether this discrepancy is a semantic or factual one.

The entire stomach is 1lined by a gastric secretory
mucosa, comprising three types of glands, cardiac, fundic
and pyloric. The cardiac glands are found in a restricted
fcollar" around the entry of the oesophagus. They secrete
mucus, although Trautman & Fiebiger found that they did not
stain for mucin, in contrast to the results obtained by
Bensley (1902). They were described as small and singly
branched by Taylor & Weber but as highly branched and coiled
by Trautman & Fiebiger, No other authors described their
histological characteristics.

The fundic glands are found in the fundus and corpus of
the stomach. They are highly branched structures, emptying
into deep pits and secreting hydrochloric acid (from
parietal cells) and pepsin (from chief cells). The bases of
the glands do not reach the muscularis mucosae, from which
they are separated by the tunica subglandularis, which is
differentiated into an inner stratum granulosum and an outer
stratum compactum. In the Carnivora, Trautman & Fiebiger
distinguished two fundic zones, a small proximal ‘light’
area and a larger distal ‘dark’ area. However, Ellenberger &
Baum (1943) found his pattern only in dogs, and described a
homogeneous fundic area in the cat.

The pyloric glands are singly branched structures which
lack parietal cells and which produce mucus. Intermediate
gland typeé are found in the interfaces between the mucosal
regions.

The distribution of the parietal cells in the stomachs
of five cats was studied histologically by O0i et al. (1958)
who sampled each stomach at 58 sites. They found a maximal
parietal cell concentration in the central corpus,
decreasing caudally and rostrally, combined with decreasing
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concentration gradients from the greater curvature to the
lesser curvature and from the necks to the bases of the
glands. They did not mention the cardiac gland area of 1low
parietal cell density, perhaps because of the coarse spatial
resolution of their samples and hence of their results. The
thickness of the mucosa and gland length distributions
followed a similar pattern. 0i’s results are consistent with
the bipartite fundic gland area described by Trautman &
Fiebiger. However, the total area of O0i’s samples
constituted only a very small proportion of the entire
mucosal surface (0.01%). In addition, no samples were taken
from the antrum. ’

The duodenum is lined by Brunner’s glands which are
found in connective tissue, deep to the muscularis mucosae.
Villemin (1922) was the first to point out that these glands
extended no further than the major papilla in several
species. In the cat, he sited this point 4.0cm from the
pylorus. Carleton (1935) confirmed this concept in the cat,
but she located the major papilla 2.0cm from the pylorus, a
distance which was confirmed by Trautman & Fiebiger.

Musculature

It is agreed that the tunica muscularis of the distal
portion of the oesophagus is composed of smooth muscle
whereas the cranial portion is striated. Taylor & Weber
placed the transition between the end of the cranial and the
beginning of the caudal third, but Trautman & Fiebiger
(1957) found it more distally. The tunica is composed of an
outer thin longitudinal layer, an inner circular layer and,
according to Trautman & Fiebiger, a thin innermost oblique
layer. Fatani claimed that Bourdelle & Bressou (1953) had
reported that all the oesophagus comprised striated muscle
but a search of their text has not revealed this assertion.

The musculature of the stomach is entirely smooth and
comprises three layers. Firstly, an incomplete outer
longitudinal 1layer, running along the greater and lesser
curvatures, which is united by intermediate fibres in the
antrum. Secondly, a middle circular layer, which thickens to
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the right and gives rise to the pyloric sphincter. Finally,
an incomplete inner oblique layer, which originates at the
incisura cardiaca, runs dorsal and ventral to the
oesophageal aperture and along the dorsolateral and
ventrolateral aspects of the stomach. This is equivalent to
the ’sling fibres’ of Botha and the ‘cardial muscle loops’
of Trautman & Fiebiger.

In the duodenum, Trautman & Fiebiger described an
outer, thin, longitudinal layer, an inner circular layer and
a thin innermost oblique layer. No further details were
given.

Cconclusions

There is general agreement on most aspects of the
anatomy of the foregut. The oesophagus, which has no distal
dilatation, enters the ’‘J-shaped’ stomach at almost its most
rostral point, so the fundus is small. The duodenum is ’‘C-
shaped’ and is entered by a common bile and pancreatic duct,
the parent trunks of which unite intramurally. There is no
sphincteric muscular thickening at the gastro-oesophageal
junction, but peri-oesophageal mucosal folds, raised by a
thickening of the muscularis mucosae at the cardia, may have
an occlusive function. The pylorus and the corpus are lined
by tortuous mucosal folds, with a degree of longitudinal
orientation, which is most marked near the lesser curvature.
The oesophageal mucosa is aglandular whereas that of the
stomach is entirely secretory, the transition being ’in the
region of the cardia’. The gastric epithelium is divisible
into mucus secreting cardiac and pylorié glandular areas,
and mucus, acid and pepsinogen secreting fundic glandular
areas. The duodenum is lined by Brunner’s glands as far as
the major papilla. The musculature of the proximal
oesophagus is striated and the distal is smooth. Both of
these are divided into three layers, including an inner
oblique, as is the gastric muscle.

There are a few significant gaps in knowledge
concerning this species. There is uncertainty over the
disputed transition point between oesophageal and gastric
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mucosae, the possible occurence of two types of fundic gland
and the position of the fundus - antrum interface. Other
minor points concern the location of the transition between
oesophageal striated and gastric smooth muscle, the nature
of the functional sphincter at the gastro-oesophageal
junction, the presence of an accessory bile duct and the
position of the common bile duct.

EXTRAMURAL VASCULATURE

There are few reports in the literature of detailed
observations upon the cat’s abdominal vascular anatomy,
despite the species’ widespread use in biomedical
experimentation. Most of the information that is available
is found in veterinary textbooks and dissection manuals
which generally have a number of limitations. Firstly, there
is rarely a description of the evidence on which the
conclusions given are based, of the experimental methods
used or of the number of speciméns studied. This makes an
assessment of the work’s validity impossible. Secondly, only
the larger vessels are normally described. Finally, there is
rarely any attempt to assess the relative frequencies of
variant patterns. Such texts have been written by Reighard &
Jennings (1929), Taylor & Weber (1951), Stromsten (1952),
Harrison (1952), Bourdelle & Bressou (1953), Crouch (1969),
Gilbert (1971) and McClure (1973).

Reighard & Jennings, while criticizing the prior
literature for lack of detail, themselves only described the
larger vessels. They gave no account of their experimental
methods nor any indication that they found any variation in
the vascular patterns. Bourdelle & Bressou, in a volume
subtitled "Carnivores: Chien et Chat", described only one
pattern, implying that the details given applied equally to
both species. In addition, most of the illustrations
depicted the dog. McClure et al. stated that their
dissection manual was "largely based upon dissection by (one
of the authors)" but the number of animals studied and any
additional sources of information were not described. The
most detailed of these works, by Crouch, was based upon
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dissection although the number of animals was unspecified.
Whilst he acknowledged the existence of variations in the
cat’s anatomy, suggesting that the text was the result of
the study of a significant number of animals, there are
often annotations that the specimen drawn was atypical in
some respect. This implies that each regional illustration
was a depiction of a particular specimen. Despite these
objections, the description given by Crouch appears to be
the most complete that is currently available.

Description

The coeliac artery is very short, trifurcating to form
the common hepatic, left gastric and lienal arteries,
ordered from rostral to caudal. There may also be small
phrenic, pancreatic or gastric branches, although no
assessment of their frequency was attempted.

The common hepatic artery runs to the porta hepatis,
where it gives off the left, middle and right proper hepatic
arteries from one or more nodes. The left proper hepatic
artery gives rise to the cystic artery. The subsequent
course of the common hepatic artery is unclear. Crouch’s
text states that it gives off a small right gastric artery
and a large gastroduodenal artery after giving rise to the
proper hepatic arteries. However, his diagram shows the
right gastric artery arising from the gastroduodenal artery
which arises from the common hepatic artery before the
origins of the proper hepatic arteries. The evidence does
not permit the resolution of this discrepancy. The right
gastric artery runs along the lesser curvature supplying the
pylorus, lesser omentum and 1lesser curvature. The
gastroduodenal artery, after giving rise to small pyloric
and pancreatic branches, bifurcates to form the right
gastroepiploic and cranial pancreaticoduodenal arteries. The
former runs in the greater omentum, parallel to the greater
curvature, and its branches supply the anterior and
posterior aspects of the greater curvature. There are also
omental branches. The cranial pancreaticoduodenal artery
runs between the ventral pancreas and the duodenum, sending
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branches to both.

The left gastric artery, the middle branch of the
coeliac triad, passes in the lesser omentum to the fundus
and cardia of the stomach. It supplies its anterior and
posterior surfaces and gives rise to branches which run
along and supply the lesser curvature. It is also the origin
of small vessels to the lesser omentum and to the abdominal
and thoracic aorta. '

The 1lienal artery travels towards the spleen. After
giving rise to a pancreatic branch, it splits into a right
and left branch, which travel to the respective halves of
the splenic hilum. Before reaching the spleen, the left
lienal gives off the short gastric arteries to the greater
curvature, whilst the right lienal gives rise to pancreatic
and omental branches and to the left gastroepiploic artery.
The latter usually comprises two vascular bundles running
almost perpendicularly to the greater curvature.

Crouch describes a number of arterioarterial
anastomoses:

* Between the right and left gastric arteries on the lesser
curvature.

* Between the gastric branches of the right gastroepiploic
and the branches from the right and left gastric arteries
on the anterior and posterior wall of the stomach.

* Between the right and left gastroepiploics in the greater
omentum adjacent to the greater curvature.

* Between the cranial and caudal pancreaticoduodenal
arteries on the duodenum.

* Between the cranial and caudal pancreaticoduodenal
arteries within the ventral pancreas.

* Between a small vessel from one of the duodenal branches
of the cranial pancreaticoduodenal artery and the first
jejunal artery on the duodenojejunal junction.

There is a discrepancy in Crouch’s account at this point.In

the text, he describes the caudal pancreaticoduodenal artery

as the second branch of the cranial mesenteric artery,
distal to the middle colic artery. However, in the
accompanying diagram, the caudal pancreaticoduodenal artery
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is the first branch, proximal to the middle colic artery.

The following additional anastomoses were described by

Gomercic & Babic (1972a; 1975).

* Between oesophageal branches of the left gastric artery
and of the aorta, on the thoracic aorta.

* Between a pancreatic branch of the lienal artery and a
pancreatic branch of the cranial pancreaticoduodenal
artery within the pancreas.

* Between the short gastric arteries and branches from the
left gastric artery within the stomach wall.

Variations in the coeliac trunk and its branches were
described and quantified by Berg (1961) in a ‘dissection
study of 100 cats after vascular injection. The overall
pattern that he described parallels that given by Crouch. A
coeliac artery was formed from the aorta in 98% of the
animals studied. This varied in length between 13.9 + 3.5 mm
to 19.5 + 2.4 mm. Only 30 of these 98 cats showed the
tripodal branching pattern of formation of the left gastric,
splenic and hepatic arteries described by Crouch. In 41
cases, a gastrolienal trunk arose distal to the hepatic
artery, whilst in 18 there was a gastrohepatic trunk with a
separate splenic artery. The gastrolienal <trunk was
consistently longer than the gastrohepatic (range 2.8-4.2 mm
versus 1.6-2.3 mm respectively).In 9 animals, four coeliac
branches arose linearly, in the order hepatic, left gastric
I, left gastric II and splenic arteries. Finally, a
celiacomesenteric trunk was found in 2 of the animals. In
one of these, there was sequential branching, the coeliac
giving off the hepatic, left gastric, accessory gastric and
splenic arteries. In the other, a much shorter coeliac
artery gave rise to the hepatic artery and then a
gastrolienal trunk.

The frequencies of the variant patterns of the duodenal
vasculature were similarly quantified by Gomercic & Babic
(1972a; 1975), who dissected 25 cats after fixation and
vascular injection. They found that <the <cranial
pancreaticoduodenal artery did not supply the entire
descending duodenum in any of their specimens. In 80% it
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supplied the cranial half and in 20%, the cranial third. The
remainder of the duodenum was supplied by the caudal
pancreaticoduodenal artery. These two vessels were seen to
anastomose in 88% of the specimens. In only 48% of cases was
the caudal pancreaticoduodenal artery the first branch of
the cranial mesenteric artery. In 28%, it was distal to the
middle colic artery and, in 4%, distal to the middle colic
and ileocaecocolic arteries. In 20%, it arose at the same
level as the middle colic artery.

Conclusions '

The principal source of information on the cat’s
gastroduodenal vasculature is the work by Crouch. This has
been used to compile the summmary diagram, ammended where it
conflicts with the experimental reports of Gomercic & Babic
and Berg. The main discrepancies are:-

- The trichotomy of the coeliac artery described by Crouch
was found in only 30% of Berg’s specimens, the most common
pattern (41%) being as shown. Other minor variants were the
occurence of a gastrohepatic trunk, of two independent left
gastric arteries, or of a coeliacomesenteric trunk.

- Gomercic & Babic found that in 80% of cases the superior
pancreaticoduodenal artery supplied only the cranial half of
the descending limb of the pancreas. In the remainder, it
supplied only the cranial third. The rest of the duodenum
was supplied by the inferior pancreaticoduodenal artery.
Crouch defined a larger duodenal area of supply for this
vessel.

- The points of origin of the right gastric and
gastroduodenal arteries were unclear.

INTRAMURAL VASCULATURE

Description

The only study on the micrccirculatory anatomy of the
cat stomach which gives any experimental detail is by Leone
(1949), who studied specimens from man, rabbit, cat and dog.
Unfortunately, he derived only a single homogeneous
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description from his observations, making no distinction
between the species. :

The only other information on the stomach was published
by Trautman & Fiebiger in their veterinary histology text
(1957) . However this does not give any experimental details
and rarely quotes the sources of the information. The author
describes the stomachs and duodena of all the ‘domestic’
animals, including the cat, in a single account, giving no
species specific information.

A physiological investigation by Svanes et al. (1975)
on gastric blood flow gave some anatomical information.
Radiolabelled microspheres (15-_-1; 5 um) were injected into
the right carotid artery of 3 starved cats and the
radioactivity of 25um sections was used as an index of
gastric blood flow. Svanes found that the distribution of
radioactivity parallel to the mucosal surface was uniform.
The mucosa had the highest count rate, the muscularis less
and the submucosa least. Histological examination showed
that arterioles arose from the submucous plexus and
penetrated the muscularis mucosae perpendicularly. They
branched in the lamina propria to form a network running
parallel to the muscularis. This gave off perpendicular
branches to the mucosa. _

Svanes’ study was designed from a physiological
viewpoint and the anatomical correlates are few. The use of
the final tissue radioactivity as a measure of blood flow is
complicated by other factors, particularly vessel bore. For
example, the submucous plexus vessels would , in general, be
larger than the microspheres which would not therefore be
trapped. Under such conditions, the activity flow
relationship breaks down. In addition, the small number of
experimental animals restricts the degree of reliability
which can be placed upon the results, and the details of
histological processing are not given.

A series of physiological studies by Varhaug et al.
(1977; 1979a; 1979b; 1980; 1984) examined the effects of
ligating or cutting the vessels close to the 1lesser or
greater curvatures. They found that this reduced mucosal
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blood flow, measured by microspheres, and resulted in
ulceration on the curvatures. This suggests a relatively
poor intramural anastomotic network in these regions.

The only other studies are on the jejunum and/or ileum
are are therefore outside the scope of this review. Spanner
(1932) and Noer (1943) used injection techniques. Lundgren
(1967) utilised radioactive tracers in a primarily
physiological study. His description treats the small
intestine as homogeneous, although most of his results are
based upon jejunal samples.

Conclusions

There is no species specific account of the feline
gastric microcirculation available in the 1literature which
is based upon described observational evidence. There is
also 1little information available on the duodenal
angioarchitecture. No assessment of the validity of Trautman
iebiger’s work can be made as there are no experimental
details or cited authorities. Svanes’ account provides the
only firm information although this is limited in scope and
derived from too few animals. He described mucosal
arterioles from the submucous plekus forming a plexus at the
base of the mucosa which supplied the glands. The degree of
vascularization was uniform in the glandular stomach but
greater in the mucosa than in the muscularis.
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CHAPTER 4
THE PRIMATE

NON=-VASCULAR GASTRODUODENAL ANATO&Y

External Form

The gross anatomy is well described in two
comprehensive and well referenced textbooks by Lineback
(1961) and Osman Hill (1974). Salomon (1893) and Villemin
(1922) described the gastrointestinal histology, whilst the
duodenum was examined by Carleton (1935) and Sehgal et al.
(1966). Botha (1958a; 1962) included the primate in his
series of examinations of the gastrointestinal junction. In
most cases, the accounts were based upon the rhesus monkey
(Maccacus mulatta).

The oesophagus enters the stomach midway along the
lesser curvature, with a large fundus to the left and a
piriform pylorus to the right. An unusual feature, noted by
both Lineback and Osman Hill, is that the long axis of the
stomach is spiral, so that the pylorus curves dorsally .
When the stomach is full, the greater curvature is
horizontal. The duodenum has a slight initial dilatation and
then narrows, running rostrally in a ‘U’ shaped loop. The
bile and pancreatic ducts enter jointly at the Ampulla of
Vater which, according to Carleton (1935), was 2.5cm from
the gastroduodenal junction in the one animal she examined.
Villemin (1922) reported that there was no duodenojejunal
valve in the nine primates that he studied.

The omentum on the lesser curvature runs from the
fundus to the bile duct, with a broad gastrohepatic ligament
forming the lateral boundary of the Foramen of Winslow
(Lineback). On the 1left, it forms the gastrosplenic and
gastrophrenic ligaments. Within it run the bile duct,
hepatic portal vein and hepatic artery. The large greater
omentum runs all along the greater curvature and has a wide
free edge.
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Gastro-oesophageal Junction _

The gastro-oesophageal junction was described in detail
by Botha (1958a; 1958b; 1962). Although he was unable to
find histological evidence of a sphincter, he noted that
there was a distinct constriction at the Jjunction which

looked like a ring of muscle. - Internally, there was no
well defined mucosl rosette as in some other species, the

only constant feature being a crescentic fold on the greater
curvature side of the cardia.

Epithelial Lining

The histology of the gastrointestinal epithelium was
described by Osman Hill, extensively citing the work of
Salomon (1893) and Burkl (1958). The epithelium showed the
cell types normally found in the mammalian stomach. He noted
that there was a sudden transition from oesophageal to
gastric mucosa at the cardiac orifice, but that that the
interface was irregular - "ora serrata". This was confirmed
by Lineback. Botha (1958a) however located the transition 3
- 6mm above the cardia and noted that there was a raised
’cushion’ of mucosa immediately distal to this point.
According to Lineback, the mucosa was smooth in the fundus,
but extensively ridged in the pylorus.

Several worker described the microscopic appearance of
the duodenal mucosa. Lineback and Sehgal et al. (1966)
observed that the villi were flange rather than finger
shaped, orientated, according to Lineback, transverse to the
long axis. Sehgal et al. also noted the presence of complex
branched villi. The epithelium showed a sharp transition at
the gastroduodenal 3junction, with the appearance of
Brunner’s Glands. Carleton (1935) found that that they ended
abruptly at the entry of the bile duct, but Villemin (1922)
reported that isolated groups were found as far as the
jejunum.

Musculature

Lineback and Osman Hill described the muscularis as
having the normal mammalian pattern. Lineback also noted

43



that there was a well marked pyloric sphincter, whilst Botha
(1958a) asserted that there was no visible gastro-
oesophageal sphincter.

EXTRAMURAL VASCULATURE

Some early work was done by Theile (1852) and Rojecki
(1889) but experimental details are few. The first detailed
report appears to be that of Grzybowski (1926) who carried
out 90 dissections in a study of the coeliac artery. The
first anatomical account based upon experimental
observations in the rhesus monkey appears to be by Lineback
(1961). This was based upon comparatively few dissections
and so does not attempt to assess the frequency of variants.
The coeliac artery was examined in 100 primates by Bielak
(1967) and its branches were examined by Osemlak, Obel et
al. (1967; 1968a; 1968b). An exhaustive review and critical
analysis of the literature has been published by Osman Hill
(1974).

Description

Lineback described the coeliac artery splitting into
three unequally sized branches, the 1left gastric artery
being the largest. This is at variance with Grzybowski, who
described an egqual tripodal branching. According to
Lineback, the three branches were the left gastric, splenic
and right gastric arteries. The left gastric gave branches
to the fundus, greater curvature and spleen. It ran to the
pylorus, where it passed into the omentum and reached the
right colon. The splenic artery ran to the spleen, giving
a small branches to the greater'omentum. The right gastric
ran along the greater curvature, forming the hepatic and
gastroduodénal arteries. The hepatic artery gave rise to the
cystic artery and supplied the 1liver, whilst the
gastroduodenal supplied the pylorus and duodenum. There is a
wide discrepancy between Lineback’s description and the
basic mammalian pattern. He provides limited information so
the validity of his results cannot be assessed.
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The most detailed work on the rhesus coeliac anatomy
has been reported in a series of publications (Obel et al.
1967; Osemlak 1968a; 1968b) and by Bielak (1967). Bielak
carried out 100 dissections of the coeliac artery, after
vascular injection with latex rubber. He found that the
it was present in 90% of the specimens, in most cases (86%)
arising from the aorta. In the remainder, it arose from the
superior mesenteric artery. Where the coeliac was not found,
it was replaced by a hepatosplenic trunk (4%), a
coeliacomesenteric trunk (4%) or separate hepatomesenteric
and gastrosplenic trunks (2%). In nearly all cases, these
arose from the aorta.

Several distal branching patterns were seen. Where the
coeliac was present, it most frequently branched tripodally
to form left gastric, splenic and common hepatic arteries
(68%) . However, in 22%, a fourth branch was seen, usually a
right diaphragmatic branch (16%), but sometimes an accessory
hepatic or pancreaticoduodenal artery. Where the coeliac was
replaced by a hepatosplenic trunk, it divided into common
hepatic and splenic arteries, the former giving rise to the
left gastric. A coeliacomesenteric trunk divided either into
coeliac and superior mesenteric arteries or immediately into
splenic, common hepatic, 1left gastric and superior
mesenteric arteries.

The same techniques were used by Obel, Osemlac et al.
to study the common hepatic, splenic and left gastric
arteries. They found that the left gastric artery was the
thinnest of the coeliac branches (1968a). In most specimens
(81%) it divided into an anterior and a posterior branch,
each of which supplied the respective aspect of the stomach
by numerous short gastric arteries. The posterior branch was
paired in 13% and in 4%, arboreal branching was seen. As a
minor variant, a left and right branch was formed, each of
which had short anterior and posterior branches. Most left
gastric arteries also gave rise to one or two cardiac
branches (86%) and up to three oesophageal branches.
However, anastomosis on the lesser curvature between left
and right gastric arteries was rarely seen (3%).
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Obel and Osemlac found that the splenic artery was the
largest of the coeliac artery branches and ran 1linearly
along the upper border of the pancreas to the splenic hilum
(1968b). It divided into 2 or 3 secondary vessels in its
distal (71%) or middle third (23%). From the splenic artery
arose splenic branches, short gastric, left gastroepiploic,
left epiploic and lesser gastric arteries and pancreatic
branches. Three to seven splenic branches supplied the
spleen by its hilum. The fundus was supplied by two to five
short gastric arteries and the lesser gastric artery. The
left gastroepiploic artery ran along the greater curvature
and supplied the anterior and posterior gastric surfaces and
the greater omentum. It anastomosed with the right
gastroepiploic artery on the greater curvature in 81%. The
left epiploic artery was present in most animals and ran to
the greater omentum. Finally, a single or double dgreater
pancreatic artery was present in 85% of animals, often
supplemented by a number of small pancreatic branches.

Obel & Osemlac found the common hepatic artery to be
present 1in 78% of the animals, giving rise to the
gastroduodenal and proper hepatic arteries. 1In the
remainder, the latter arose directly from the coeliac or
superior mesenteric arteries. The proper hepatic artery gave
rise to the right gastric, cystic and diaphragmatic arteries
and, in 70%, to right and left hepatic branches. The
gastroduodenal gave rise to the right gastro-omental and
superior pancreaticoduodenal arteries.

Conclusions

The descriptions of Bielak and Obel, Osemlak et al.
allow a consensus to be obtained, although Grzybowski’s
anomalous results or terminology can not be resolved.'The
most common pattern has a coeliac artery arising from the
aorta, then branching tripodally to form the left gastric,
splenic and common hepatic arteries, although in nearly a
quarter of the animals, a fourth branch, usually a right
diaphragmatic artery, was present. Opinion seems to be
divided on whether the left gastric was thinner than,
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thicker than, or equal to the remainder. It usually gave
rise to anterior and posterior branches, supplying the same
aspects of the stomach, plus cardiac and oesophageal
branches. There was rarely a left - right gastric artery
anastomsis. The splenic artery supplied the fundus, spleen
and pancreas, and its left gastroepiploic branch usually
anastomosed with the right gastroepiploic on the greater
curvature. The common hepatic artery supplied the 1liver,
distal stomach and duodenum.

There was interesting support for some of Grzybowski’s
observations by the subsequent authors. He found a number of
trends through the phlyogenetic groups which were consistent
with the later reports. For example, he reported a single
gastrosplenic trunk in 1lower primate orders, through
tripodal coeliac branching (rhesus) to left gastric artery
dominance in man. He suggested that the higher the species,
the more distal the division of the splenic and left gastric
arteries into their secondary branches. Thus, the splenic
artery in the primate branches mainly in its distal thirgd,
whilst this occurs in the splenic hilum in man. Finally, he
suggested that the frequency of cardiac branches of the left
gastric is proportional to phylogeny, with an 86% occurence
in the primate and 100% in man.

INTRAMURAL VASCULATURE

There appears to have been no anatomical study of the
gastric microcirculation in the non-human primate. Noer
(1949) examined the intramural vessels in the rhesus monkey
and the chimpanzee, but limited his attention to the jejunum
and ileum. A similar work was published by Reynolds et al.
(1967) . As neither considered the duodenum, they are outside
the scope of this review.

A physiological study of the effects of various drugs
on the gastric blood flow was published by Zinner in 1976.
As a part of this study, he removed all the vascular inputs
to the liver, other than the hepatic portal vein, in seven
baboons. Radioactively labelled microspheres (15 + 5 um)
were injected in a retrograde direction into the distally
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tied common hepatic artery. He was unable to find any
significant radioactivity in the 1lungs and 1liver and
concluded there was no gastric arteriovenous shunting. The
use of microspheres as an index of arteriovenous shunting
has been questioned by several workers (eg .Delaney 1943),
although the inherent errors tend to produce spurious
positive, rather than negative, results.
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CHAPTER 5

THE RABBIT
NON-VASCULAR GASTRODUODENAL ANATOMY

External Form

The gross anatomy of the rabbit stomach has been
described in a number of texts (eg. Bensley 1948;Craigie
1951). The oesophagus enters the cardia of the stomach
slightly ventrally and at an angle of 90°. There is a large
sac-like expansion, the fundus, which extends to the 1left
of, and rostrally from, this region, whilst to the right of
the cardia, but mainly to the left of the animal’s median
plane, is the body of the stomach which merges into the
pyloric antrum. The cardia and the pylorus are joined by a
short lesser curvature, which faces rostrodorsally, the
greater curvature having a caudoventral orientation. The
junction between the stomach and the duodenum is marked by
the pylorus and its anatomical sphincter which is formed by
a thickening of the circular muscle layer. The duodenum
itself comprises four parts, distinguished by their
orientation, and becomes retroperitoneal at its Jjunction
with the jejunum. The stomach and duodenum are attached to
the liver by the hepatogastric and hepatoduodenal 1ligaments
respectively and the stomach to the spleen by the
gastrosplenic ligament.

Mucosal Folds

The literature contains no information on mucosal
folding in this species, other than the specialised area
found around the oesophageal opening.

The Gastro-oesophageal Junction

According to Botha, the terminal 5-10 mm of the
oesophagus formed a triangular expansion, the vestibule
(1958a; 1958b; 1958c; 1962). At the base of this was a very
marked sphincteric thickening, which comprised both striated
fibres, derived from the circular muscle of the oesophagus,
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and smooth fibres from the gastric circular muscle layer.
This was confirmed by El-Ramli (1964) and Fatani (1971).
Botha also described a mucosal fold at the cardia which
extended into the gastric cavity and formed a complete
‘rosette’ around the oesophageal aperture. Observation in
vivo (1958b) showed that this was a highly mobile structure,
capable of occluding the opening or of allowing the passage
of swallowed material. Histological examination showed it to
contain a greatly thickened muscularis mucosae, continuous
with that of the oesophagus and stomach. The presence of
these folds was denied by Fatani, who described the
thickening of the muscularis mucosae at this point as
'moderate’. However, these assertions were based upon the
observation of only one animal. El-Ramli mentioned neither
topic, although he did discuss them in other species.
Unfortunately, he was unclear on the period between the
death and observation or fixation of his specimens, which he
described as ‘recently killed’, since Botha found that the
folds were only visible ante mortem or within a few hours of
death.

Epithelial Lining

Several workers have shown that the stomach is lined by
a secretory gastric mucosa which is sharply demarcated from
the keratinized oesophageal epithelium at or near the cardia
(01 1958; Botha 1958a,1958b,1958c; El-Ramli 1964; Fatani
1971). O0i sampled the gastric mucosa of seven rabbits at 23
sites in each stomach and examined them histologically. He
found that the mucosa was thickest in the body of the
stomach, becoming thinner both caudally and rostrally. The
variation .in gland length was similar. By contrast, the
density of the parietal cells was at a maximum in the fundus
and decreased caudally, none being found in the antrum. The
cells were concentrated towards the 1lesser curvature and
preferentially located at the necks of the glands. The
validity of this work is 1limited since 0Oi sampled only a
very small proportion of the entire mucosa (an estimated
0.004%). Only one sample was taken from the antrum.
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Botha (1958a,1958c), El1_Ramli(1964) and Fatani (1971)
all stated that there was a sharp transition from the
keratinized oesophageal epithelium to the gastric secretory
mucosa at the gastro-oesophageal opening. Botha maintained
that the interface was 2 - 5 mm-proximal to the anatomic
junction, which he defined as coincident with the cardiac
angle, indicated by the junction of the oblique sling fibres
and the greater curvature. However, El-Ramli stated that the
transition occured ‘at the gastro-oesophageal junction’, but
he failed to define this. Nonetheless, his photograph of the
region is consistent with Botha’s opinion. Conversely,
Fatani stated that the transition occured ’at the cardia’,
the location of which he had previously specified in terms
of Botha’s definition. However, this was a judgement based
upon the observation of only one animal. Botha described a
transitional region between the oesophageal and true gastric
epithelia, in which there were no parietal cells and few
tubular glands, those that weré present appearing poorly
developed. The cardiac glands were alveolar with wide ducts,
and appeared to be mucus secreting, in confirmation of
Bensley’s observation (1902). This absence of parietal cells
was not observed by 0i (1958), perhaps because of the coarse
distribution of his sampling sites.

Musculature

The musculature of the oesophagus was described by
Botha (1958c) as comprising three striated layers, inner and
outer longitudinal and a middle circular. All increased in
thickness just above the vestibule, particularly the
circular, which was the main component of the sphincter.
However, the striated layers rapidly tailed away at the
distal end of the oesophagus so that they had disappeared at
the cardia. Inner circular and outer 1longitudinal layers
appeared just above the cardia and contributed to the
sphincter before forming the gastric muscle, which was only
half the thickness of the oesophageal.
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Conclusions

The oesophagus enters at the mid point of the stomach,
forming an incisura cardiaca of 90°, and there is a large
fundus to the left of, and rostral to, the cardia. There are
no clear external divisions between the different regions of
the stomach. The oesophagus displays a pronounced dilatation
immediately before the cardia, distal to which is a large
sphincter, composed of oesophageal striated and gastric
smooth muscle fibres. The stomach itself is entirely lined
by secretory mucosa as opposed to the stratified squamous
epithelium of the oesophagus. In contrast to many species,
the oesophagus has three striated muscle layers, inner and
outer longitudinal and middle circular.

However, several features are in need of clarification
or elucidation. Nothing seems to be known of the patterns of
mucosal folding in the stomach, with the exception of the
specialised sphincteric folds around the cardia, the
existence of which is disputed, although the weight of
experimental evidence suggests their presence. There has
been no comprehensive study of the distribution of types of
epithelium in the stomach, with particular regard to the
acid and non-acid secreting regions, since 0i’s study is of
questionable accuracy and Botha’s description of the cardiac
glands is brief. In addition, the transition point between
the oesophageal and gastric mucosae is disputed, although it
is ’ in the region of the cardia’. Finally, there is no
description in the 1literature of the orientation of the
muscle layers in the stomach.

EXTRAMURAL VASCULATURE

There is a sparse literature upon the gross anatomy of
the coeliac artery and its branches in the rabbit, with only
one original report on the subject (Adams 1965), the
remaining information being found in standard dissection
manuals (Gerhardt 1909; Whitehouse 1937; Bensley 1948;
Craigie 1951). In none of these iexts do the authors state
their data sources. |
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Description
All of the above descriptions are similar, varying in

degree of detail. The account given by Craigie may be taken
as typical. The first main branch of the A. celiaca, apart
from the small Aa. phrenicae inferiores, is the A. lienalis.
In its course, this gives off Rami pancreatici and two or
more Aa. gastricae breves to the left part of the greater
curvature. The final one of these forms the A.
gastroepiploica dextra. Rami lienales are given off from the
A. lienalis in the splenic hilum. The artery ends by
supplying the greater omentum as the omental artery.

The A. celiaca then bifurcates to form the A. gastrica
sinistra and the A. hepatica. The former usually comprises a
group of vessels. These radiate to the dorsal and ventral
gastric surfaces adjacent to the lesser curvature. On the
ventral surface, there two branches, one to the left and one
to the right of the cardia. The left branch gives rise to
the Rami oesophagi, whilst the right bears a small pyloric
branch. This runs along the lesser curvature to anastomose
with the A. gastric dextra.

The A. hepatica is usually regarded as the continuation
of the A. celiaca. This appears to contradict Craigie’s
previous statement that the A. celiaca "bifurcates",
implying a division into two eqﬁal parts. The A. hepatica
gives off a small Ramus pancreaticus before forming the A.
gastroduodenalis. This latter vessel soon divides into two,
forming the A. pancreaticoduodenalis superior, supplying the
first part of the duodenum, and the A. gastroepiploica
dextra, which runs along and supplies the greater curvature
and anastomoses with the A. gastroepiploica sinistra.
Finally, before entering the 1liver, the A. hepatica gives
rise to the A. gastric dextra, which supplies the pylorus
and which subsequently anastomoses on the lesser curvature
with the pyloric branch of the A. gastrica sinistra.

The account clearly parallels the "classical’ account
of the coeliac anatomy in man. To what extent it is based
upon direct experimental observation in the rabbit is
unknown. In the absence of original descriptions, it is

53



difficult to assess the account’s validity. However, this
similarity between the two species is consistent with the
results of Noer (1943) and Jacobsen & Noer (1952) who showed
that the intramural vasculature in the small intestine of
the rabbit is very like that of man. Similarly, a subsequent
original investigation of the coeliac anatomy in the rabbit
(Adams 1965) supports Craigie’s account.

Adams examined ten living rabbits radiographically with
image intensification, using an intravascular contrast
medium. The coeliac artery had three terminal branches. The
first was the splenic artery, which gave off 1lienal,
pancreatic and short gastric branches and which ended as the
left gastroepiploic artery. The left gastric artery, which
was the largest coeliac branch, was "often multiple". The
other member of the terminal trichotomy of the coeliac
artery, the common hepatic artery, gave rise to the
gastroduodenal artery, before forming the proper hepatic
artery, which supplied the liver aﬁd, via the cystic artery,
the gall bladder. The gastroduodenal artery almost
immediately divided to form the superior pancreaticoduodenal
artery and the right gastroepiploic artery. Other branches,
described by Craigie, were not mentioned.

Conclusions

Craigie’s account, although giving no experimental
data, is consistent with Adam’s observationally based work.
The latter describes fewer branches, which may be a result
of the inherently 1lower resolution of radiography in
comparison to dissection. There are a few differences, the
most significant being whether the coeliac artery
trifurcates or gives off a splenic artery followed by a
bifurcation of the gastrohepatic trunk, but it is not
possible to differentiate between these on the basis of the
limited evidence.

54



INTRAMURAL VASCULATURE

Description
There is no comprehensive account available of the

gastric microcirculation of <the rabbit. The first
information appears to have been published by de Busscher
(1948) as an incidental item in his paper on gastric
arteriovenous anastomoses in man. He reported that he was
able to find AVA’s in the muscularis mucosae of the rabbit
stomach. These were simple structures with an epithelioid
arterial portion and an endothelioid venous portion. They
were a frequent feature but unfortunately he gave no
technical details or further information.

Leone (1949) included the rabbit in his wvascular
injection study, However, it 1is not ©possible to
differentiate the results from this species in his single
description which combined observations from rabbit, man,
cat and dog.

The most comprehensive account was given by Bulkley
(1970) as a part of a study of the effect of haemorrhagic
shock on the gastric microvasculature. He injected the
stomachs of 12 rabbits post mortem with silicone rubber,
then cleared, sectioned and examined them microscopically.
He similarly treated a further 9 animals after one to four
hours’ restraint. He gave a combined description of the
corpus and fundus mucosa which were ‘indistinguishable’. At
the base of the mucosa were separate arterial and venous
plexuses. The arterial plexus gave rise to vertically
running arterioles which anastomosed with one another. They
terminated in a plexus below the mucosal surface from which
arose a capillary network. Bulkley stated <that . the
superficial arteriovenous plexus was drained by ’sparse’
venules, which were tributaries of the ’‘venous plexus of the
SMN’, but did not define this acronym.

Several workers have examined the intramural
circulation of the small intestine, but all restricted their
observations to the jejunum and ileum (Testut 1912; Spanner
1932; Noer 1943; Jacobsen & Noer 1952). They are therefore
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beyond the scope of this review as there is no evidence to
support extrapolation from these regions to the duodenum.

Conclusions

The paucity and quality of experimental evidence and
supporting data make it impossible to give an account of the
rabbit gastroduodenal microcirculation.
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CHAPTER 6
THE PIG

NON-VASCULAR GASTRODUODENAL ANATOMY

One of the most authoritative texts on porcine anatomy
was first published in 1900 by Ellenberger& Baum (1943). Two
subsequent general works were by Sisson, first published in
1910 (Sisson 1953) and by Bourdelle & Bressou (1920).
Specific aspects of the anatomy of the foregut have been
considered by several authors. Greenwood (1884) studied the
gastric glands, whilst the cardiac glands were examined by
Bensley (1902) and the duodenal by Kuczynski (1890),
Villemin (1922) and Carleton (1935). The histology of the
foregut was considered by Sloss (1954) and Trautman &
Fiebiger (1957), whilst Weissflog (1903) examined the tunica
muscularis. Botha (1958a; 1958b; 1962) described the anatomy
of the gastro-oesophageal junction and Kowaczyk (1970)
considered the pig from a veterinary care viewpoint.

External Form

The oesophagus was described briefly by Sisson. It was
short and nearly straight, but with a wider potential lumen
at the beginning and end (approximately 7cm diameter) than
in the middle (approximately 4.2cm). It entered the stomach
obliquely, forming a very acute incisura cardiaca (between

the oesophagus and the greater curvature). This was
confirmed by Botha (1958a; 1962) who also noted that there
was no oesophageal vestibule, but that there was a very well
marked, though gradually developing, muscular <thickening
’almost caudal to the cardia’.

The most detailed descriptidn of the stomach was given
by Bourdelle & Bressou. The long axis of the full stomach is
transverse, in contrast to the acute incisura cardiaca
described by Sisson and Botha. Tﬂe organ has a volume of six
to eight litres and comprises a;large central corpus which
is slightly flattened dorsally and ventrally with an
extremity to the right and to the left. The left expansion,
the fundus, ends in a conical sac, the diverticulum
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ventriculi, which is partly separated anteriorly and
posteriorly from the rest of the stomach. The right
expansion, the pyloric antrum, is directed cranially,
forming an acute incisura angularis, and is constricted at
the pylorus.

Bourdelle & Bressou, Carleton and Sisson were in
agreement that the duodenum formed a ’‘C’ shaped loop, open
to the 1left and caudally, and was 60 to 80cm 1long,
conmprising 3 to 4% of the total 1length of the small
intestine. Villemin described an initial dilatation, but
this was not seen by Carleton, in her examination of three
animals. All the authors agreed that the bile and pancreatic
ducts entered separately, the former 2-5 cm from the pylorus
and the latter 12-20 cm from the pylorus. There was no
accessory pancreatic duct.

Mucosal Folds

The mucosal 1lining of the oesophagus is folded
longitudinally (Bourdelle & Bressou 1920; Trautman &
Fiebiger 1957). Bourdelle & Bressou also described the
cardiac gland area as extremely folded and the gastric gland
area as less, but more regularly, so. Conversely, Sisson
described irregular folding in the pyloric mucosa and Sloss
maintained that the proximal third of the stomach was
smooth. In addition, there are specialised folds to the left
of the oesophageal aperture and, according to Sisson and
Bourdelle & Bressou, around 75% of the perimeter of the
opening to the diverticulum. There is also a protruberance,
approximately 3cm long and 1lcm high, at the pyloric orifice,
the torus pyloricus. This comprises mainly fat under the
covering mucosa, with a few muscle fibres and can occlude
the pylorus.

Gastro-oesophageal Junction

This region has been studied intensively by Botha
(1958a; 1958b; 1962). The oesophagus 3joined the stomach
obliquely, a point confirmed by Sisson but not by Bourdelle
& Bressou. The oesophageal circular muscle gradually
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thickened distally forming a very well developed anatomical
sphincter which often bulged into the gastric lumen. The
aperture was slit like and was not surrounded by a mucosal
rosette. However, a ’‘curtain like’ mucosal fold was always
found to the left of the orifice, up to 1.5cm in 1length.
Observations in vivo (Botha 1958b; 1962) showed that this
was mobile and could be closely apposed to the lesser
curvature. This fold was also seen by Sisson and by
Bourdelle & Bressou, the former author reporting that it
contained a prolongation of the internal oblique muscle
layer.

Epithelial Lining
There is a consensus that the stomach is divided into a

glandular and a non-glandular part, the abrupt transition
occuring 2-5 cm (Botha 1962) or 3-7 cm (Bourdelle & Bressou
1920) below the cardia. The glandular area is sub-divided
into three equally sized regions, the cardiac, fundic and
pyloric gland areas.

The aglandular region forms a collar, 2-7 cm wide,
around the oesophageal aperture, extending to the left as
far as the erntrance to the diverticulum, and comprises a
stratified squamous keratinized epithelium, 60-90 cells
thick, continuous with that of the oesophagus. Sloss
reported the presence of mucous cells in this region.

The left third of the stomach, excluding the aglandular
area but including the diverticulum, is 1lined by cardiac
glands. Bensley (1902) reported that these glands were more
extensive in the pig than in any other placentate mammal, a
comment which Botha (1958a) mistakenly attributed to
Greenwood (1884). According to Trautman & Fiebiger, this
region was sub-divided into two. parts. On the other hand,
Botha claimed that the cardiac glands were not obvious and
were confined to a narrow, poorly defined band. This is
contrary to all other descriptions and is supported by no
explanatory details or further evidence. The histology of
the cardiac glands has been ftilly described by several
authors, notably Greenwood (1884), Bensley (1902), Sloss

59



(1954) and Trautman & Fiebiger (1957). In summary, this
region is invaginated by pits, each of which receives one or
two tubulo-acinar cardiac glands, which are tortuous but
which only have one or two branches.The pits are inverted
cone shaped and the glands have a basal expansion. There is
disagreement on the cell types which are found in the
glands. Greenwood and Bensley found a single kind of
secretory cell which stained for mucin. Greenwood found
these to be absent in the basal third of the gland and
Bensley noted that the mucin content of the cells in this
region was slightly less than in the rest of the gland,
particularly in immature animals. Conversely, Trautman &
Fiebiger and Sloss found, in addition to the above mucin
cell distribution, a second type of cell, located in the
body and base of the gland. Trautman & Fiebiger found that
these stained similarly to the fundic parietal cells (i.e
Eosin positive) whereas Sloss found that they stained as the
fundic chief cell (i.e. Eosin negative) .

Fundic glands are found in the middle third of the
stomach, although they do not reach the lesser curvature.
The glands are lined with columnar cells and the crypts with
cuboidal. Three types of secretory cell are found, mucous,
chief (pepsinogen) and parietal (hydrochloric acid). The
chief cells are found mainly in the distal parﬁ of the gland
and the parietal cells in the proximal. The latter cells in
the middle of the gland are often found in recesses, away
from the lumen. Bensley reported that mucous cells were
located throughout the gland, whereas Greenwood and Sloss
found them only in the gland bases. Also according to
Bensley, many glands containe.d only mucous and chief
secretory cells, so that there was a relative deficit of
parietal cells, an observation which had already been made
by Greenwood, who also noted that mucous cells were found in
greater numbers in the more distal parts of the stomach.

The pyloric gland area comprises the distal third of
the stomach, including the greater curvature. Most authors
described only mucous secretory cells in these glands, which
stained similarly to the cardiac gland neck cells. However,
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Trautman & Fiebiger reported the presence of a few isolated
parietal cells.The transitions between the three glandular
areas are gradual and intermediate gland types are seen.

Both Brunner’s and Intestinal glands are seen in the
duodenum. The latter increase in number distally, but there
is disagreement on the extent of the former. Sisson and
Trautman & Fiebiger described them extending 3-5 m from the
pylorus and Kuczynski 1-4 m. Conversely, Carleton described
them extending 57 to 70cm and Sloss 53cm from the pylorus
and Villemin as far as the pancreatic duct (i.e. 12 to
20cm). Of the authors describing the lesser extent, Sloss
(15 animals) and Carleton (3 animals) based their results on
described observations, whereas Trautman & Fiebiger’s and
Sisson’s descriptions were unsubstantiated by cited
experimental evidence.

Musculature

The tunica muscularis in the oesophagus comprises two
layers, which initially spiral in opposite senses then form
an outer 1longitudinal and an inner oblique 1layer. It is
proximally smooth and distally striated, although the point
of transition is disputed. Most workers described the change
occuring just cranial to the cardia, but Sloss reported the
presence of both smooth and striated fibres in the middle of
the oesophagus. She also observed a few striated fibres
remaining in the outer layers 'at the cardia. The inner
circular layer thickens gradually towards the cardia to form
a well marked smooth muscle sphincter. The muscularis
mucosae was, according to Sloss, divided into two layers, an
inner circular and an outer 1longitudinal, both of which
appeared at the level of the cricoid cartilage. )

The wall of the stomach contains several muscular
layers. The outer is incomplete, comprising oblique fibres
from the oesophagus projecting onto adjacent areas of the
stomach and longitudinal fibres on the extreme right and
left aspects of the greatef curvature and on the
diverticulum. The deeper circular layer is complete, running
from greater to lesser curvature and is thickened at the
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pylorus. There is also an incomplete inner oblique 1layer
which forms well developed sling fibres around the
oesophagus. The wall of the lesser curvature is up to lcm
thick. The circular layer contributes a few fibres to the
core of the torus pyloricus and the inner oblique to the
core of the mucosal fold at the left of the oesophageal
aperture. It also forms an incomplete ring around the
diverticular entrance. Sloss differed slightly from the
above account, describing inner circular and middle oblique
layers, which both contributed to the pyloric sphincter, and
an outer longitudinal layer. She also described the fibres
in the torus as having no definite arrangement. The
muscularis mucosae (also according to Sloss) was found over
the entire stomach and comprised inner circular and outer
longitudinal layers, plus bundles of varying orientation.

There is 1little information available on the duodenal
musculature. Trautman & Fiebiger and Sloss were in agreement
on the presence of inner circular and outer longitudinal
layers of smooth muscle, the former being the thicker,
particularly around the entrance of the bile and pancreatic
ducts. Inner circular and outer longitudinal layers of the
muscularis mucosae were also seen by Sloss although, in this
case, the latter was the thicker.

Conclusions

The external form of the porcine foregut has been fully
described and follows the general mammalian pattern. The
stomach is large (6 - 8 1litres) and is poorly demarcated
into fundus, corpus and antrum. The principal atypical
feature is the diverticulum ventriculi, a small outgrowth
from the fundus, comprising a pouch which is partly
separated from the remainder of the gastric lumen.In the
duodenum, the bile and pancreatic ducts enter separately,
the former proximal to the 1latter, and there are no
accessory ducts.

The location, degree and orientation of mucosal folding
is contentious but, as this is subject to several variables,
such as the volume of the gastric contents and the interval
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between death and fixation or observation, few conclusions
can be drawn. Constant folds are found at the cardia, the
entrance to the diverticulum .and the pylorus (torus
pyloricus), the first and last being mobile and probably
having a sphincteric role.

The angle of the incisura cardiaca is variously
described, probably due to unspecified variations in the
volume of the gastric contents. In the empty stomach, it is
relatively acute. There is a well defined smooth muscle
sphincter at the cardia, but no mucosal rosette, although
there is a ’curtain like’ mucosal fold to the left of the
oesophageal aperture. ' '

The gastric epithelium is partly oesophageal in
character, a ring of aglandular mucosa 2-7 cm in width being
seen around the cardia. The remainder of the stomach is,
according to most authors, equally divided into cardiac,
fundic and pyloric glandular areas. Only Botha disputed
this, describing a narrow ring of cardiac glands around the
aglandular area but, in the absence of any confirmatory
evidence, his contention is outweighed by the unanimity of
the other authors.

The aglandular area probably contains mucin secreting
cells, described only by Sloss, since other workers’
techniques might not have detected them. Such cells are also
found in the cardiac glands, although there is some doubt as
to their precise intraglandula’t location. Most workers
described only these cells but some authors also observed
parietal-like and chief-like cells. This, and similar
disagreements in the fundic and pyloric gland areas, might
be explained by the existence of intermediate glahd types,
particularly in the <transitional 2zones, since no authors
stated the number or location of their samples. The fundic
gland area contains mucous, parietal and chief cells,
although there is dispute over their precise location within
the gland and within the region. The pyloric gland area
contains mucous cells with, perhaps, a few parietal cells.

The duodenum contains intestinal and Brunner’s glands,
although the distribution of the latter is contentious,
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authors falling into two groups.The experimental evidence is
more fully documented by those authors describing the lesser
extent, but none gave the size of his animal(s), except
Sloss (56.8kg). Additionally, no author described his
criterion for the end of the gland distribution, so that
isolated glands might or might not have been included. On
balance, the evidence appears to favour the lesser extent,
but further work is needed.

The oesophageal muscle occubies two layers, initially
helical, subsequently longitudinal (outer) and circular
(inner). They are proximally striated and distally smooth,
the transition occuring in the region of the cardia,
although it may be slightly extended orally or aborally. The
stomach has the usual three smooth muscle layers,
longitudinal, circular and oblique, from superficial to
deep. The 1longitudinal bundles are mainly along the
curvatures, the circular over the whole stomach, thickened
at the pylorus, and the oblique form sling fibres around the
oesophagus. The wall of the lesser curvature is particularly
thick. The torus pyloricus and the oesophageal fold contain
muscle fibres and are mobile. A layer of muscularis mucosae
is found over the entire foregut, caudal to the level of the
cricoid cartilage. ‘

EXTRAMURAL VASCULATURE

Most of the references are textbooks which have limited
detail and lack experimental evidence, eg Bourdelle &
Bressou (1920) and Sisson (1953). The literature has been
augmented by the experimental observations of Busch (1973;
1975) and Trixl (1973). Despite the relative paucity of
accounts, there is a significant disparity between them. The
account of Sisson may be taken as representative of his and
Bourdelle’s descriptions. (F/ y- />

Description

Sisson described the coeliac artery dividing into two
branches of equal diameter, the gastrohepatic and splenic
arteries. The splenic artery supplied the stomach by
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posterior gastric branches (not always found), the A.
diverticuli to the diverticulum and the A. gastricae breves
which supplied the left part of the greater curvature. There
were also splenic and pancreatic branches. The parent vessel
then continued as the left gastroepiploic artery. Sisson
noted the existence of some variants. The posterior gastric
branch sometimes arose from the point of bifurcation of the
coeliac artery. There were also oesophageal branches which
might arise from the posterior gastric branch or from the
splenic artery itself.

The gastrohepatic trunk divided into its two components
almost immediately. The supply to the stomach comprised an
anterior gastric artery which, in turn, gave off an
oesophageal artery, and branches to the lesser curvature.
The hepatic component split to form the gastroduodenal
artery and the A. hepatica propria. The latter gave off the
cystic artery to the gall bladder. The former divided to
form the cranial pancreat:‘icoduodenal and right
gastroepiploic arteries. There were also pyloric and
pancreatic branches from the gastroduodenal artery.

Busch’s work was primarily directed towards a study of
the gastric intramural circulation in the pig, but he gave
some information on the gross vasculature. He studied 24
animals by corrosion casting and 22 by tissue clearing
(Spalteholz). Unlike Sisson, Busch reported a trifurcation
of the coeliac artery, to form the left gastric, hepatic and
splenic arteries. The 1left gastric artery passed to the
posterior stomach wall where 1t supplied the corpus and
fundus via many small branches. The hepatic artery, after a
short course, also trifurcated to give rise to the right
gastric and gastroduodenal arteries and to the rami
hepatici. The right gastric artery ran to the lesser
curvature of the stomach, giving off a branch to the 1liver.
On the lesser curvature itself, many smaller vessels were
given off to supply both it and the anterior gastric
surface. These branches anastomosed within the stomach wall
with branches from the greater curvature. No anastomosis
with the left gastric artery was seen. Distal to the gastric
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branches were the origins of an oesophageal branch and
pyloric branches.

The gastroduodenal artery gave rise to a small pyloric
branch then split to form the cranial pancreaticoduodenal
and right gastroepiploic arteries. The cranial
pancreaticoduodenal supplied the descending duodenum. The
right gastroepiploic artery ran along the greater curvature
of the stomach, supplying both of the gastric surfaces. Its
anterior branches anastomosed with the branches of the right
gastric artery, its posterior ones with those of the left
gastric artery. The right gastroepiploic artery itself
anastomosed on the greater curvature with the 1left
gastroepiploic artery.

The splenic artery coursed to the left, immediately
giving rise to a small diverticular artery, which supplied
the diverticulum. The splenic artery then continued as the
gastrolienal artery, giving off branches to the spleen,
gastric fundus and diverticulum. It terminated as the left
gastroepiploic artery which travelled along the greater
curvature, supplying it and both surfaces of the stomach.
There were intramural anastomoses between its branches and
those of the 1left gastric artery (posterior) and of the
right gastric artery (anterior).

Trixl’s observations on 15 pigs differed in certain
respects from those of both the preceding authors. He
reported a coeliac artery bifurcation but into hepatic and
gastrosplenic arteries. The hepatic distribution was the
same as described by Busch, with the exception that Trixl
observed "Rami gastricae" arising from the gastroduodenal
artery. From their diagrams and photographs, these appear to
be identical to Busch’s "Rami pylorici". After splitting
into the left gastric and splenic arteries, the distribution
of the gastroéplenic artery also appeared to parallel that
given by Busch.

Conclusions

It is difficult to reconcile the three patterns of
branching of the coeliac artery which are described by
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Sisson, Busch and Trixl and further observations are
required. Sisson’s description appears to differ from
Busch’s and Trixl’s, but the differences may be largely due
to nomenclature. Sisson’s anterior gastric artery, a branch
of the gastrohepatic trunk, appears to be topologically
equivalent to Busch’s right gastric artery. Similarly,
Sisson’s posterior gastric Eranch, which sometimes
originates at the coeliac bifurcation, is topologically
equivalent to Busch’s left gastric artery. If these two
identities are accepted, the three descriptions are largely
consistent.

INTRAMURAL VASCULATURE

The first publication giving any significant detail on
the microcirculation of the pig stomach appears to be by
Trautman & Fiebiger (1957). This is a general veterinary
histology text, encompassing a number of species and does
not give any experimental details. Subsequent experimental
studies on the stomach were published by Busch (1973:
personal communication 1975), Trixl (1973) and Saito (1974).
These were all injection based studies. A physiological
investigation giving anatomical information was conducted by
Sales (1975). In addition, the duodenal microvasculature was
investigated by Bellamy (1973).

Description

A general description of the porcine gastric
microvasculature was given by Trautman & Fiebiger (1957).
The branches from the extramural arteries pierce the serosa
and muscularis and enter the submucosa where they give rise
to a plexus. This gives off smali branches to the muscularis
externa and branches to the mucosa. From the former arises a
capillary net with oblong meshes, which is supplemented by
supply vessels from the subserous plexus and from the
arteries penetrating the muscularis, en route to the
submucosa. Arteriovenous anastomoses are found in the
submucosa. The branches from the submucous plexus to the
mucosa arise at regular intervals and pierce the muscularis
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mucosae, to which they supply ':nutrient vessels. In the
mucosa, they form the capillary plexus which surrounds the
glands from base to opening. Collecting veins drain this
plexus and are themselves tributaries of the submucous and
subserosal venous plexuses. From them arise the extramural
veins.

The value of a report of this nature is severely
limited by the absence of methodological information,
experimental results and cited authorities. Since species
differences are not mentioned, it is not possible to
differentiate a lack of data from the contention that the
microcirculation of all the domestic animals are identical
and may be combined into a single model.

The first work giving experimental details appears to
be that of Busch (1973; personal communication 1975). He
studied 22 pigs , each of which was subject to one of two
injection procedures. Post mortem injections of siloprene
rubber or of dye in gelatine were made into the coeliac
artery. Corrosion casts of the siloprene preparations were
made, coated with metal and examined under the scanning
electron microscope. The gelatine injected specimens were
fixed and either sectioned histologically or cleared.

Busch confined his attention mainly to the mucosa and
submucosa. Branches from the extramural arteries entered the
gastric wall. After a short, but often tortuous, subserosal
course they pierced the muscularis externa and entered the
submucosa where they anastomosed to form an arterial plexus.
This had two discrete sets of components, a net of large
(primary) vessels and one of smaller (secondary) vessels.
There was a well defined anastomotic 1line within the
submucosa at which vessels originating from the lesser
curvature arteries met those from the greater curvature
arteries. The smaller arterial components of the plexus
tended to be found alone, whereas the larger ones were often
flanked by parallel interconnected accompanying veins.

Mucosal arteries arose from'the smaller vessels of the
submucous plexus and took a tortﬁous or spiral path through
the muscularis mucosae to form a second arterial plexus at
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the base of the mucosa. This too had primary and secondary
components. Mucosal arterioles arose from this which did not
reach the mucosal surface but which gave rise to a mucosal
capillary plexus around the glands.

This plexus was drained by perpendicular collecting
veins, which were often connected by vascular cross bridges,
parallel to the mucosal surface.The collecting veins were
tributaries of a venous plexus at the base of the mucosa,
again with primary and secondary components, which drained
into a submucosal venous plexus which eventually gave rise
to the efferent veins.

' The microcirculation of the pylorus, fundus and corpus
were qualitatively identical. The corpus was particularly
well vascularized. By contrast, the diverticulum was
hypovascular. Busch found it difficult to make preparations
of the lesser curvature, but a few fragmentary corrosion
casts seemed to show a number of vessels which entered the
mucosa directly, without joining the submucous arterial
plexus (personal communication).

Corrosion casts of the mucosal capillary plexus appeared
to demonstrate the presence of arteriovenous anastomoses. A
few were also found in the dye/gelatine preparations of the
fundic submucosa. Busch does not describe the basis on which
he identified them He presents only inconclusive photographs
of the mucosal specimens.

Trixl (1973) showed significant qualitative differences
between the vascular architecture of the pylorus and of the
fundus. The arteries of the pyloric submucous plexus tended
to run flanked by parallel interconnected accompanying
veins. Mucosal arteries were given off which, after'a short
perpendicular course toward theAlumen, gave rise to a few
branches parallel to the muscularis mucosae and then pierced
this muscle layer, with or without an accompanying vein. An
arterial plexus was formed at the base of the mucosa which
gave rise to smaller secondary mucosal arteries. These were
the origin of perpendicular mucosal arterioles which ran
towards, but did not reach, the gastric lumen. They divided
extensively to form a mucosal capillary plexus. This was
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drained by a subepithelial venous arcade which, in turn, was
a tributary of a coarse tree-like system of collecting
veins. These were interconnected by vessels parallel to the
mucosal surface and drained into a basal venous plexus and
hence to the submucous venous net.

The mucosal arteries in fthe fundus pierced the
muscularis mucosae without giving off branches parallel to
the layer. The perpendicular mucosal arterioles, arising
from then secondary arteries of the mucosal arterial plexus,
had an initial coiled segment. The perpendicular collecting
veins were longer and more slender than those in the
pylorus, with fewer cross connections but still formed a
basal venous mucosal plexus. Just proximal to this point,
the collecting vein had a distended area, followed
immediately by a constriction. The veins in both fundus and
pylorus were wider than the corresponding arteries at all
levels. The pyloric vessels appeared to be wider than the
fundic.

Supplementary information was given by Saito (1974) who
investigated the gastric microcirculation in four pigs. He
injected contrast media, which he examined histologically or
radiographically. He found that the arteries in the non-
glandular oesophageal region of the stomach took a tortuous
course through the muscularis externa, which was thick at
this point. They gave rise to a submucous and a mucosal
arterial plexus from which arose the subepithelial capillary
plexus. The capillaries in this region were larger than in
the remainder of the stomach. The glandular areas of the
stomach, the fundus, cardia and antrum, had the same
vascular architecture as one another. The arteries took a
straight path through the thinner muscularis externa. The
mucosal capillary plexus surrounded the glands. In both
cases, the capillaries were drained by perpendicular
collecting veins. Saito’s description is incomplete in many
respects and gives only a superficial picture of certain
aspects of the gastric microcirculation. His use of only
four animals precludes drawing any firm conclusions from his
data.
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A physiological study giving information on this topic
was published by Sales in 1975, who used radioactively
labelled microspheres to investigate gastric blood flow in
four pigs.An initial bolus of 6-10 x 10° 25+5 um
microspheres labelled with 14lcerjum was followed three
hours later by a similar bolus of Slchromium labelled
spheres. During the course of the experiment, the gastric
proportion of the cardiac output fell by 6.7%. No
significant activity was found in the hepatic portal vein.
This was interpreted as showing the absence, or non-patency,
of gastrointestinal arteriovenous anastomoses.However, the
validity of extrapolating from microsphere passage to AVA
existence has been questioned by several authors (eg Delaney
1975), particularly in cases involving major surgical shock,
although the criticisms are of greater significance in
relation to positive results. These pigs were in shock, as
the cardiac output fell by 40%.

Trautman’s veterinary text k1957) described the small
intestine of domestic animals, including the pig. This
description is homogeneous with regard to species and region
of the small intestine and gives no experimental details. He
described the branches of the extramural arteries piercing
the serosa and muscularis externa to enter the submucosa.
Nutritive branches were given off in the muscle which formed
a capillary plexus between the two muscle laminae. The
arteries ramified in the submucosa to form a plexus, which
gave rise to short branches to the mucosal glands and long
branches to the villi. The former penetrated the muscularis
mucosae and formed a capillary plexus around the glands. The
latter divided into several branches after leaving the
muscularis mucosae, each of which ascended to the top of a
villus where it divided in a ’‘fountain’ pattern to form the
capillary plexus. This was drained by villous veins, which
arose at various levels and, together with the veins
draining the glandular plexus, formed a venous mucosal
network. This drained into the submucous venous plexus and
then into the extramural veins. Arteriovenous anastomoses
were found, but only in the submucosa. They comprised an
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artery with an occlusive mechanism which drained into a
special venous plexus, communicating with the submucosal
veins via non-muscular highly dilatable portions.

Trautman’s description was augmented by an experimental
investigation of seven pigs by Bellamy (1973). He utilised a
dual arterial and venous injection technique, followed by
histological examination and gave a single description,
encompassing the entire small intestine. The branches of the
extramural arteries penetrated the muscularis externa,
giving off nutritive branches which formed a capillary
plexus between the circular and longitudinal muscle laminae.
The main arteries then entered the submucosa, branching to
form the submucosal arterial plexus. From this network arose
perpendicular arteries to the villi as well as branches to
the crypt plexus, the muscularis externa and the duodenal
glands. The villi displayed a ‘fountain’ capillary pattern,
the central axial artery giving rise at the villus tip to a
subepithelial capillary plexus. Some of these vessels united
to form a few venules half way down the villus, which were
tributaries of a transverse venule, which ran below the
bases of the villi. The remaining capillaries were also
tributaries of this venule or they united with components of
an adjacent villus plexus or of the crypt plexus. The latter
network formed capillary rings around the cryptal tissues.
The transverse venule drained into the submucous venous
plexus which appeared in some areas to comprise segmented
vessels with intermediate dilatations. From this plexus
arose the branches to the extramural veins. No arteriovenous
anastomoses were seen in either the mucosa or the submucosa.
The cryptal plexus was richer in the duodenum than in either
the jejunum or ileum. ,

This work, which uses both injection techniques and
histological examination, and in which the injection
pressures were carefully controlled within physiological
limits, would appear to be capable of giving a comprehensive
description of the microvasculature. The main limitation is
the implicit assumption that the small intestine is
homogeneous and that all the observational data may be
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combined into one model. Bellamy does not describe how the
spatial positions of his samples were distributed or how the
observation of individual specimens related to the final
description. It is not, therefore, possible to ascertain
whether there were any differences between the regions.
However, the fact that the author does describe one, but
only one, disimilarity between the duodenum, jejunum and
ileum implies that they were alike in all other respects.
Bellamy is also one of the few authors to define his
diagnostic criteria for arteries, veins and capillaries,
based upon the dimensions of the lumen and wall and on their
context. Unfortunately, he does not extend this to
arteriovenous anastomoses. His description is generally
consistent with Trautman’s, with the exception of his
inability to find arteriovenous anastomoses.

The only other work in this area appears to be that of
Noer (1943) who specifically 1limited his study to the
jejunum. It is, therefore, outside the scope of this review.

Conclusions

There is comparatively little information available on
the pig’s gastroduodenal microcirculation and much of this
is poorly supported by observational data or technical
details. These factors make it difficult to compile an
overall picture. The following account appears to be the
best synthesis of the gastric vasculature which can be made
at the present time.

The branches from the extramural arteries enter the
gastric wall and have a short tortuous course through the
serosa (Busch). They then pass through the muscularis
externa, by a twisting course in the diverticulum and a
straight one in the glandular stomach (Saito). Nutrient
branches are given off to the muscle which contribute to the
recurrent branches from the submucous plexus. The relative
importance of these two inputs is disputed. Trautman
suggests that the muscular plexus is fed mainly from the
submucosal vessels and supplemented by the nutrient branches
from the penetrating arteries. Busch describes the converse,
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and more conventional, system. It is not possible to resolve
this question on the basis of the available evidence, but
the two statements are not anatomically contradictory. The
arteries then leave the muscularis and enter the submucosa.

All authors agree that the arteries enter the submucosa
and ramify to form a plexus. Busch notes that there is a
primary and a secondary network, based upon a vessel bore
differentiation. Within the plexus, there is a well defined
line, in which the submucous vessels originating from the
’lesser curvature’ arteries anastomose with those from the
‘greater curvature’ vessels (Busch). The larger submucous
arteries tend to be accompanied-by parallel flanking veins
which are connected by cross bridges. The plexus gives rise
to recurrent branches to the mucosa (Trautman) and to
mucosal arteries which run perpendicularly towards the
muscularis mucosae. They pierce the muscle, with a spiral or
a tortuous course (Busch), giving off nutrient branches
(Trautman) and enter the mucosa. Trixl agrees with this
pattern in the fundus, but notes that, in the pylorus, the
mucosal arteries give off small branches parallel to the
muscularis mucosae before piercing it.

The mucosal arteries ramify at the base of the mucosa
to form an arterial plexus with primary and secondary
components. The mucosal arterioleé arise from the latter and
have a coiled initial segment in the fundus, but not in the
pylorus (Trixl). As they rise towards the surface, they
break up to form the mucosal capillary plexus around the
glands (or beneath the epithelium in the diverticulum). The
arterioles themselves do not reach the surface.

The mucosal capillaries are drained by perpendicular
collecting veins with a tree like branching pattern in the
pylorus (Trixl) which are also supplied by a subepithelial
venous arcade at the mucosal surface in the pylorus. The
interconnected collecting veins drain into a basal venous
plexus. In the fundus, just proximal to the basal plexus, is
a distended and then a constricte& segment. Drainage is then
via the submucous and subserosal venous plexuses and the
extramural vessels.
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Busch claims to have found both mucosal and submucosal
arteriovenous anastomoses in his injected specimens. Sales,
on the other hand, was unable to find any radioactivity in
the hepatic portal vein after labelled microsphere injection
into the arterial system. Busch does not give his diagnostic
criteria and his published photographs are inconclusive. It
is difficult to provide unequivocal evidence by the
observation only of injected and cleared specimens. The
validity of inferring the existence of AVA’s from the
transfer of microspheres from the arterial to the venous
system is questionable, but the criticism is mainly
applicable to positive results, not negative. It is not
possible to make a judgement upon this question on the basis
of the limited evidence that is available.

Some spatial variations are evident from these studies.
It is generally agreed that the diverticulum is relatively
avascular compared with the glandular stomach, the fundus
being particularly densely vascularized. Trixl describes
different fundic and pyloric mucosal patterns, though he is
not supported by Busch. Apart from Busch’s suggestion of a
possibly anomalous vasculature on the lesser curvature at
the submucosal level, there does not appear to be any
evidence for significant spatial variations in the submucous
plexus anastomotic density.

In summary therefore, an overall description of the
gastroduodenal microcirculation, based upon sound
experimental observation, is still wanting. This is
particularly true of the the existence of arteriovenous
anastomoses, end arteries (i.e. mucosal arteries of
extramural origin) and spatial variations in the submucous
plexus anastomotic density. h
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CHAPTER 7
THE GUINEA PI

NON-VASCULAR GASTRODUODENAL ANATOMY

Few accounts of the anatomy of the foregut of the
guinea pig are to be found in the literature. The principal
description appears to be by Breazile & Brown (1976)
although its observational basis is unstated. Others authors
have addressed particular aspects of this topic, such as
Schwalbe (1872) and Kuczynski (1890) who described the
duodenum, and Bensley (1902) who studied the cardiac glands.
The duodenum was again described by Carleton (1935) whilst
Botha (1958a; 1958b; 1962) described the gastro-oesophageal
junction. Finally, O0i (1958) studied the gastric parietal
cell distribution, and Jervis et al. (1973) the effect of
fasting upon the duodenum and its consequent ulceration in
an unspecified number of animals.

External Form

The oesophagus passes through the oesophageal hiatus in
the diaphragm and the oesophageal notch in the liver, before
it enters the stomach obliquely. According to Botha (1962),
there is a small vestibule and an annular thickening of
muscle immediately proximal to the cardia.

The oesophageal aperture is slightly to the right of
the mid point of the lesser curvature so that the fundus,
which extends to the left of and dorsal to the cardia, is
large. The 1long axis of the stomach is orientated
transversely and its rostral extremity is more dorsal than

the caudal. There is no distinct incisura angularis.
According to Carleton (1935), who examined eight
animals, the duodenum normally forms a single 1loop, the
first 1.5 cm of which is expanded, although in some animals
a sharp ‘kink’ after this dilatation converts the loop into
a double one. The duodenum has a total 1length of
approximately 125 cm ( Breazile & Brown 1976). There are no
external features which enable the different areas to be
differentiated. Authors disagree ;over the point(s) of entry
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of the bile and pancreatic ducts. Carleton described the
bile duct entering immediately after the pylorus whilst the
pancreatic duct entered six to eight centimetres below. In
five out of eight animals, an accessory pancreatic duct was
found between the two. Conversely, both Jervis et al. (1973)
and Breazile & Brown described only a common bile and
pancréatic duct, which entered less than 0.5cm from the
pylorus (Jervis et al.) or about a centimetre the
pylorus (Breazile & Brown).

Mucosal Folds

There is little information on this aspect and that is
contradictory. Botha (1958a) described the cardiac mucosa as
’very smooth’. Breazile & Brown described the entire mucosa
similarly, except at the pylorus where it was thrown into
longitudinal rugae. Conversely, according to Jervis et al.
the antral mucosa, defined as the area around the pylorus,
was smoother than the rest of the stomach. There is no
evidence which enables these inconsistencies to be resolved.

Gastro-oesophageal Junction
Botha reported the presence of a sphincter at the gastro-

oesophageal junction ((1959a; 1959b; 1962).There were no
mucosal folds around the oesophageal aperture.

Epithelial Lining

The oesophagus is lined by keratinized stratified
squamous epithelium. By contrast, the stomach is entirely
secretory, the transition betweén the two mucosae being
abrupt and occuring, according to Botha (1958a), immediately
above the cardia. The oesophageal epithelium is often
continued as a ridge which protrudes into the stomach
(Bensley 1902; Botha 1959a; 1959b; 1962). Cardiac, fundic
and pyloric glands are found, the fundic glands comprising
the majority. These regions may be differentiated
histologically but not by their gross appearance. In all
three, the mucosa is invaginated by pits, each of which
receives several simple branched tubular glands. The cardiac
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glands were described by Bensley (1902) and form a ring, 0.3
cm in width, around the oesophageal aperture. They.comprise
columnar epithelial cells which, according to Breazile &
Brown, contain no secretory granules. However Bensley
reported that their staining characteristics indicated that
they had a mucus secretory function. The fundic glands
contain mucous, parietal and chief cells whilst the pyloric
glands contain mainly mucous cells. There is no description
of the spatial distribution of these mucosal types but it is
known that the cardio-fundic and fundo-pyloric transitions
are gradual. In the former case, Bensley showed that large
numbers of parietal cells appeared suddenly but chief cells
increased in number more slowly, so that the interface
between true cardiac and true fundic mucosae was extended.

The distribution of the parietal cells was studied by
0i (1958) who took 34 0.132 mm?2 samples from the stomach of
each of ten guinea pigs and examined them histologically. He
found the maximum concentration in the middle of the corpus
on the lesser curvature, decreasing rostrally and caudally
and towards the greater curvature. The density of the
parietal cells in the pyloric glands was 0% - 6% of the
maximum.

Carleton (1935) studied the distribution of Brunner’s
glands in the duodena of eight guinea pigs. These glands,
found beneath the muscularis mucosae, formed a 1layer of
uneven thickness immediately distal to the pylorus, after
which they broke up into isolated groups., extending 60 cm
from the gastroduodenal junction. This was in contrast to
Kuczynski’s results, in which they extended only 10 cm
beyond the pylorus (1890) and to Schwalbe’s, which
demonstrated a wedge shaped group of glands, only 1 cm long
(1872). It also contradicts Villemin’s hypothesis (1922),
that Brunner’s glands do not extend beyond the major
papilla, but this was founded upon observations in species
other than the guinea pig. _

Jervis et al. (1973) found that the Brunner’s glands
extended approximately 15 cm from the pylorus. They noted
that the character of the mucosa differed above and below
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the major papilla. Distal to this point, the mucosa
comprised many villi in a ‘herringbone’ pattern, whereas
proximally the villi were short or absent. The
circumpapillary mucosa was consistently avillous. Avillous
areas were marked by an absence of alkaline phosphatase,
normally found in the brush borders of duodenal cells,and by
hypertrophy of the crypt cells and the lamina propria. These
authors also observed that thé gastroduodenal mucosal
interface was often distal ' to the pylorus, with
interdigitation of the mucosae. By contrast, Breazile &
Brown (1976) found villi throughout the small intestine.

Musculature

There is 1little information available. Botha (1962)
described a sphincter at the cardia and Jervis et al. one at
the pylorus. Breazile & Brown (1976) reported that the
proximal oesophageal muscle was striated whilst the distal
was smooth, but did not localise the point of transition.
They also described an ampullary swelling on the common bile
duct, with a proximal sphincter, which isolated the ampulla
when it was full.

Conclusions

There is a small vestibule where the oesophagus Jjoins
the stomach obliquely, to the left of which is a 1large
fundus. The stomach is orientated transversely and does not
have a distinct incisura cardiaca. The singly or doubly
looped duodenum has an initial dilatation, but the anatomy
of the bile and pancreatic ducts is disputed.

The oesophagus is 1lined by stratified squamous
epithelium which changes abruptly to the gastric secretory
mucosa immediately above the cardia. From the point of
transition, a fringe of oesophagéél mucosa projects into the
gastric lumen, but there are no gastric mucosal folds. There
is a narrow ring of mucus secreting cardiac glands around
the oesophageal aperture, the remainder of the stomach
comprising a fundic gland region, containing mucous, chief
and parietal cells, and a pyloric gland region, containing
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only mucous cells, with transitional glands between the
zones. The pyloric and duodenal mucosae are interdigitated
so the mucosal interface is often distal to the anatomical
one.

The proximal oesophageal muscle is striated and the
distal smooth. There are two sphincters, at the cardia and
the pylorus.

Several aspects have not been studied or are
contentious. The external morphology is clear, with the
exception of the inter-relationship of the bile and
pancreatic ducts and the duodenum. Discounting Breazile &
Brown’s unsupported account, it is not possible to compare

 the validity of Carleton’s and Jervis’ results describing,

in the former case, separate bile and pancreatic ducts
(immediately and 6 - 8 cm after the pylorus respectively)
with a frequent intermediate accessory pancreatic duct and,
in the latter case, a common duct, less than 0.5 cm from the
pylorus. Although histological details of the stomach and
duodenum are available, the distribution pattern of the
gland types is not known or, in the case of Brunner’s
glands, is disputed. Similarly, there is an almost complete
absence of information on the tunica muscularis throughout
the foregut. '

EXTRAMURAL VASCULATURE

Information upon the vascular anatomy of the guinea pig
is only sparsely available. An early dissection based study
was carried out by Luther (1923), which was limited to the
abdominal aorta and its branches. Somewhat later, Potter et
al. (1958) reported on dissections of the entire arterial
and venous systems. However, fewer details of the coeliac
artery and its branches were given in this work than in
subsequent more specific studies. Angiography and dissection
was carried out by Morozova (1965) on the iliocecal region,
which gave some information on the coeliac artery and its
branches. Favre (1967) used dissection, angiography and
corrosion casting in his work. A more specific investigation
was made by Perneczky (1969) on the abdominal aorta and its
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branches in 30 guinea pigs. He dissected fixed specimens
after vascular injection with latex and heparin. Finally,
Shively & Stump (1975) used dissection, angiography and
corrosion casting to study the abdominal vasculature of 59
animals. :

Description

Perneczky (1969) confirmed the occurence of the normal
mammalian pattern in this region. However, he found in 29 of
his 30 specimens (96.7%) that a coeliacomesenteric trunk
arose from the aorta, rather than two separate vessels. Two
types of branching pattern of this trunk were noted. In 16
animals (53.3%) the first branch to be given off was a
gastrosplenic trunk, which subsequently divided to form the
splenic and left gastric arteries. Distal to this was the
origin of the hepatic artery. The coeliacomesenteric trunk
then continued as the superior mesenteric artery. In the
other arrangement, found in 13 of the animals (43.3%), the
coeliacomesenteric trunk split to form the coeliac and
superior mesenteric arteries. The coeliac then gave rise to
the hepatic artery and gastrolienal trunk, the latter
dividing as in the previous pattern.

A more detailed account was given by Shively & Stump
(1975) . These authors also reported the presence of a
coeliacomesenteric trunk in all of the 24 animals in which
this region was observed. They described four branching

-patterns. In 13 (52%), the coeliacomesenteric trunk gave off

a proximal gastrosplenic trunk and a distal hepatic artery.
The gastrosplenic trunk was short, bifurcating to form the
left gastric and splenic arteries. (Perneczky found this
arrangement in 53.3% of his specimens). In 7 animals (29%),
Shively & Stump found the coeliacomesenteric trunk forming a
coeliac and superior mesenteric artery. The former then gave
off a gastrosplenic trunk and a hepatic artery as before.
(This was found by Perneczky in 43.2% of animals). The third
pattern, observed by Shively & Stump in 2 animals (8%),
comprised a gastrosplenic trunk given off directly from the
aorta, proximal to the point of origin of a hepatomesenteric
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trunk. The latter continued as the cranial mesenteric
artery, after giving rise to the hepatic artery. The final
pattern, also in 2 animals, was similar to the first, with
the addition of an anastomotic branch between the
gastrosplenic trunk and the aorta, proximal to the
coeliacomesenteric trunk’s origin. ,

The left gastric artery divided into two branches
shortly after its origin in 15 of 18 animals (83%). In the
remaining 3 (15%), the two branches arose separately from
the gastrosplenic trunk. One branch supplied the cardia,
anastomosing with the oesophageal arteries and ramified on
the left aspect of the greater curvature, contributing to
the left gastroepiploic artery. fhe other passed along the
lesser curvature, supplying both the gastric surfaces and
anastomosing with the right gastric artery.

The splenic artery entered the pancreas, giving off
branches to it, and forming two to three splenic branches
which passed to the splenic hilum. Two to five branches to
the greater curvature were also formed within the pancreas.
These contributed to the formation of the 1left
gastroepiploic artery, which was supplemented by vessels
from the splenic hilum. The splenic artery continued within
the greater omentum as the epiploic artery, finally ending
by sending branches to the right gastroepiploic artery.

The hepatic artery left its point of origin and passed
to the 1liver, traversing the pancreas. It gave off the
gastroduodenal, cystic and right gastric arteries before
entering and supplying the body of the liver. The cystic
artery supplied the gall bladder. The right gastric artery
passed to the duodenum, ascended and finally anastomosed
with the left gastric artery on the lesser curvature. The
gastroduodenal artery coursed to the descending duodenum
where it bifurcated to form the right gastroepiploic and
cranial pancreaticoduodenal arteries. Immediately proximal
to the pint of splitting, a small pyloric branch was given
off. The right gastroepiploic artery, which received
contributions from the epiploic artery, anastomosed with the
left gastroepiploic along the greater curvature. The cranial
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pancreaticoduodenal artery anastomosed with the caudal
pancreaticoduodenal, which was formed from the cranial
mesenteric.

Although Shively & Stump appear to give more detail
than Perneczky, it is uncertain how much reliability than be
placed upon their results. They refer, in their
introduction, to an investigation of 59 animals, but the
observations of the coeliacomesenteric system are only in
groups of 24 and 18 animals and it is unclear whether these
groups are intersecting or exclusive. The composition and
selection criteria for these groups are unstated and it is
uncertain which of the investigative techniques were applied
to them. These factors make it difficult to assess their
results.

Conclusions

It is agreed that, the gastroduodenal vessels usually
originate in a coeliacomesenteric trunk, branching from the
aorta. Two uncommon variants may be found in which either
the gastrosplenic trunk arises tdirectly from the aorta,
proximal to the hepatomesenteric trunkor the branches of the
left gastric artery arise directly and independently from
the gastrosplenic trunk.The results of Shively & Stump are
the major source of information on the detailed branching of
vessels distal to this point, but they do not assess the
relative importance of the various branches.

INTRAMURAL VASCULATURE

There appears to be no report on the intramural gastric
vasculature . Noer (1949) examinéd the microcirculation in
the wall of the jejunum and ileum but this is beyond the
scope of this review. !
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CHAPTER 8
THE FERRET

NON-VASCULAR GASTRODUODENAL ANATOMY

Comparatively few investigations of the foregut in this
animal have been carried out, the only comprehensive one
being by Poddar & Murgatroyd (1976) on five animals, two of
which were dissected and three studied histologically. In
addition, the ferret was included in Botha’s comparative
study of the gastro - oesophageal junction (1958a; 1958b;
1962) . However, a number of studies have been carried out on
aspects or regions of the digestive tract in closely related
species,principally the mink (Mustela vison) and the stoat
(M. erminea). The ferret and he stoat have been shown to be
able to mate and produce offspring. In addition, the
artificial insemination of ferrets by mink sperm resulted in
fertilization and the development of the 2ygote to an
advanced stage (Chang 1965). The 1literature relating to
these species has, therefore, been drawn upon in the
compilation of the following description.

External Forn

The oesophagus enters the stomach at an acute angle
after a short abdominal course of 1.0-5 cm. Its right
lateral aspect is continuous with the lesser curvature and
it is dilated just proximal to the oesophageal hiatus in the
diaphragm (Poddar & Murgatroyd '1976). In addition, Botha
(1958a; 1962) described a small vestibule in the oesophagus,
immediately before its entry into the stomach, although
there was no macroscopically visible muscular thickening. He
also described the dilatation at, or proximal to, the
hiatus, located 0.3-0.5 cm before the cardia. In a study of
77 minks, Kainer (1954a) found exactly the same ratios of
abdominal oesophageal to total oesophageal and body lengths
as Poddar & Murgatroyad.

The stomach is elongated along its long axis, the
lesser curvature being about 7cmflong in the adult animal.
The oesophagus enters towards the rostral end so the fundus
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is quite small, whilst the elongated corpus merges into the
antrum as there is no definable incisura angularis. There
is, however, a distinct gastroduodenal junction, marked by
an external constriction and a thickening of the muscularis
to form a sphincter. In the mink, Wood (1950) found the
stomach to comprise 0.7% of the body weight, in comparison
to Kainer'’s determination of 0.52%, equivalent to 3.8 + 0.8g
with a 1lesser curvature 8.5 + 1l.lcm long (Kainer 1954a).
When maximally dilated, the stomach had a volume of 40.7ml.

The duodenum was described by Poddar & Murgatroyd
(1976). It is a ’C shaped’ loop, 10cm long, divisible into
three parts. The first runs slightly cranially and to the
right and is separated from the caudally directed second
part by a sharp flexure. A second flexure separates the
second part from the third, distally directed and sinistrad,
part. The duodenojejunal junction is marked externally by a
slight constriction. The common bile and pancreatic duct
enters dorsally 2.5cm from the pylorus (i.e. after 25% of
the duodenal length), no accessory duct being present. This
general arrangement was also found in the stoat (Carleton
1935) and the mink (Kainer 1954b). Carleton examined only
one animal in which, although(the duodenum was shorter
(6cm), the common bile and pahcreatic duct still entered
after 22% of the duodenal length (1.3cm from the pylorus).
She also found an accessory pancreatic duct, 0.3cm proximal
to the main duct. In the 103 minks studied by Kainer, the
main duct also entered the second part of the duodenunm,
after 10 - 25% of the duodenal length (1.0 - 2.6cm from the
pylorus). When present, the minor papilla was again proximal
to the major, in contrast to Villemin’s study, in which the
accessory pancreatic ducts always entered distal to the
major papilla. |

Mucosal Folds ¥

In the oesophagus of the mink (Kainer 1954a), the
mucosal folds are longitudinal, whereas in the undistended
ferret stomach, there are many fine ’‘criss cross’ folds.
This is particularly true in the corpus with some degree of
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longitudinal orientation in the region of the greater
curvature (Poddar & Murgatroyd). No such arrangement was
described on the lesser curvature (Botha 1958b; 1962).

Gastro-oesophageal Junction
Botha showed that distension of the stomach in the

living animal eliminated all the mucosal folds, except those
at the oesophageal opening, around which they formed several
concentric rings. He postulated a sphincteric action for
them. These disappeared rapidly after death. He was unable
to find any evidence for an anatomic gastro-oesophageal
sphincter, although he rep'o'rted that a band of tonic
contraction was consistently found in the oesophagus,
immediately proximal to the cardia. There was, however, no
structural specialization of this region. By contrast,
Poddar & Murgatroyd found a sphincter 1like muscular
thickening in the oesophagus, just proximal to the cardia.

Epithelial Lining

The oesophagus is lined by squamous epithelium which,
is keratinized proximally but not in the abdominal region,
with an intermediate length of uneven keratinization (Poddar
& Murgatroyd 1976. Submucosal glands and lymph nodes are
found throughout the course of the oesophagus. Both Poddar &
Murgatroyd and Botha (1958a) agreed that there was an abrupt
transition between the oesophageal and gastric mucosae
immediately above the cardia. Poddar & Murgatroyd also
observed a mucosal rim at this point but it is unclear
whether this was equivalent to Botha’s peri-oesophageal
mucosal folds.

There is no comprehensive account of the mucosal
boundaries and gland type distributions in the ferret, but
some isolated features have been reported. The oesophageal
epithelium is succeeded at the 'cardia by cardiac glands,
which Botha (1958a) described as "typical". These contain
tall columnar mucous cells which stain strongly with P.A.S.
The bulk of the gastric glands are confined to the fundus
and corpus. However a few unusual features have been
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described. Poddar & Murgatroyd were unable to find any mast
cells in the stomach but did observe Brunner’s glands in the
pyloric antrum. Pfeiffer (1974) found a type of parietal
cell with previously unobserved ultrastructural
characteristics, mixed with the normal cells. These
contained ’‘giant’ mitochondria and uncharacterised non-
membrane bound crystalloids, but they were quite rare.

The histological features of the duodenum were also
described by Poddar & Murgatroyd and follow the normal
mammalian pattern. The long villi have a muscular core,
derived from the mural muscularis mucosae and they bear
goblet and other cell types. Tubulo-alveolar Brunner’s
glands were found in the submucosa but extended only as far
as the major papilla, in accordance with Villemin’s concept
(1922). Conversely, Carleton (1935) found, in the stoat,
that the glands stopped abruptly at the accessory duct, none
being found at the major papilla, 0.3cm proximal to this
point. This was, however, based upon the observation of only
one animal.

Musculature

The oesophageal muscle, studied in three animals by
Poddar & Murgatroyd, comprised an outer longitudinal layer
and an inner circular layer and was striated throughout most
of its length. It was replaced by smooth muscle near to the
cardia. The circular layer was thickened to form a sphincter
at the gastro-oesophageal junction. By contrast, Botha
(1958a) found the oesophageal muscle in an unspecified
number of specimens was all striated and he was unable to
find any sign of a sphincteric muscular thickening.

There is very little information available on the
gastric and duodenal musculature. Poddar & Murgatroyd found
the normal inner circular and outer longitudinal muscle
layers in the stomach but were unable to find an oblique
layer. The former lamina was thickened at the pylorus to
form a sphincter. In the duodenum, the authors described an
apparently sphincteric ring of circular muscle around the
common pancreatic and bile duct in its intramural course.
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Conclusions

Comparatively little information is available specific
to this species. The oesophagus expands distally to form a
vestibule before entering, at an acute angle, the rostral
end of the slightly elongated stomach, the fundus of which
is small. There is no clear incisura angularis or distinct
external demarcation of the different regions. The duodenum
is ’C shaped’ and is entered by a common bile and pancreatic
duct after approximately one quarter of the duodenal length.
There is some longitudinal mucosal folding near the greater
curvature and annular folding' around the oesophageal
aperture. The oesophagus is lined by a glandular squamous
epithelium which is not keratinized in its abdominal course.
This layer chénges abruptly you .a gastric secretory mucosa
just above the cardia. In the duodenum, Brunner’s glands
extend as far as the major papilla. The muscle of both the
oesophagus and the stomach comprises two layers, no inner
oblique being present.

An extensive investigation of most aspects of the
anatomy of the foregut in the ferret is required. Nothing is
known of the arrangement of muscular bundles or of mucosal
regions in the stomach, only isolated features having been
described. In addition, there is disagreement on the point
of transition of striated to smooth muscle in the region of
the gastro-oesophageal junction and whether there is an
annular muscular thickening at this point.

EXTRAMURAL VASCULATURE

Despite the widespread use of the ferret in biomedical
research (Hahn 1969), there is little data in the literature
on the characteristics of the normal ferret. In particular,
there appears to be no description of the ferret’s vascular
anatomy. '

Description |
The only relevant work appears to be an investigation

of the anatomy of the coeliac trunk in the American Mink, a
species quite closely related to the ferret (Wiland 1970).
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He examined 102 animals, dissecting them after vascular
injection with latex and fixation in 5% formalin. A coeliac
trunk, arising from the aorta, was present in 100 cases
(98%) and absent in the remainder. In one of the latter, the
hepatic artery arose directly from the aorta and a
gastrosplenic trunk from the cephalic mesenteric artery,
whilst in the other, the reciprocal origins were found. The
coeliac, when present, varied from two to eight millimetres
in length and in 18 cases (17%) it trifurcated into the
hepatic, splenic and left gastric arteries. In the other 82,
it divided to form a hepatic artery and a gastrosplenic
trunk which split, after one to six millimetres, to form the
splenic and left gastric arteries. The hepatic artery gave
off a number of small proper hepatic arteries before
continuing to the pancreas as the cephalic
pancreaticoduodenal artery. There appeared to be no right
gastric and gastroduodenal arteries. The splenic artery
divided after a short course into dorsal and ventral
branches. The dorsal branch split into smaller vessels and
ran in the greater omentum to the splenic hilum whilst the
ventral branch gave off short gastric arteries to the
greater curvature before reaching the hilum. The 1left
gastric artery coursed in the lesser omentum, supplying the
lesser curvature and cardia and the distal end of the
oesophagus. ’

INTRAMURAL VASCULATURE

There appears to be no report in the literature on the
intramural vasculature in the stomach or duodenum of the
ferret. .
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CHAPTER 9
THE RAT

NON-VASCULAR GASTRODUODENAIL ANATOMY

Early descriptions of the anatomy of the rat were
either elementary (Flower 1872; Martin & Moales 1884; Hunt
1924) or were based upon a species other than the laboratory
rat (Howell 1926). The first comprehensive and detailed
account, based upon the results of dissection, was by Greene
(1935) who studied each system of the body in ten or more
dissections. Unfortunately, she restricted her observations
to structures visible with the naked eye, or under very low
magnification, so that much detail was still lacking. This
detail has been provided by subsequent authors each of whom
examined a particular facet of the rat’s anatomy. The
definitive description of the gross and microscopic anatomy
of the stomach is still that given by Berg (1942) who
studied 116 animals. His results were confirmed by Shay et
al (1945) and summarised by Lambert (1965). The biliary
system was studied by Mann (1920) and McMaster (1922) and
the duodenal mucosa by Carleton(1935). Oi et al. (1958)
charted the parietal cell distribution, whilst the gastro-
oesophageal junction and adjoining parts of the stomach and
oesophagus were examined in extensive detail by Botha
(1958a; 1958b; 1962), El-Ramli (1964) and Fatani (1971).
From a consideration of the complementary and supplementary
results of all these authors, it is possible to compile a
description of the lower oesophagus, stomach and duodenum of
the rat.

External Form

Greene’s diagrams show the oesophagus descends
initially in the midline, then move to the 1left in the
thorax, pierces the diaphragm at;the hiatus and enters the

stomach after a long abdominal course. This was confirmed by
Botha (1958a:; 1962), who stated that the abdominal portion
of the oesophagus varies from 1.5cm to 2.5cm in length and
enters the stomach slightly ventrally, the incisura cardiaca
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being approximately 90°. The oesophagus is firmly fixed by a
dense mesentery and has a marked vestibule immediately
proximal to the cardia, although Botha maintained that this
was only visible in the living animal or within two to three
hours of death. El-Ramli (1964) ahd Fatani (1971) confirmed
Botha’s findings, whilst also reporting the presence of an
externally visible muscular thiékening, coincident with the
vestibule.

The oesophagus enters the stomach at about the midpoint
of the lesser curvature. The stomach is clearly divided into
two regions, the demarcation running transversely from the
oeséphageal entrance to the middle of the greater curvature.
The proximal part, which also extends to the left of and
rostral to the cardia, comprises 40% of the empty stomach
(ratio of wall areas) and has pale thin walls. The distal
portion has thick, muscular, red-grey walls and is itself
bipartite, as the area around the 1lesser curvature is
thinner walled and paler than the anterior and posterior
surfaces and the greater curvqture. There is a gradual
transition between the two regiohs. The size of the stomach
is very variable, owing to the high degree of distensibility
of the proximal portion (El-Ramli 1964). This was also
reported by Lambert, who also asserted that the stomach is
unusually mobile, as its ligamentous bindings are lax, but
he did not cite his sources.

The terminology used by the %35&&%. authors to name the
regions of the stomach is confusedy Particular parts have
been given various names and specific terms have been
applied to different regions. Berg (1942) used the term
"fundus" to describe the area of the distal stomach
comprising the greater curvature and its anterior and
posterior walls. He was challenged by Shay et al. (1945) who
felt that this was anatomically and functionally analogous
to the corpus in Man and named it accordingly. Lambert, in
his review derived mainly from Berg’s and Shay’s work, used
the former’s nomenclature, whereas Oi et al. (1958) used
Shay’s. An additional complication was introduced by Botha
(1958a; 1958b; 1962) who used the term fundus to denote the
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non-glandular 'stomach and did not distinguish between the
two glandular regions, naming the entire area the "pylorus".
He was followed in this by El-Ramli (1964) and Fatani
(1971).

In this work, I adopt the nomenclature of Shay et al.
with the additional terms "cardia" (after Botha), to denote
the gastro-oesophageal interface, and "pylorus" (after
Berg), to denote the gastro-duodenal interface. This
terminology appears to be the least ambiguous and the most
consistent with other species (see Table 2).

There are few descriptions of duodenal anatomy.
Carleton (1935) described it'as.a "C shaped loop" with a
slight initial dilatation into which the common bile and
pancreatic duct entered immediately after the pylorus, in
confirmation of McMaster’s results (1922)). Conversely,
Greene (1935) quoted Morell (1872) "The pancreatic ducts are
many and paired" and her diagrams showed the common bile
duct entering some distance distal to the pylorus. It is
worthy of note that the rat does not possess a gall bladder
and cannot, therefore, concentrate its bile (Mann 1920;
McMaster 1922).

Mucosal Folds

All authors agreed that the mucosa of the glandular
stomach was thrown into longitudinal ridges, although Berg
(1942) maintained that these were less marked in the antrum.
Greene (1935) described 1ongitud{na1 folds an the rumen, but
this was denied by Berg and Shay et al. (1945). However,
Lambert, in his review (1965) based mainly upon Berg and
Shay et al., contradicted both by describing the rumen as
"folded". The most recent author to mention the point was
Fatani (1971) who, at different points in his thesis,
described the rumen as "smooth and unfolded" and "thrown
into folds". However, photographs presented by El-Ramli
(1964) clearly show ridges in the rumen of an empty stomach,
but a smooth mucosa in the distended rumen of a full
stomach. Of the above authors, 'only Shay et al. mention
their rats’ nutritional status at death (starved for 48 to
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72 hours) but it is not clear if this applied to both their
‘normal’ ‘and experimental groups, or only to the latter.
This unstated variable might explain the differing results.

Gastro-oesophageal Junction
It was generally agreed that there was an annular

thickening of the oesophageal circular striated muscle at
the vestibule. In addition, Botha (1958a; 1962) claimed that
the epithelial ridge between the glandular and non-glandular
areas was particularly marked around the oesophageal
aperture and, in the living animal, could occlude it (Botha
1958b) . There were also well deveioped muscular sling fibres
in the wall of the stomach around the cardia.

Epithelial Lining

The stomach of the rat comprises a distal glandular and
proximal non-glandular region, separated by an epithelial
ridge (’Grenzfalte’ - Bensley 1902). This runs transversely
with a U-shaped diversion around, and caudal to, the
oesophageal aperture, which is, therefore, located in the
proximal region. Berg claimed that the ridge was raised by a
thickened submucosa and Shay et al. described it as
"keratinized". Most authors agreed that there was an abrupt
change in the nature of the adjoining mucosa at the ridge,
from non-glandular to glandular. Only Shay at al. disagreed,
describing the transition as "gradual" but, since both terms
are subjective, it is difficult to compare them. According
to Botha, the ridge was particularly well developed around
the cardia.

There is‘general agreement on the characteristics of
the proximal part of the stomach - the rumen. This is lined
by keratinized stratified squamous epithelium, continuous
with the oesophageal mucosa. It is described as non-
glandular or non-secretory by all authors with the exception
of Greene who, citing Flower (1872), claimed that it
contained mucus secreting glands. The balance of opinion
does not support this contention. According to Botha
(1958a), the zone of the cardiaé glands, normally located
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around the oesophageal aperture, was not found in the rat.
The sequence of tissue layers in the wall of the rumen from
deep to superficial, was described by Berg as :

a) A superficial thin keratinized layer.

b) A layer of cells containing eleidin granules. This
material 1is a refractile basophilic keratin
precursor.

c) A layer of nucleated cells.

d) Thin connective tissue. '

e) a well developed muscularis mucosae.

f) Loose connective tissue. *

g) Muscle. '

h) Serosa.

This was confirmed by Shay et al.

The glandular stomach is thicker and more muscular than
the rumen and is lined by columnar epithelium. Berg and Shay
et al. differentiated two regions, the antrum and the
corpus. The antrum occupied the 1lesser curvature and the
area immediately proximal to the pylorus. Its walls were
thinner than those of the corpus and the glands shorter and
wider. According to Shay et al. 6nly columnar mucous cells
were found in these glands, whereas Lambert denied the
presence of any glands, but did not substantiate this
assertion.The antrum also contained Brunner’s glands for a
short distance proximal to the ' pylorus. By contrast, the
corpus had thicker muscular walls and well developed tubular
glands. In addition to mucous cells, prominent parietal
(acid secreting) and inconspicuous chief (pepsinogen
secreting) cells were found. This region comprised the
anterior and posterior walls of the stomach and the greater
curvature, with the exception of a small area immediately
proximal to the pylorus. The mucosal transition from corpus
to antrum was described by Berg as "fairly abrupt....
(occupying an area (sic) of 300 to 400 um". Conversely, Shay
et al. described it as "gradual" naming it the Intermediate
Zone of Aschoff (after Babkin 1§Z4). It is not possible to
ascertain whether the difference is real or semantic.
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The distribution of the parietal cells was studied
histologically in the glandular stomachs of ten rats by O0i
et al. (1958) who took 30 x 0.045 mm? samples from each
stomach. They found these cells only in a region
corresponding to the corpus, with a decreasing concentration
gradient from the greater to the lesser curvatures, in a
distribution pattern consistent with Berg’s and Shay’s
descriptions. His samples only occupied approximately 0.2%
of the total area of the glandular stomach.

There is little information available on the duodenal
mucosa. Carleton (1935) described a thin wedge of secretory
epithelium containing Brunner’s glands which had disappeared
less than one centimetre from the pylorus.

Musculature

The oesophageal muscle was described by Botha (1958a;
1962). It comprised two striated muscle layers, an outer
longitudinal and an inner circular, although he reported a
degree of oblique orientation of the 1longitudinal fibres.
The circular muscle was thickened over the vestibule to form
a sphincter 1like structure. A few of the striated
longitudinal fibres passed onto the wall of the stomach.
These observations were confirmed by El-Ramli (1964) who
additionally described the oesophageal muscle fibres as
forming two opposed spirals. There was a gradual transition
in the region of the cardia from oesophageal striated to
gastric smooth muscle.

In the stomach, Botha observed very well developed
sling fibres around the left and right aspects of the
oesophagus at the cardia, which overlapped the dorsal and
ventral surfaces. There is 1little additional information
available. Most authors described two muscle layers, an
outer 1longitudinal and an inner circular, which were
thickest in the corpus. The circular layer displayed an
annular thickening at the pylorus. The muscularis mnmucosae
was also of non-uniform thickness and orientation. According
to Botha (1958a), it was thickest at the rumen - corpus
interface where it "splayed out", but Fatani (1971) stated
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that it reached its maximum thickness around the cardia,
where, according the Botha (1958b), it penetrated the
mucosal ridge.

Finally, in the duodenum, Mann (1920) observed a well
developed sphincter around the bile duct.

Conclusions

The long abdominal oesophagus‘joins the stomach at 90°,
and has a terminal vestibule. The stomach is visibly divided
into the pale rumen (40%) to the left of the oesophagus, and
the darker corpus and antrum, to the right. The C-shaped
duodenum receives a common bile and pancreatic duct,
although this has been disputed. The rat has no gall
bladder.

Descriptions of the mucosal folds in the stomach have
varied, probably due to differing degrees of distension of
the gastric wall, particularly the fundus. In the empty
stomach, the folds are mainly longitudinal. The rumen and
corpus are separated by an epithelial ridge which is
particularly well developed around the oesophageal aperture.
At the gastro-oesophageal Jjunction, there are also well
developed sling fibres and a sphincteric thickening of
oesophageal circular striated muscle.

The proximal rumen is lined by a continuation of
oesophageal non-glandular stratified squamous epithelium and
receives the oesophagus. It is separated from the distal
glandular area by an epithelial ridge. The corpus contains
mucous, chief and parietal cells and occupies the anterior
and posterior walls and the greater curvature, except a
small area immediately proximal to the pylorus. This is
occupied by antral mucosa, as is the lesser curvature, which
contains only mucous cells. Brunner’s glands are found in
the antrum, immediately proximal to the pylorus but extend
less than one centimetre into the duodenum.

The oesophageal muscle forms an outer longitudinal and
an inner circular striated layer; which change gradually to
the gastric smooth muscle at the cardia. The circular
striated muscle forms a sphinéter at the vestibule and
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several longitudinal striated fibres are prolonged onto the
stomach. The stomach also has outer longitudinal and inner
circular layers, the latter forming a pyloric sphincter.

The anatomy of the foregut in the rat is well
documented with few areas of ignorance. The principal
requirement is for further study of the orientation of the
fibres of the muscularis extern_a and muscularis mucosae,
particularly in the stomach. In addition, a few minor points
await clarification, such as the position and number of the
bile and pancreatic ducts, the extent of mucosal folding and
the details of gastric and duodenal histology. None of these
aspects can be satisfactorily described on the basis of the
currently available evidence.

EXTRAMURAL VASCULATURE

Little attention was paid to the detailed patterns of
the rat’s extramural gastroduodenal circulation until the
second quarter of the twentieth century. Early accounts
(Martin & Moales 1884; Hunt 1924) were designed to assist
dissection and were elementary. A more detailed text was
produced by Howell (1926) but this was based upon dissection
of the wood rat rather than the white laboratory rat (Rattus
norvegicus).

The first comparatively detailed study was carried out
by Greene (1935). The vessels were injected with starch or
gelatine prior to formalin fixation and dissection or with
Murphy’s artery red lacquer after intravenous fixation. The
structures described were limited to those visible under low
magnification and were named according to Emmel’s (1927)
anglicized version of B.N.A. terminology. No more than ten
specimens were studied for each region, a number described
by the author herself as "inadequate". This precluded the
analysis of variants from the normal pattern. Despite this,
Greene stated that the rat’s anatomy was similar to Man’s,
although the pattern which was a variant in man was often
the norm in the rat.

98



Description
Greene names the three branches of the coeliac artery

as the left gastric artery, lienal artery and hepatic
artery. The left gastric artery gives branches to the
anterior and posterior surfaces of the stomach. The lienal
artery supplies the stomach, pancreas and spleen. The
hepatic artery gives off two branches, the right gastric
artery, supplying the lesser curvature of the stomach, and
the gastroduodenal artery, supplying the gastric greater
curvature, duodenum and pancreas. More information is
implicit in her illustrations. Branching appears to be
"tripodal". The 1left gastric artery is shown to be the
largest branch. It is depicted giving un-named branches to
the oesophagus. No identifiable short gastric arteries from
the lienal artery are shown, nor is a vessel, presumably
corresponding to the left gastroepiploic artery, named. The
right gastroepiploic artery is shown to supply only the most
caudal part of the greater curvature. Conversely, the
gastroduodenal artery seems to supply most of the duodenun.
A bifid superior pancreaticoduodenal artery is named and
shown as the terminal branch of the gastroduodenal artery.

A more detailed description of the rat’s gastric
circulation was given by Berg (1946) in a paper on the
vascular effects of nutritional gastritis. He injected an
unspecified number of rats after‘exsanguination with india
ink in gelatine (10% ink in 8% aqueous gelatine at 37°c) via
the thoracic aorta. The stomach was then removed, fixed and
cleared.

Berg emphasised that the main blood supply to the
stomach was derived from a single artery which he does not
name but which, from his illustrations and topographical
description, is clearﬁy the 1left gastric artery of other
authors. This divided into three branches behind the
oesophagus. Two vessels supplied the anterior and posterior
surfaces symmetrically, giving off 1long branches to the
fundus and rumen and a few short ones to the antrum. The
third vessel ran along the lesser curvature, giving off
pairs of dichotomous twigs to the anterior and posterior

a
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surfaces of the antrum and ending just rostral to the
pylorus. The greater curvature was supplied by short
branches from a vessel which also supplied the duodenum and
pancreas. The origin of the vessels on the lesser and
greater curvatures was unstated.

The details of Berg’s technique are unclear but it
appears that he examined only cleared stomach preparations.
It is not possible to ascertain how much perigastric tissue
was retained but his photographs show the stomach with only
the intramural, and most closely épplied extramural, vessels
remaining. He may, therefore, have failed to observe any
vascular interconnections occuriﬂg at some distance proximal
or distal to the stomach. In addition, his photographs also
show that he opened it by cutting along the greater
curvature which would have hindered his observation of the
vessels in this area. Both of these factors reduce the scope
of Berg’s work.

Schnitzlein (1957) investigated the gastric vasculature
as a basis for his study of the pharmacological reactivity
of the intramural vessels. He dissected an unspecified
number of rats , after injecting thier vascular systems with
a starch / chrome yellow suspension.

Schnitzlein presented his results diagrammatically. He
showed the coeliac artery arising from the aorta and
dividing at a single point into three equally sized
branches, the left gastric, common hepatic (un-named) and
splenic arteries. The left gastric artery passed anterior to
a lobe of the liver and divided into a number of branches on
the posterior surface of the oesophagus at the cardia. One
branch ran along the lesser curvature, giving off small
twigs to the antrum and distal K fundus. A number of 1long
branches supplied the fundus, proximal antrum and distal
rumen on the posterior surface. Branches encircled the
oesophagus to reach the anterior surface, but their
distribution was not shown. It is not possible to ascertain
whether oesophageal branches were present. The splenic
artery gave off a branch to the stomach before beaking up in
the splenic hilum to supply that organ. This branch ran to,
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and along, the left part of the greater curvature, supplying
it by short gastric arteries. The common hepatic artery gave
off the hepatic and superior pancreaticoduodenal arteries
before it bifurcated and gave rise to the right gastric and
right gastroepiploic arteries. The former ran along the
lesser curvature, supplying the antrum, whilst the 1latter
ran along the right part of the greater curvature, which it
supplied by small twigs. Schnitzlein’s use of the dissection
technique would have enabled him to see the arteries
supplying the stomach in relation to the surrounding tissues
and vessels and would, therefore, appear to give a more
comprehensive view, at this level, than Berg’s technique.

Lambert (1965) in a text on experimental surgery in the
rat, reviewed the gastric vasculature, quoting Berg (1946;
1947) and Schnitzlein (1957) as his authorities. However,
his account is based, without justification, wupon
Schnitzlein’s rather than Berg’s ﬁdrk, and includes addition
unsubtantiated facts and undefined terminology. His account
is, therefore, of limited value.

Guth " (1972), observed the gastric circulation in an
unspecified number of exteriorized stomach preparations,
using transillumination. The main blood supply was via the
left gastric and right gastroepiploic arteries, with
secondary supply from the right gastric, left gastroepiploic
and short gastric arteries. The left gastric artery was the
largest branch of the coeliac trunk. It divided into three
behind the oesophagus at the level of the cardia, forming a
vessel supplying the anterior surface, one to the posterior
surface and a third which ran aléng the lesser curvature. On
the anterior surface, long branches supplied the rumen and
proximal corpus and short ones the distal corpus and antrum.
Guth’s technique did not permt him to observe the postérior
surface. The vessel on the lesser curvature gave off four or
five parallel branches to the distal corpus and antrum.
Similarly, the right gastroepiploic artery (from the
gastroduodenal branch of the hepatic artery) ran along the
greater curvature and supplied the anterior and posterior
surfaces of the antrum and corpuﬁ by ten or eleven parallel
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pairs of branches. Guth did not describe any of the other
vessels which supplied the stomach. His technique would have
facilitated the assessment of relative blood flow in various
vessels, but did not permit any extensive manipulation and
dissection or the observation of the posterior vessels. His
description might, therefore, be expected to be incomplete,
but correct in the details which were given.

Leneman & Burton (1967) augmented the current
description of the coeliac artery’s anatomy with an account
of a new hepato-oesophageal artery. This was based upon a
photographic and radiological examination of an unspecified
number of rats, after the'injection of their coeliac
arteries with a suspension of barium sulphate. The common
hepatic artery bifurcated in a ‘T-shaped’ manner, the
descending branch forming the gastroduodenal artery and the
ascending branch the hepatic artery proper. These latter
vessels gave off four branches to the lobes of the liver and
a fifth branch, the hepato-oesophageal artery, to the
ocesophagus, meeting it at the rostral end of its distal
third. This artery gave off ascending and descending
branches which supplied the oesophagus. The ascending ones
anastomosed with vessels from the right and left mediastinal
arteries whilst the descending ones anastomosed with the
cardiac branches of the 'gastrié artery’ i.e. oesophageal
branches of the 1left gastric artery. There is only one
previous description of this artery in the 1literature
(Delong 1953) which described the hepato-oesophageal artery
as a branch of the oesophageal artery and. hence of the
gastric artery. However, since Leneman & Burton gave no
quantitative information, it is not possible to know if
theirs was a variant pattern and, if so, to assess its
occurence.

Arterioarterial Anastomoses

Several authors have investigated the extent to which
the extramural arteries of the stomach anastomose with one
another. Berg (1946; 1947) maintained that there were no
dirct anastomoses, only collateral pathways at the
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submucosal and capillary levels. This conclusion was based
upon his analysis of injected and cleared specimens but was
supported by the results of ligation experiments (1947). He
tied various vessels in 54 rats under ether anaesthesia and
sacrificed them after differing periods in order to examine
the gastric mucosa. In 22 animals, he ligated the artery on
the lesser curvature supplying the antrum plus its vein. In
a futher 20, the artery to either the anterior or posterior
wall of the fundus and its vein were tied. In the remaining
12, both these arteries and veins were tied. In each case,
the ligated vessels were cut near: to their origin.

Ten of the eighteen rats (55.6%), in which the antral
vessel had been tied, showed a single ulcer in the centre of
the antrum after 24 hours, which had perforated in two
animals. Five of eighteen (27.8%) had multiple erosions and
three (16.7%) were unaffected. The mucosa was pale and
oedematous. However, animals killed after eight days (two
rats) and sixteen days (two rats) showed significant
healing. Only one of the animals subjected to unilateral
"fundic" artery ligation developed an ulcer (5%). However,
five of the eight rats with bilateral fundic artery ligation
developed an ulcer (62.5%). In two of these, areas of
necrotic tissue were seen, which were interpreted as
infarcts. The slough separated.'to leave an ulcer. Again
there was significant healing in the bilaterally 1ligated
group after sixteen days. In both the fundic ligation
groups, the mucosa was congested. In all cases, ulcers were
diagnosed by observation of their penetration below the
mucosa, in contrast to erosions, which were superficial.

Berg interpreted these results as an indication of the
absence of significant direct anastomoses between the
extramural vessels and therefore consistent with his
anatomical observations. He hypothesized that the submucosal
and capillary collateral pathways were more plentiful in the
highly vascularised fundus ¢than in the relatively
hypovascular antrum, which accounted for the greater
sensitivity of the latter area to the blocking of its normal
source of supply.The ulcers and erosions were, he suggested,
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necrotic areas consequent upon infarction and healing was
due to the formation of a collateral supply via the
intramural vessels.

However, Berg included no controls among his animals to
eliminate the effects of surgical and non-specific shock,
although the marked difference in ulceration frequency
between the animals with unilateral and bilateral fundic
vessel ligation suggests that this was not a significant
factor. As the author cut the vessels at their origins, any
anastomoses between this point and the stomach wall would
have been ineffective, but his anatomical observations
suggested that no such communications existed. He also
provides no evidence to support his contention that healing
was due to the formation of intramural collateral vessels,
rather than revascularisation from adhesions.

In contrast, Schnitzlein stated, on the basis of his
dissection studies (1957), not only that there was a
prominent anastomosis between the 1left and right gastric
arteries on the lesser curvature and a smaller anastomosis
on the greater curvature, but also that there were extensive
connections between the gastric vessels and the "anastomotic
arteries of the intestine". |

The problem is further confused by Lambert’s review
(1965) in which he cites solely Berg (1946; 1947) and
Schnitzlein (1957). He was faithful to neither source in his
statement, the precise meaning of which is unclear, that the
anastomoses were "relatively few and only occur between the
very smallest branches". He then cites Berg’s work to show
that some anastomoses do exist "....for extensive ligatures
of the branches of the coronary artery do not cause necrosis
of the stomach but simply acute ulcers ++s", an
interpretation which is the precise opposite of Berg’s. In
summary, Lambert states that "... the blood supply of the
rat’s stomach is more precarious than man or dog, and
distinctly so in the forestomach". However, since the latter
region has no analogue in either of these two species, this
has little meaning.
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Lambert continues by citing Schnitzlein and states that
the anastomosis between the left and right gastroepiploic
arteries is of no functional importance and that there is a
very rich anastomosis between the branches of the coronary
and right gastroepiploic arteries. Neither of these
statements is made by Schnitzlein. Thus, in the course of
his review, Lambert begins by claiming that anastomoses are
few then proceeds to list a functional anastomosis on the
lesser curvature, a non-functional anastomosis on the
greater curvature and a "very rich" anastomosis between the
right gastroepiploic and coronary arteries. The account is,
therefore, potentially misleading.

Guth (1972b) attempted to reproduce Berg’s results
using eighteen rats which were fasted for 24 hours, then
anaesthetised with ether. In eleven of these, the antral
artery and vein on the lesser curvature were ligated near to
their origin, a small portion of the wall of the stomach
being included in the ligature. Eight animals were subjected
to laparotomy only. In all cases, the subjects were killed
after 24 hours and the gastric mucosa was examined. The
circulation patterns in a further six rats (three with
ligated arteries and three without) were examined by in vivo
microscopy and transillumination (Guth 1972a).

Guth found that only three of eleven (27%) of the
experimental animals developed an antral ulcer, which was
invariably located directly below the suture site, with the
surrounding mucosa appearing norﬁal. Two (18%) had a small
erosion distal to the point of ligation, but a similarly
located lesion was found in one of the controls (14%). 1In
addition, approximately 50% of both controls and the
experimental subjects developed linear erosions on the
anterior wall of the fundus. In vivo microscopy showed
identical patterns of flow in the submucous plexus and
capillaries in the control and experimental animals,
although the flow in the antral vein was sluggish or
reversed in the latter group. '

Guth concluded that his results gave no evidence to
support Berg’s contention that the blood supply of the rat’s
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stomach was such that ulcers could be produced by ligation
of individual vessels. Anastomoses seemed to be adequate to
maintain flow in the submucous plexus despite the cessation
of the antral vessel flow. He suggested that the antral
ulcers were probably a result of local trauma i.e. damage to
the gastric wall by its inclusion in the ligature and that
the remaining erosions, which were found in equal numbers in
the control and experimental animals, were caused by
starvation and operative stress. However, Guth’s and Berg’s
works are not directly comparable. The former used fewer
animals and only one pattern of ligation. The latter made no
mention of starVing his rats or of including a portion of
the gastric wall in the ligature, but did cut the vessels in
addition to tying them. He obtained a higher incidence of
ulceration and the lesions were located in an abnormal
mucosa. Thus, Guth’s results do not necessarily invalidate
those reported by Berg.

In a subsequent investigation, Guth (1975) ligated the
left gastric and right gastroepiploic arteries and veins of
92 starved rats, before the vessels gave off branches. 22
controls were subjected to laparotomy alone. He found that a
single large ulcer, extending into the muscularis externa,
developed in the corpus of most of the experimental animals
within three to five days. After two to eight weeks, 75% of
the animals examined showed healing of the ulcers and all
were normal after six months.

These results indicate that the left gastric and right
gastroepiploic arteries are the principal supply vessels to
the corpus of the stomach. However, it is difficult to
accept Guth’s suggestion that a more effective intramural
collateral system in the antrum: and rumen protected these
regions from ulceration. Berg (1947) said specifically that
the opposite was true. An alternative explanation might be
that they are areas predominantly supplied by the right
gastric (antrum) and left gastroepiploic (rumen)'arteries,
neither of which was ligated. '
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Conclusions

There is a consensus that the stomach and upper
duodenum are supplied by the branches of the coeliac artery.
However, there is disagreement on the relative importance of
these vessels. It is accepted that the largest, and most
important, with probably the, most extensive area of
distribution, is the left gastric artery, which has two main
groups of branches. Firstly, to the anterior and posterior
surfaces of the stomach and secondly a single branch along
the lesser curvature supplying the pyloric antrum and
probably the distal corpus. The only other vessel mentioned
by all authors is one running along, and supplying, the
greater curvature, which Guth specifies as the right
gastroepiploic artery, a branch of the gastroduodenal artery
and hence of the common hepatic artery. The left gastric and
right gastroepiploic appear to be the two main arteries.
There is probably some supply from ‘a lesser curvature branch
of the common hepatic artery (right gastric) and from
branches of the splenic artery! (left gastroepiploic and
perhaps short gastric arteries), but this appears to be
relatively unimportant. The proximal duodenum is supplied by
the superior pancreaticoduodenal artery, a branch of the
gastroduodenal. The supply to the distal oesophagus is less
clear, but is probably from the left gastric artery with
perhaps a branch from the hepatic artery in some cases.
However, the more detailed distribution of these branches of
the coeliac artery is not subject to a consensus and, owing
to often inadequate technical information, It is not
possible to assess the validity of these variations. 1In
addition, no quantitative studies on blood flow have been
done and all Jjudgements have been based upon subjective
estimates of indirect parameters, such as vessel size and
degree of filling by injectate. it is, therefore, difficult
to compare the results obtained by different authors.

Only Guth, Berg and Schnitzlein discuss the extent of
the anastomoses between the extramural arteries of the
stomach. Berg’s results suggest their total absence and are
opposed to Schnitzlein’s, in which anastomoses are described
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at several sites. Guth’s work shows only that sone:
collateral pathways do exist, but not at which level they
are to be found. It seems probable that such channels do
exist between the intramural vessels and probably between
the extramural arteries along the lesser curvature, although
they cannot totally compensate for an occluded major supply
vessel. Any anastomosis which is present between extramural
vessels on the greater curvature is probably of no
significance.

In summary, the principal features of the anatomy of
the extramural arteries supplying the stomach of the rat are
clear. Nevertheless, a more detailed study of the branches
of the coeliac artery, particularly the right gastric and
left gastroepiploic arteries, and their common variants, is
required, as is further work on the patterns of flow within
these vessels and the extent and location of anastomoses
between them.

INTRAMURAL VASCULATURE

Description
The first report in the literature appears to be that

of Berg (1946). He examined stomachs which had been injected
in vivo by a contrast medium as both cleared and
histological specimens.He showed that the branches of the
extramural arteries pierced the serosa and muscularis
externa to form a plexus in the submucosa. They gave rise,
en route, to a diffuse subserosal plexus and to a capillary
net within the muscularis. The vessels in the latter ran
parallel to the long axes of the smooth muscle fibres, which
were aligned, and formed long anastomosing rectangular
loops. The submucous plexus contributed recurrent branches
to the muscularis. It also gave rise to perpendicular
mucosal arteries which penetrated the muscularis mucosae and
did not anastomose with one another. They passed directly
to, and ended in, the capillar& plexuses of the mucosa.
These plexuses surrounded the bases and openings of the
mucosal glands and, in the fundus, their mid-points. They
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intercommunicated perpendicularly and were continuous in a
plane parallel to the mucosal surface. They drained into
perpendicular collecting veins which were tributaries of the
submucous venous plexus. No mucosal venous plexus was
described.

Berg showed that the rumen, fundus and antrum were
dissimilar. The rumen had a very poor blood supply, the
surface keratinized epithelium appearing avascular. Only one
capillary plexus plane was visible in the deeper mucosa. He
estimated that the fundus was more deeply injected than the
antrum. It contained more collecting veins than the antrum
and its capillary plexuses were smaller and more numerous.

The principal limitation of Berg’s work arises from the
absence of quantitative data. He does not state the number
of animals or the proportion of the total area of each
stomach that he studied. These make it difficult to assess
the probability that his results are valid. Unfortunately,
his observations do not unequivocally demonstrate at what
level in the mucosa the mucosal arteries terminate, branch
and form capillaries. This is a pbint of contention.

A series of experiments to investigate the inter-
relationship of pilocarpine and the occurence of gastric
ulceration were published by Basu Mallik in 1955. He studied
the microvascular anatomy of the normal stomach in the
course of this work, using injecﬁion techniques and in vivo
transillumination. The injected specimens were examined
after clearing, histologically or as 1 cm? blocks.

He distinguished between the results from the injection
and transillumination studies. In the former, he observed
the branches of the extramural arteries running for a short
course through the serosa, then%benetrating the muscularis
externa to form an arterial blexus in the submucosa.
Perpendicular mucosal arteries arose. from this plexus to
pierce the muscularis mucosae and enter the mucosa. At the
base of this layer each artery formed three or four
capillaries which ascended perpendicularly to the mucosal
surface where they formed loops around the openings of the
glands. Adjacent capillaries were linked by transverse
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vessels. Unfortunately, the author does not make clear
whether capillaries originating from different mucosal
arteries were linked to form a continuous plexus, or only
those from the same artery. The surface loops drained into
perpendicular mucosal veins which were tributaries of the
submucous venous plexus. The antrum and the forestomach were
less well filled than the corpus.

Basu Mallik’s transillumination studies confirmed this
description but, in addition, he saw a ’few’ arteriovenous
anastomoses in the submucosa, although these were normally
closed unless the animal had passed into a state of
collapse. Likewise, the mucosal arteries were often in a
collapsed state, only a proportion being patent at a given
time. It was found that opening the stomach along the
greater curvature in an attempt to directly observe the
mucosal circulation, inevitably resulted in almost complete
vascular stasis. The subcutaneous administration of
pilocarpine resulted in vigorous peristalsis which
compressed the vessels passing through the muscularis,
although Basu Mallik does not describe how this affected the
blood flow in these vessels. Owing to the respiratory
effects of this drug, it was necessary to intubate and
artificially ventilate the animals to which it was given.

Certain aspects of the author’s technique merit
comment. He does not disclose how many animals were used nor
what proportion of the stomach wdé examined. The pilocarpine
dosage is unstated, although ianalogy with a previous
experiment suggests that it might have been 80 mg kg'l. The
use of artificial ventilation in some of the animals would
have introduced a number of variables, in contrast to the
unventilated rats, owing to unmonitored and uncontrolled
variations in blood gas composition and pH, which might
affect the vessels (Wiegman 19755.

Only limited reliance may be placed upon Basu Mallik’s
identification of arteriovenous anastomoses. These were only
visible in the transilluminated specimens and were ’few’ in
number. Not only are the criteria by which they were
identified unstated, but also no steps appear to have been
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taken to eliminate overlapping vessels, such as varying the
angles of illumination and of view, or observing the
directions of flow of blood or of injected contrast medium.
The necessity for this has been pointed out by both Guth
(1972) and Schnitzlein (1957). It is hard to accept that the
author could classify with certainty a vessel which was not
stained and which, in many cases, contained no blood. His
difficulty must have been compounded by the poor resolution
which would have been obtained in the submucous plane, since
this was observed through the overlying serosa and
muscularis. _

Schnitzlein (1957) studied the effect of a number of
drugs (atropine, pilocarpine, ergotoxine & acetylcholine)
and of vagal stimulation and section, on the gastric
vasculature of the rat. He also examined the innervation of
these vessels. As a basis for comparison, he also studied
the gastric anatomy of the normal rat. He rapidly froze the
stomach and duodenum of an unspecified number of previously
starved normal animals by the in situ application of liquid
nitrogen (Persson 1952). Serial Séctions of the stomach were
cut and were stained with haematoxylin and eosin.

The author concentrated upon specific aspects of the
microcirculation rather than attempting to give a
comprehensive description. He noted the presence of
recurrent branches from the submucous arterial plexus to the
muscularis externa, although these were ’‘few’ in number. He
pointed out that all vessels passing through this layer did
so obliquely and suggested that this might be of
significance in reducing the muscle’s sphincteric action. By
contrast, the more thinnly walled mucosal arterioles, which
arose from the mucosal plexus, passed through the muscularis
mucosae perpendicularly, before branching to form a
capillary bed at the base of the mucosa. He noted that only
those vessels nearest to the muécularis mucosae had smooth
muscle cells in their walls. The collecting veins drained
into the venous submucous plexus. Frequent sacculations were
seen in this network but they did not appear to contain
valves. In several of his sections, Schnitzlein observed
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cells in the walls of the blood vessels which appeared to be
epithelioid. However, adjacent serial sections demonstrated
that these were only smooth muscie cells cut in transverse
section, located in small arteries or arterioles in the
submucous plexus. Such epithelioid cells ("Quellzellen") are
a feature of arteriovenous anastomoses, first described by
Havlicek (1934).

Schnitzlein’s contribution to the literature is small,
being primarily limited to his evidence on the absence of
arteriovenous anastomoses and on the depth at which the
mucosal arterioles end in the mucosa, which is of value.
Since he described his diagnostic criteria, and applied them
by histological examination, his results are probably valid.

The role of the sympathetic nervous system in the
control of the gastric mucosal blood flow, and the spatial
variations in this flow, were investigated by Arabehety
(1959) . He injected india ink into the aortas of fasted and
anaesthetised rats, after subjecting them to one of three
procedures; laparotomy alone (7), laparotomy plus splanchnic
ganglion anaesthesia (5) or splanchnic section by bilateral
section of the greater splanchnic nerves and removal of the
coeliac ganglion (3). A further two rats were injected post
mortem. The stomachs were removed, fixed, dehydrated,
sectioned and cleared. Unfortunately, he did not study the
vascular patterns but only measured the optical densities of
different areas of the mucosa. These were compared with a
'tissue blank’ of readings of the comparatively avascular
muscularis externa. The blood flow was taken to be
proportional to the difference between the two readings.

Arabehety found that the submucous plexus was uniformly
injected as was the fundic mucosa, but that the antral
mucosa was unevenly filled. This paper’s contribution is
limited since the author provides 1little information.
Although he invokes submucosal arteriovenous anastomoses to
explain his results, he provides no evidence to support his
hypothesis.

One of the most frequently cited papers in this field
was published by Nylander & Olerud (1960; 1961), who studied
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the mucosal microcirculation in normal and vagotomised rats.
16 animals were studied (12 vagotomised and 4 controls) by
injection of a contrast medium and subsequent clearing. The
erythrocyte haemoglobin was stained by immersion in
benzidine alcohol. In the controls, the authors observed
irregular mucosal filling, comprising uniformly filled
regions interspersed with numerous poorly injected areas. In
the vagotomised rats, the entire mucosa was sparsely filled.
Microscopic examination of the homogeneous regions, in thin
sections, showed that the mucosa éontained a large number of
coiling mucosal arterioles, passing from the base to the
surface. Between these was 'a dense honeycombe of
capillaries. Few venules were seen. By contrast, the poorly
injected areas contained fewer arterioles and a sparser
capillary net, but many more collecting venules. The latter,
which ran perpendicularly through the mucosa, drained a
venous plexus on the mucosal surface. Delineating the
periphery of the poorly injected areas was a dense mesh of
mucosal arterioles. In the vagotomised animals only, the
authors noted that this venous plexus on the surface of the
mucosa was fed directly by the mucosal arterioles, with no
intermediate capillary bed i.e. it constituted a system of
mucosal arteriovenous communications. Unfortunately, they do
not mention whether this was present in the control rats. No
such channels could be found in the submucosa.

Although this work is frequently quoted, particularly
as evidence for the existence of arteriovenous anastomoses,
the results are of limited value. The report of the
arteriovenous channels in the Vagotomised animals is of
diminished significance owing to the uncertainty regarding
their presence in the controls, which were too few to enable
any firm conclusions to be drawn. The authors support the
validity of their observations of mucosal variations by the
claim that their combination ofltechniques visualises the
entire microcirculation by either filling the
microcirculation or by staining the remaining erythrocytes’
haemoglobin. However, this does not exclude the presence of
vascular channels which are devoid of red cells and unfilled
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by injectate. The apparent paucity of mucosal arterioles and
capillaries in the poorly filled areas might be a result of
their non-patency at the time of injection and death, and
their consequent non-visualisation. Nylander & Olerud are
the only workers to describe a surface venous plexus, but
they only report it in pathological specimens (vagotomised)
or regions (ischaemic). |

In summary, it would seem that the case for the
existence of mucosal arteriovenous channels and a surface
venous plexus, which contradicts with the results of every
other worker, is inadequately supported by the authors’
evidence. ' |

In 1970, Oka published the results of an investigation
of the gastroduodenal microcirculation of normal rats and of
those suffering from serotonin induced ulcers. This is of
limited value as few technical details are given. Oka only
states that the stomachs and duodena of an unspecified
number of rats were subjected to in vivo transillumination
or to india ink injection, followed in the latter case by
clearing.

The mucosal arterioles displayed two branching
patterns. In both cases, the parent artery arose from the
submucous plexus and pierced the muscularis mucosae, but
then it either branched immediately or, turning through 90°,
ran parallel to the muscularis mucosae for a short distance
before branching. The branches coursed perpendicularly to
the mucosal surface and gave rise, throughout their course
to a dense capillary network which filled the space between
them. This textual description contradicts the accdmpanying
diagram, which shows the mucosal arterioles forming
capillaries and ending at the base of the mucosa. Oka also
reported that he saw arteriovenous anastomoses 15 to 30 um
in diameter in both the submucous plexus and in he
muscularis. he does not describe them in the mucosa. They
often displayed a sacculated appearance.

In the absence of adequate technical information,
little can be said about the circumstances under which the
above patterns are demonstrable. Likewise, the description
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of the AVA’s appears unsatisfactory. No histological studies
were carried out and it is unknown by what diagnostic
criteria they were identified. It is unclear whether they
were visible in the transilluminated preparation, in the
injected specimens or in both. the photographs are
inconclusive. Thus, on the basis of the published
information, it is impossible to assess the validity f these
results.

The results of a minor study of the venous drainage of
the antrum and corpus were reported by Hubens (1971). he
removed the stomachs of 20 unstarved rats and immersed them
in benzidine alcohol to stain the haemoglobin of the
erythrocytes. The specimens were fixed and cleared, then
examined by transillumination as whole mounts. Segments of
the antrum and corpus were removed and examined
histologically. '

In the corpus Hubens observ;d a dense capillary plexus
which drained into perpendicular collecting veins by means
of a tree 1like network of secondary venous tributaries.
These collecting veins drained into the submucous venous
plexus. In the antrum, however, the collecting veins were
absent, the capillary plexus draining into a venous net at
the base of the mucosa, which ramified parallel to the
mucosal surface. This was supplied by secondary venous
tributaries and itself entered the submucous plexus.

This paper presents results which appear to be
reliable. The use of benzidine alcohol to display the
microcirculation is subject to modification by physiological
factors (see above). The demonstration of a venous plexus in
the antrum, which runs parallel to the mucosal surface, may
be of relevance to Taylor & Torrance’s hypothesis of an
antrum corpus portal system (see below).

The first comprehensive descriptions based solely upon
in vivo investigation were presented by Guth et al. (1970;
1972; 1975). He used two preparations, the exteriorised
stomach and the everted pouch. In the first, the stomach was
brought out of the abdomen, ifrigated. with warm Ringer-
gelatine and a quartz light guide inserted via a hole in the
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duodenum. The stomach was distended by the Ringer-gelatine.
A small window of serosa and muscularis externa was removed
to allow the submucosa and mucosa to be seen more clearly.
This area was then transilluminated. Observations were
restricted to the glandular stomach.

The second preparation was designed to improve the
visualisation of the mucosa. The duodenum was transected
after the second part and the proximal end was drawn through
an incision in the rumen, after separating it from the
gastroduodenal artery. The cut edge was tied and a 1light
guide was inserted into the pouch so formed.

Guth’s in vivo results largely confirmed the
descriptions of the previous authors, which had been based
upon the investigation of post mortem material. Branches of
the gastroepiploic and left gastric arteries pierced the
muscularis, within which they gave off branches, 25-35um in
diameter, which ran transversely to the 1long axis of the
stomach. These, in turn, gave rise to a superficial and a
deep capillary plexus. There were few inter-plexus
anastomoses. Within a plexus, the capillaries took parallel
paths, 40-80um apart. The venus system was the inverse of
the arterial.

The vessels left the musculéris, after giving off the
muscular nutritive branches, and éntered the submucosa. Here
a large number of smaller branches were formed, 35-58um in
diameter, which anastomosed among themselves, forming a
primary submucous plexus. A secondary anastomotic arcade,
comprising vessels 21-41lum in diameter, ’filled in’ the
primary plexus. The venous arrangement mirrored the
arterial, the veins at each 1level being larger than the
corresponding arteries. Guth noted that a continuous network
was formed in the submucosa on the anterior wall and the
greater curvature of the glandular stomach whereas, in the
region of the 1lesser curvature, the arterial and venous
plexuses were less extensive. Their branches, which passed
to the mucosa, made few arterioarterial or venovenous
anastomoses at any level. The posterior wall was not
studied.
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Mucosal arteries arose from the secondary vessels of
the submucous plexus and entered the mucosa by penetrating
the muscularis mucosae perpendicularly. In the base of the
mucosa, each of these arteries terminated by branching to
form three or four vessels, each gf which gave rise to three
to six capillaries. These ran'perpendicularly into the
mucosa forming a hexagonal network around the glands. They
drained into mucosal veins, which were also perpendicular
and which were tributaries of the submucous venous plexus.
Arterioarterial and venovenous anastomoses were seen between
the mucosal arteries and between the mucosal veins.

Guth was unable to find any arteriovenous anastomoses
at any 1level of the stomach wall. Apparent examples were
eliminated by altering the angle of view or of illumination
and by observing the pattern of blood flow or of injected
contrast contrast media. He did describe thoroughfare
channels (2Zweifach & Chambers 1946; 2Zweifach 1957) in the
nmuscularis externa. These structures extended from a
metarteriole to a venule and cbntained groups of smooth
muscle cells in their walls. Hoﬁever, they were components
of a vascular bed and themselves gave rise to capillaries.
They were therefore not true arteriovenous anastomoses.

In vivo observation of the microcirculation
demonstrates only the vascular channels which are
functioning at that time and not the total number of
anatomical vessels. Thus, any factor affecting blood flow
may modify the observed anatomy. It is true that Basu Mallik
(1955) claimed that he could see close vessels in his living
transilluminated specimens, but he provided no evidence or
photographs to support this contgntion. Guth’s experimental
rats differed from intact rats in several ways which could
affect the observed anatomy. These were factors such as
surgical shock, the cardlovascular effects of
succinylcholine (Goodman & Gillmann 1965), blood composition
variations as a result of uncontrolled artificial
ventilation (Wiegman 1975), and the deprivation of the
submucous plexus under the window of its superficial inputs
and outputs.
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In the previously described exteriorized stomach
preparation, Guth studied the glandular stomach. The
description of his eversion preparation is ambiguous, but
implies that a section of duodenal mucosa was
transilluminated, rather than gastric. If this was so, then
combining the two sets of observations into a single model
is invalid. Also, as it was necessary to separate the
gastroduodenal artery from its intramural duodenal branches,
the flow characteristics of the area would have been
significantly altered. This technique did not permit
observation of the posterior wall.

Guth’s inability to find any arteriovenous anastomoses
cannot be accorded the same degree of significance as the
positive results of some other wérkers., particularly since
he does not give any quantitative information. However, his
observations of possible examples and their subsequent
rejection by the application of further diagnostic criteria
suggests that had any AVA’s been present and patent, he
would have seen them. Several workers have shown that
injection of the stomach in Man (Barclay & Bentley 1949a;
1949b; Bentley 1949) and of thé rat (Arabehety 1959) at
operation produces less mucosal filling than results from
injection post mortem. This has been interpreted as showing
that submucosal AVA’s are open in the 1living surgically-
shocked animal. These factors iné’i:'ease the weight carried by
Guth’s results. ;

Kobayashi (1973) subjected twenty rats to double dye
injection in vivo, and cleared 1 cm squares of tissue. His
work was designed only as a study of gastroduodenal AVA’s.
He describe?ntb:};z;)ee types of AVA, based upon a structural
classificationk All were found in the submucosa. However,
the gquoted technical details leave several unanswered
questions. The nature of the injectate, the injection
technique and the mode of killing are not stated. The value
of the detailed quantitative results is open to doubt as
Kobayashi did not describe the premises upon which he based
his identification of the AVA’s. The photographs do not
unequivocally demonstrate the nature of the structures in
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question and the methods of examination are not mentioned.

The gastric mucosa was also investigated by Hase & Moss
(1973). They injected four rats with ink in vivo, and four
with silicone rubber immediately post mortem. 24 further
rats were similarly injected after rotational stress for 2,
4 or 6 hours. The specimens were cleared and examined as
whole mounts or 50 - 100um sections. The authors confined
their work to the glandular stomach. They described the
submucous plexus, which was formed from the branches of the
extramural arteries, and from which arose perpendicular
mucosal arteries (’connecting arterioles’). These penetrated
the muscularis mucosae and branched immediately at the base
of the mucosa to form the capillary network which filled
this layer The capillaries drained into the perpendicular
collecting veins which were the tributaries of the venous
submucous plexus. A venous plexus at the surface of the
mucosa was not described.

RUMEN CORPUS ANTRUM
NUMBER OF AVA's 96 60 46
AVA DENSITY (cm™2) 30 19 14
AVA LENGTH (um) 564-1058 384-797 426-630
MINIMUM BORE (um) 10.7-12.3 10.0-13.2 10.0-12.2
AVERAGE ART. BORE (um) 22.2 - 26.9

AVERAGE CAP. BORE (um) 6.0 - 9.6

AVERAGE VEN. BORE (um) 24.8 - 36.4

Table 3 Physical Parameters of Gastric Arteriovenous
Anastomoses (AVA's) - From Kobayashi (1975)
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The authors described AVA’s in the submucosa, 20-40um in
diameter in all the groups. Their diagnostic criterion
appeared to be the presence of channels joining vessels
injected with different colours of rubber, the colours
mixing in the channel or with ink from arterial and venous
sources. These were usually found where the artery and the
vein pierced the muscle together (m. externa or m. mucosae
is not stated). They were particularly distended in
ischaemic areas, consequent upon ‘2 hours rotational stress.
This was only stated in connection with the four silicone
rubber injected rats. The antral pattern was essentially the
same as the corpus, other than for the presence of a shorter
coarser capillary network in the former.

The significance of the above results is limited due to
the small number of control animals studied. The
observations from each injection preparation cannot be
combined into a single model, but must be considered
separately, as there is no proof that the two sets of
results are comparable. Unfortunately this cannot be done as
the authors do not correlate observations and techniques. In
addition, some aspects of their techniques require comment.
The use of ether to kill the ink injected rats is slow and
could lead to ante mortem circulatory changes which would
modify the observed vascular patterns. Although Hase & Moss
describe their criterion for identifying AVA’s this does not
appear to be diagnostic as it cannot be assumed that vessels
filled with yellow rubber are neéessarily arteries or those
with red, veins. Such identifications can only be
provisional in the absence of histological investigation.
The photographs which are presented are inconclusive as it
is not possible to differentiate arteries and veins or
overlapping and intercommunicating vessels. The authors’
identification of mucosal arteries and capillaries is
likewise based upon unstated premises, their sizes and
histological characteristics being unknown. In conclusion,
it is worthy of note that the AVA’s were more prominently
associated with pathological ischaemic areas than with
normal tissues. This finding agrees with those of other
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authors.

Kawarda et al. studied 70 starved rats, subjected to
cold and immobilisation, with a control group of five normal
animals (1975a; 1975b). This injection study demonstrated
AVA’s in the experimental group'where "arteries and veins
penetrate the muscle coat". Most of this group showed
gastric ulceration and mucosal lesions. There are several
limitations to this study. The AVA’s were only reported in
an experimental group which@ showed marked gastric
pathological changes. Their presence is not mentioned in the
small number of normal rats or other experimental groups.
There is no indication of the tissue processing techniques
or observational methods or of the AVA characteristics. In
particular, the gastric layer in which they were found is
unclear. These factors limit the value of the report.

Gannon et al. (1982) have reported extensive
examinations of the mucosal vasculature, based largely upon
scanning electron microscopy of vascular casts. They
confirmed Schnitzlein’s finding that the mucosal arteries
formed capillaries at the base of the mucosa. Despite
careful searching and defined criteria, they were unable to
find any arteriovenous anastomoses, although they did report
arterioarterial anastomoses and small (< 10um) arteriovenous
communications "which were not arteriovenous anastomoses".

The Duodenum

There has been no specific study of the intramural
microcirculation of the rat duodenum. Oka (1970) and
Kobayashi (1973) incorporated some observations upon the
duodenum. Oka contrasted the densely distributed villi and
the thick mucosa of the duodenum with the converse in the
jejunal/iléal area. He described three types of capillary
circulation in the duodenal villi. A central arterial input
might have peripheral or ‘tree iike' venous drainage, or a
peripheral arterial input would have central venous
drainage. The second was the most common. He also described
the villi as "dam shaped’ i.e. crescentic, with the base
wider than the height. This is consistent with Spanner’s
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description (1932) of a fountain pattern for the jejunal
villous vasculature.

Kobayashi claimed to have found 0-2 AVA’s at the
duodenal villous tips (0-0.19 AVA mm~2).These were slightly
smaller (10-11um) than those found in the stomach, compared
with average diameters of 16.6, 33.4 and 5.lum for the
arterioles, venules and capillaries respectively. This too
agrees with Spanner’s findings of direct arteriovenous
communications at the tip of the jejunal villi.

The remaining reports in the literature either describe
the vascular architecture of a part of the small intestine
other than the duodenum (Spanner 1932; Baez 1959; Mohuiddin
1966), or appear to regard the small intestine as
homogeneous and do not specify which part was studied
(Miller 1967). Since there is no evidence to show that this
region is uniform, these results are beyond the scope of
this review of the duodenum and will be described in outline
only.

Spanner, Baez and Mohuiddin described the duodenun,
using injection, transillumination and histological
techniques respectively. All found a fountain pattern in the
villi, with a central arteriole, peripheral vein(s) and an
intervening capillary plexus. Only Spanner reported the
presence of direct arteriovenous communications which were
located at the tips of the villi. However, Baez did find
thoroughfare channels at the base of the mucosa and in the
mesenteric region of the serosa. Miller’s results, based
upon injection techniques, also indicated a fountain pattern
in the villi, i.e. a central paraxial artery and two
peripheral marginal veins with an intervening capillary net.
In some cases, venous escape o0f injectate preceded
significant mucosal filling. The author suggested that this
could indicate the presence of AVA’s, although there was no
anatomical evidence to support this.

Physiological sStudies
A number of investigations using radioactive tracer

techniques have been conducted by Taylor & Torrance, which
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reveal anatomical correlates (1974; 1975a-c). The authors
suggest that their work demonstrates a direct transfer of
tracer from the antrum to the body of the stomach,
independent of the systemic circulation but dependent upon
perfusion of the stomach and upon the integrity of the
antral/body junction. They hypothesize that this transfer
may be mediated by an anatomical vascular portal system.

Their data does appear to support this conclusion. The
degree of transfer may have been actually underestimated,
since Taylor & Torrance calculated total activity rather
than activity per gram of tissuel In the 1976 paper, this
inaccuracy was ammended.

Conclusions

The preceding works give a generally consistent account
of the microcirculatory anatomy of the stomach and duodenum
of the rat, although they do differ in some respects. In
some cases, it is not possible to assess the differences as
the evidence is inconclusive.

Only two authors (Berg 1946; Guth 1972) described the
serosa and muscularis in any detéil, but their accounts are
compatible. Additional isolated facets were contributed by
Schnitzlein (1957) and Basu Mallik (1955). The cells of the
serosa and muscularis externa aré supplied with blood by two
independent capillary plexuses, one subserosal and the other
in the muscularis. These are fed by branches of the arteries
penetrating the muscularis and by recurrent twigs from the
submucous plexus.

All the workers agreed that the branches from the
extramural arteries anastomose in the submucosa to form an
arterial plexus. They give rise to~vessels'supplying.the
muscularis externa and the mucosa. According to Guth (1972),
this plexus was less dense on the lesser curvature than on
the anterior wall or the greater curvature.

There is disagreement between authors on certain
aspects of the mucosal arterial’ vasculature. According to
Gannon (1982), Guth (1972), Basu Mallik (1955), Schnitzlein
(1957) and Hase & Moss (1973), the mucosal arteries from the
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submucous plexus do not penetrate far into the mucosa but
branch near the base to form the periglandular capillary
plexus. However Nylander & Olerud (1961) and Oka (1970)
maintained that the mucosal arteries reached the epithelial
surface giving off the components of the capillary plexus
throughout their course.

The origins of these inconsistent results may 1lie in
the variations in technique and hence available diagnostic
criteria used by the different authors. Only Schnitzlein
defined the characteristics that he used to identify the
mucosal arteries and capillariesl' and only he examined the
stomach histologically. All of the results of the other
works are derived from injection and/or transillumination
techniques. The identification pairameters are not given, but
the authors can only have made a decision based upon vessel
size since the vessel walls were unstained. Thus the weight
of defined evidence supports the view that the mucosal
arteries branch at the base of the mucosa and do not
penetrate beyond this level.

In contrast to the mucosal arterial system, there is
general agreement regarding the venous drainage. This is
effected by perpendicular mucosal veins which are
tributaries of the submucosal venous plexus. These
collecting veins are fed by the capillary loops at the
surface of the mucosa and/or by the capillary plexus(es) in
the body of the layer. Only Nylander & Olerud’s observations
of a surface venous plexus contradict this model but, as
these were based upon only the poorly injected regions of
four specimens and used undefined diagnostic criteria, they
are of lesser value. Berg emphasizes that there was no
plexus formed between the perpendicular mucosal veins
whereas Guth describes extensive veno-venous anastomoses
between them. The descriptions of the other authors are
consistent with Berg.

Two types of variation in mucosal filling by injectate
were noted, regular (Berg 1946; éasu Mallik 1955; Arabehety
1959; Hase & Moss 1973) and irregular (Nylander & Olerud
1961). Microscopic examination showed quantitative
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variations in the proportions of vascular components present
in the differingly filled mucosae, but no qualitative
pattern differences. Oka (1970) and Hubens (1971) did show
such qualitative differences but their work was poorly
documented. The correlation between injection density and
microvascular pattern was not the same in the animals
showing regular, and those showing irregular, variations.
However, these may represent two phenomena and so not be
comparable. It was generally agreed that the rumen was less
deeply injected than the antrum, which was less deeply
injected than the fundus. .

The venous system distal to{the mucosa closely mirrors
the arterial pattern although the veins at all levels are
larger than the corresponding arteries. Sacculations in the
submucous plexus were only reported by Schnitzlein.

The presence of arteriovenous anastomoses is a major
contention. The evidence is solely anatomical. Several
authors (Basu Mallik 1955; Nylander & Olerud 1961; Oka 1970;
Kobayashi 1973; Hase & Moss 1973; Kawarda 1975a, 1975b;
Lakhtina & Kozlov 1975) reported that they did find them in
the submucosa, except Nylander & Olerud who found them only
in the mucosa and Oka who also saw them in the muscularis.
Conversely three authors (Schnitzlein 1957; Guth 1972;
Gannon 1982) were unable to find them after a specific
search. Their studies defined their identification criteria,
did not use pathological material and utilised a number of
examination techniques. It is noteworthy that both
Schnitzlein and Guth observed AVA-like structures which were
subsequently rejected after the application of further
defined criteria.

From the 1literature it is not possible to give an
account of the duodenal microcirculation. A few details of
villous capillary circulation and AVA occurence are given by
Oka (1970) and Kobayashi (1973) respectively, bit no other
works are specific to this regioh.

The overall model of the gastric microcirculation in
the rat is, therefore, detailéd and agreed. However, a
number of points await clarification, principally the

s
“
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occurence of AVA’s, the spatial variations in anastomotic
density of the submucous arterial plexus and the mucosal
angioarchitecture. An anatomical explanation for Taylor &
Torrance’s portal system hypothésis is also necessary. No
mucosal arteries of extramural origin have been described. A
detailed study of the duodenum, with particular reference to
these features is also necessary since few facts specific to
this region are available.
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CHAPTER 10
THE DOG

NON-VASCULAR GASTRODUODENAL ANATOMY

The dog has been included in a number of anatomy texts,
notably those of Ellenberger & Baum (1943) and Sisson (1953)
and in the general histology text of Trautman & Fiebiger
(1957) . Additionally, the anatomy of the dog and cat was
described in detail by Bourdelle & Bressou (1953). Several
other authors have confined their attention to particular
aspects of the canine foregut. Mall (1896) gave a general
account of the stomach, with pérticular emphasis on its
vascular system. The gastro -~ pesophageal junction was
examined by Botha (1958a; 1958b;¢1962), El-Ramli (1964) and
Fatani (1971) and histological aspects of the gastric mucosa
by Bensley (1902), Oi et al. (1958) and Solcia et al.
(1969). Weissflog (1903) described the gastric musculature
whilst the duodenum was examined by Villemin (1922) and
Carleton (1935).

External Form

The abdominal course of the oesophagus is very short,
no more than a few millimetres, and deviates to the left.
According to Botha (1958a; 1952), there was no visible
change in its diameter where it joined the stomach, nor was
there any palpable muscular thickening. Conversely, El-Ramli
(1964) did feel such a thickening. The incisura cardiaca
varied from 0° to 90°, depending on the volume of the
gastric contents, but was generally very acute.

The piriform corpus and fundus are divided from the
cylindrical pyloric antrum by a sharp incisura angularis.
The weight of the stomach was reported by Bourdelle &
Bressou (1953) to vary from 0.065-0.251 kg (equivalent to
0.62-1.39% of the body weight), whereas Delaney & Grim
(1964) reported values of 0.057-0.137 kg (equivalent to
0.65% of the body weight). The gastric and body weights were
poorly correlated (r = 0.55). Delaney & Grim also noted that
the antrum comprised 40% of the gastric weight and that, in
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the corpus, the relative weights of the tissue layers were
mucosa (47%); submucosa (18%); muscularis + serosa (35%).
Mall (1896) found that, the fundus was most distensible
(1226% of its size when empty) compared with 22% and 188%
for the corpus and antrum respectively. Bourdelle & Bressou
found the volume varied between 0.6-8.0 1 in different
animals, with a mean of 3.0 1, the latter value also being
quoted by Sisson (1953). ;

The duodenum is a single loop, open to the left, with a
long descending limb and a shorter ascending limb. Villemin
(1922), but no other author, described an initial
dilatation. The bile and pancreaﬁic ducts enter separately,
often with an accessory pancreatic duct between then.
According to Villemin, the two main ducts entered just after
the pylorus, whereas, according to Carleton (1935), the bile
duct entered 3.0-4.5 cm from the pylorus, with the
pancreatic duct 3.0 cm beyond it, whilst Sisson’s values
were 5.0-8.0 cm and 2.5-5.0 cm respectively.

Mucosal Folds _

Bourdelle & Bressou noted ifolding in the oesophagus
which, Fatani (1971) added, was longitudinal. Bourdelle &
Bressou also described a group of longitudinal folds in the
stomach along and adjacent to the greater curvature, which
disappeared orally and aborally. There are also specialised
folds around the cardia and, according to Mall, at the
pylorus which are constant in location and occurence and
which probably have a sphincteric function.

Gastro-oesophageal Junction
The oesophagus enters the stomach with no dilatation or

narrowing in its terminal segment. Botha (1958a; 1962) was
unable to find any muscular thickening at the cardia and
although Fatani found a slight thickening of the muscularis
mucosae at this point, he stated that there was no
sphincter. Conversely, El-Ramli (1964) was able to palpate a
thickening at the cardia in 14 dogs which histological
examination (in one dog) showed to be due to a smooth muscle
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sphincter. In the 1living or recently killed animal,
Bourdelle & Bressou noted the presence of irregular short
folds around the cardia which. were erased by mucosal
tension, leaving only a regular mucosal rosette around the
oesophageal aperture, coincident with the incisura cardiaca
which, they suggested, might be raised by the gastric sling
fibres.

Epithelial Lining

The oesophagus is lined by a stratified squamous
keratinized epithelium, beneath which are a large number of
submucosal tubulo-alveolar mucous glands. There is an abrupt
transition between the oesophageal and gastric mucosae,
occuring at, or immediately distal to, the cardia, so that
the stomach is entirely lined by a glandular epithelium.
Mall estimated there to be approximately one million gastric
glands, the density decreasing from rostral to caudal.
However, this was based upon samples taken only from a
longitudinal strip of the anterior wall. The stomach is
divided into three regions, the cardiac, fundic and pyloric
gland areas. The cardiac zone forms a narrow collar around
the oesophageal aperture with, according to Sisson (1953),
isolated glands scattered along the lesser curvature. The
cardiac gland bodies contain cells which stain as fundic
parietal cells, whereas the cells lining the pits into which
the glands drain are mucin secreting (Trautman & Fiebiger
1957) . However, Trautman & Fiebiger observed transitional
gland types in this area, with and without mucous, parietal
and chief cells. Both Trautman & Fiebiger and Ellenberger &
Baum (1943) agreed that the fundic gland area (rostral two
thirds of the stomach) was bipaftite, comprising a smaller
thin light region orally and a larger thicker dark region
aborally. The aboral region contains true fundic glands,
with mucous cells and a few parietal cells in the gland
neck, and chief and parietal cells in the body. The parietal
cells were often separated from the lumen by a few cell
layers. Between the glandular bases and the muscularis
mucosae are, superficially, a collagenous stratum compactum
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and, deeply, a cell rich stratum granulosum, the two
together composing the lamina subglandularis. In the oral
region however, the glands are shorter and more tortuous and
are distributed in groups. There is a deficiency of parietal
cells, relative to other cell types, and the stratum
compactum is absent. The pyloric glands contain mnmucous
cells, as found in the necks of the fundic glands.

The distribution of parietal cells was studied in ten
dogs by O0i et al. (1958) who removed 48 x 0.02 cm? samples
from the stomach of each. They found the greatest
concentration of parietal cells in the corpus on the greater
curvature, decreasing rostrally and caudally. In a single
gland, the concentration decreased towards the base,
implying a maximum in the neck, in contrast to other
authors’ results. However, Oi et al. examined only
approximately 0.006% of the total gastric area, which casts
doubt on the validity of their distribution patterns.

Solcia et al. (1969) found several types of cell with a
probable, though often unspecified, endocrine function in
the canine gastric mucosa. Gastrin secretory cells were
found in the middle and deep thirds of the pyloric mucosa.

Villemin (1922) found that the gastroduodenal mucosal
interface was slightly caudal to the pyloric sphincter i.e.
the first centimetre of the duodenum contained pyloric
mucosa. He cites Kuczynski(1890) who also stated that the
gastroduodenal junction was unclear. Carleton (1935),
Villemin, Sisson and Trautman & Fiebiger were in agreement
that the Brunner’s glands , found in two layers, deep and
superficial to the muscularis mucosae, disappeared within
2cm of the pylorus, at or before the entrance of the bile
duct. The mucosa is initially smooth, the wvilli increasing
in length distally. The duodenum also contained intestinal
glands but, according to Trautman & Fiebiger, Paneth cells
were absent.

Musculature
The oesophageal musculature comprises two striated
layers, initially opposite spirals, which become an inner
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circular and an outer longitudinal layer near the cardia.
According to Botha (1958b; 1962), there is a sudden
transition of striated to smooth circular muscle just above
the cardia whereas the change in ithe longitudinal muscle is
more gradual, with some striated fibres extending onto the
stomach. The muscularis mucosae 1is also orientated
longitudinally but is absent in the first half of the
oesophagus and only becomes continuous near the cardia.
There is disagreement concerning the presence of a sphincter
at the gastro-oesophageal junction (v.s.).

The gastric musculature has been described by several
authors, although some appear to have based their accounts
upon that of Ellenberger & Baum. The thickness of the wall
increases from 1.94mm at the cardia to 3.38mm at the
pylorus. This was associated with an increase in the
thickness of the muscular component from 0.83mm to 1.80mm.
The outer layer of the muscle is a continuation of the
oesophageal longitudinal muscle but is incomplete. There are
longitudinal bundles along the greater curvature and the
right lesser curvature which are united by 1longitudinal
bands at the pylorus. There are also oblique fibres over the
fundus, radiating from the cardia. The middle circular
layer, which is continuous with the oesophageal circular
layer, is complete and gives rise to two pyloric sphincters,
one proximal to the pylorus and one at the pylorus, which
intersect on the 1lesser curvature. The internal oblique
layer is incomplete, forming well developed sling fibres
around the oesophageal aperture as well as contributing to
the wall of the corpus. There appears to be no information -
available on the duodenal musculature in the dog.

Conclusions

The very short abdominal oesophagus joins the stomach
with no change in its diameter, forming a very acute
incisura cardiaca. The piriform fundus and corpus are
separated from the cylindrical pyloric antrum by a sharp
incisura angularis. The duodenum forms a single loop, into
which the bile and pancreatic ducts enter separately, often
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accompanied by an intermediate accessory pancreatic duct.
Both entry points are within 13cm of the pylorus but their
precise positions are disputed and cannot be stated on the
basis of the present evidence.

There is conflicting, but apparently valid, evidence
concerning the presence of a sphincter at the gastro-
oesophageal junction. Further work is required to elucidate
this point, although the weight of evidence favours the
absence of such a structure. It is accepted that there is a
mobile occlusive mucosal rosette around the oesophageal
aperture and, to its left, a mucosal fold, raised by the
well developed sling fibres around the cardia. There are
also longitudinal folds in the terminal oesophagus and along
the greater curvature and a fold around the pylorus.

The oesophagus is lined by a muco-secretory keratinized
epithelium whereas the gastric mucosa is entirely non-
keratinized. The latter is divided into a narrow cardiac
zone around the cardia, a bipartite fundic zone occupying
the rostral two thirds of the stomach, and a caudal pyloric
gland area. The cardiac glands contain mainly mucous cells,
with some parietal-like cells in the gland body. The fundic
glands contain mucous, parietal and chief cells, the former
in the neck and the latter two in the middle and base of the
glands. 0i’s account inverts the accepted intra-gland
distribution of parietal cells ‘and may be discounted in
comparison with other accounts. The pyloric mucosa contains
mucus and gastrin secretory. cells. In all cases.
transitional cells types are found between the regions,
which may explain inter-author discrepancies, as information
is rarely given on the number and origin of histological
samples. The first part of the duodenum is 1lined by a
pyloric type mucosa, and the duodenal glands (Brunner'’s)
have disappeared by a point two centimetres from the
pylorus.

The two proximally spiral layers of oesophageal
striated muscle have become an inner circular and an outer
longitudinal layer when they reach the cardia. The circular
layer undergoes a sudden transition to the smooth gastric
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circular muscle at the cardia but the longitudinal 1layer is
more gradually transformed. The incomplete outer gastric
layer comprises mainly longitudinal bundles along the
greater curvature and right 1lesser curvature and oblique
fibres on the fundus, radiating from the cardia. The
complete middle circular layer forms two intersecting
thickenings at the pylorus, whilst the inner oblique forms
sling fibres around the oesophageal aperture.

EXTRAMURAL VASCULATURE

The observational literature upon the anatomy of the
canine coeliac artery and its branches was sparsé. until the
last decade. The information was almost entirely located in
the standard veterinary textbooks (e.g. Bradlefr 1912;
Ellenberger & Baum 1943; Sissonr_-,‘19»5'3; Bourdelle & Bressou
1953; Miller et al. '1967). These accounts, which were in
general agreement, dealt only with the primary and secondary
branches of the coeliac artery and gave no details of the
evidence upon which the descriptions were based. All the
authors described a canine anatomy which was very similar to
the ’classical’ pattern in man.

Description

The coeliac artery, which arises from the aorta, gives
off the hepatic artery, then continues as a gastrosplenic
trunk, which almost immediately divides to form the left
gastric and splenic arteries. The hepatic artery gives off
several proper hepatic arteries to the liver, and the right
gastric artery which passes rostrally along the lesser
curvature, supply the distal stomach and anastomose with the
left gastr‘ic artery. The hepatic; artery then continues as
the short gastroduodenal artery,f‘:' which divides to form the
right gastroepiploic and pancreaticoduodenal arteries. The
former passes along the dgreater curvature, supplying the
distal stomach, and anastomoses with the left gastroepiploic
artery. The pancreaticoduodenal artery supplies the duodenum
and pancreas. The left gastric artery ramifies on the left
part of the stomach and forms a branch which anastomoses
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with the right gastric artery. The splenic artery passes to
the ventral part of the spleen. En route, it gives off
pancreatic branches, the left gastroepiploic artery which
passes along the greater curvature and supplies the stomach,
and a gastrosplenic branch to the dorsal part of the spleen.
This contributes branches to the left extremity of the
stomach.

Thus, prior to 1970, there was a consensus upon the
anatomy of the larger blood vessels of this region although
with 1little information on variant frequencies. 1In
particular, the literature appertaining to the duodenal
supply was sparse. An early .explicit description of
experimental observations upon the <canine gastric
vasculature was given by Mall (1896) who used an injection /
dissection technique on an unspecified number of dogs. His
account described only the anastomoses on the duodenum
(hepatic / superior mesenteric arteries), on the 1lesser
curvature (hepatic / gastric arteries) and on the greater
curvature (hepatic / splenic arteries). He also described
the areas (size and location) supplied by the branches of
the three main vessels. He found that the hepatic artery and
its branches supplied the pyloric part of the stomach, the
gastric artery supplied the middle zone of the stomach
adjacent to the lesser curvature plus a ring at the cardia,
and the splenic artery supplied the middle zone adjacent to
the greater curvature plus the fundus.

The first detailed study of the gastric circulation
appears to be by Enge et al. (1972). This was an in vivo
angiographic investigation upon 24 subjects using Isopaque
350 as a contrast medium. The process was validated by the
comparison of post mortem observation with the radiographic
topology in four of the subjeéfs using Colorpaque. The
authors quoted a lower resoluticn limit of 0.2 mm external
vessel diameter. On the basis of Mall’s measurements this
should enable vessels down to the large branches of the
submucosa to be imaged, although the authors admitted that,
in some areas, the 1limit was raised due to vessels
overlapping. Both anterior - posterior and lateral films
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were made to facilitate three dimensional reconstruction.

Enge’s results are generally consistent with those of
other authors. Where discrepancies do arise, they appear to
be a consequence of Enge’s recognition and quantification of
variant patterns as opposed to other authors’ description of
what they believed to be the ’‘standard’ pattern. In the
majority of animals (20/24-83%), the coeliac artery branched
tripodally. In only four cases did the 1left gastric and
splenic arteries arise from a single trunk, branching from
the coeliac artery distal to the origin of the common
hepatic artery. In all cases, the coeliac was a branch of
the aorta. .

The common hepatic artery was the largest branch of the
coeliac. It gave rise to two to four tortuous proper hepatic
arteries although in five cases, a fifth was present. These
supplied the hepatic 1lobes although their precise
arrangement was sometimes unclear owing to partial overlay
by other vessels. The common hepatic then continued as the
gastroduodenal artery. In onlxvseven cases was a right
gastric artery given off from the gastroduodenal. In a
further two it arose from one of the proper hepatic
arteries.In all of these the right gastric ran along the
lesser curvature. The gastroduodenal artery then gave rise
to the right gastroepiploic artery in all 24 specimens,
although in three animals the vessel was double. This ran
along the greater curvature, supplying it by several short
gastric arteries. The gastroduodenal artery ended by forming
one or two superior pancreaticoduodenal arteries which
supplied the pancreas and duodenum.

The left gastric artery gave off a branch to the upper
stomach before continuing to run along the lesser curvature.
No hepatic branch was seen. The Sblenic artery gave branches
to the spleen and occasional branches to the pancreas.

Three sets of arterioarterial anastomoses were seen
with varying frequency. The left and right gastric arteries
anastomosed on the lesser curvature in 5 of 24 cases.
Anastomoses between the right gastroepiploic and branches of
the splenic artery were seen in the gastrosplenic ligament
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in 5 specimens. By contrast, the superior and inferior
pancreaticoduodenal arteries anastomosed in most of the
animals.

There has been 1little subsequent work on the
vasculature of the canine stomach. Zinner (1975), in a
pharmacological study, gave a description in agreement with
the classical account. Whether this was based upon his own
observations or upon the literature was not stated. Piasecki
(1975) in a radiographic examination of the canine gastric
microcirculation using a contrast medium, reported that the
gross blood supply to the stomach was "generally similar to
that in Man". He was the first to report that the left
gastric artery was double in all his specimens. However,
these results were based upon the examination of only six
animals (Piasecki 1975).

Gupta et al (1978) defined the areas supplied by the
main extramural arteries in 45 dogs, using an injection
technique. Their results confirmed the textbook descriptions
and that of Mall, but emphasized the importance of variant
patterns. Variation was most cominonly seen in the relative
contributions of the Left Gastroepiploic, Left Gastric and
Right Gastroepiploic Arteries.

Experimental observations on the gross blood supply to
the canine duodenum have been made by a number of workers,
such as Thamm (1941), Rauch (1962), Kondrashov (1964) and
Gomercic (1972b). Thamm, in a study of 12 dogs, reported
that the descending duodenum was entirely supplied by the
cranial pancreaticoduodenal artery. The ascending duodenum
and pancreas were supplied by the caudal pancreaticoduodenal
artery. These two arteries, branches of the coeliac and
cranial mesenteric arteries respectively, anastomosed on the
duodenum. No variations were described.

Gomercic dissected 30 formaldehyde fixed dogs after
vascular injection. He found that the cranial
pancreaticoduodenal artery supplied the entire descending
duodenum in only 9 animals (30%). In 18 dogs, only the
cranial half was supplied by this artery and in 3 only the
cranial third. He found Thamm’s distribution of the caudal
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pancreaticoduodenal in only 14 animals. In the remaining 16,
the cranial mesenteric artery gave rise separately to the
caudal pancreaticoduodenal and a ramus duodenalis. A
coeliaco-mesenteric anastomosis was found on the duodenum in
only 33% of cases. In the remaining specimens, the
anastomoses were found within the pancreas.

Conclusions

The consensus is summarised in the diagram. There are,
however, a few discrepancies bétween Enge and previous
authors. The former’s full experimental description suggests
that his results may have the greater wvalidity. Firstly, the
branching of the coeliac artery appears to be normally
trichotamous, but a dichotomy is a variant, to form the
common hepatic artery and a gastrosplenic trunk. Secondly,
according to Enge et al., the right gastric artery was
present in only 9/24 animals, in two of which it arose from
a proper hepatic artery, whereas this artery is a normal
feature of the ’‘text book’ account. This point awaits
clarification. Thirdly, Enge et al. describe an anastomosis
between the left and right gastric arteries in only 5/24
animals (5/9 cases in which thefxight gastric was present)
and between the right gastroepipioic artery and branches of
the splenic artery in only 5/24 animals. Anastomoses along
the greater and lesser curvatures are described by all other
authors and are of importance in explaining the results of
selective ligation experiments. This difference should be
subject to further examination. ' Finally, the left gastric
artery has been described as double by only one author.
Similarly, the right gastroepiploic artery may be double.

INTRAMURAL ARTERIAL VASCULATURE

Despite the widespread use of the dog in the study of
gastrointestinal physiology, phérmacology and pathology,
there are only two detailed descriptions of its intramural
angioarchitecture by Mall(1896) and Piasecki(1974). A single
description based on a number of species, including dog, was
given by Leone(1949), and observations on the vessels of the
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jejunum and ileum were published by Noer(1943) and Jacobsen
& Noer(1952). Beyond this, the only information is in the
form of anatomical correlates of physiological studies,
particularly those concerning the effects of vessel ligation
and the existence of arteriovenous anastomoses, and
incidental remarks in studies on a different subject.

Description
Mall(1896) gave a description of the intramural vessels

of the stomach. He based his vascular descriptions upon
double injected specimens, which were dissected and
macerated and examined in three dimensions. His work has
limitations since it is not clear upon how many specimens
his descriptions are based and what variants were present.
In addition, he confined his samples to a thin strip along
the middle of the anterior and posterior walls, and did not
describe any other parts of the stomach. Nevertheless, his
account is detailed and has been largely confirmed by
subsequent authors.

Mall showed that the muscularis externa has three main
sources of supply. The most important is by recurrent
vessels from the submucous plexus, approximately 250um in
diameter. These give rise to an arterial plexus (average
diameter 100um) between the 1longitudinal and circular
laminae, which is the sole supply for the former and
contributes to the latter. The circular muscle also receives
small inputs from the connective tissue plexus in the
submucosa, although Mall did not use this term. In addition,
the whole of the muscularis receives nutrient branches from
the extramural arteries as they pass though the muscle. This
latter feature was confirmed by Peters & Womack(1958), .but
they did not mention the other sources of supply.

Mall showed that the external vessels enter the
submucosa and give rise to the submucous plexus. This is
located in the middle of the submucosa and is in a single
plane. The vessels are largest in the corpus, where they
have a mean diameter of 415um. The primary plexus gives rise
to a secondary plexus, which in turn forms mucosal arteries.
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These pierce the muscularis mucosae and branch at the base
of the mucosa to form a dense. capillary network which
surrounds the glands. Mall noted particularly that the
mucosal arteries do not form a plexus within the mucosa, and
contrasted this with the cat. The mucosal arteries have a
mean diameter of 25um and their immediate branches 17um. The
capillaries had diameters of 3 - 6éum.

This picture was confirmed by Piasecki(1974) who
investigated 13 dogs. Eleven of these were injected with a
radio-opaque contrast medium and examined by radiography,
and two were injected with an optical contrast medium,
cleared and examined by stereomicroscopy. Piasecki gives far
more information than Mall, since he examined the entire
stomach and first part of the duodenum, and is more rigorous
in his description of variants. However, the bulk of his
evidence comes from the radiographic examinations, which do
not give three dimensional information. This was, to some
extent, compensated for by correlation with the cleared
specimens. ,

Piasecki did not describe the vessels of the muscularis
externa. He confirmed the location of the submucous plexus
within the submucous compartment. Both workers emphasised
the excellent anastomoses at thé submucosal level between
the branches derived from the extramural inputs. Piasecki
was able to add detail on variations in the pattern of the
plexus in different regions of <the stomach. Most
significantly, he showed that the plexus in the 1lesser
curvature was not significantly poorer than in the remainder
of the stomach, as determined by the concentration of
anastomoses. He did note, however, that the 1largest
anastomoses on the anterior and posterior walls were larger
than the largest lesser curvature anastomoses in three of
eight specimens. The anterior and posterior wall plexus was
richer in the corpus than in the fundus or pylorus, and the
corpus vessels were larger than ﬁhe pyloric.

Since Piasecki examined the whole stomach, he was able
to report regional variations in plexus pattern. In general,
the plexus had a scalariform pattern. However, stellate
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branching vessels were seen in the centre of the lesser
curvature, in parts of the greater curvature and in the
fundus, derived from the short gastric arteries. Continuity
in the plexus was seen at the gastro-oesophageal and
gastroduodenal junctions. In the latter, long parallel
leashes of vessels were seen in only two of eight specimens.
In the first half inch of the duodenum, a complete plexus
with a ’diamond’ shaped mesh was present, which became
scalariform, running completely around the viscus in the
second half inch.

Piasecki confirmed Mall’s account of the mnucosal
arteries, arisirig solely from the- submucous plexus, piefcing
the muscularis mucosae and branching three to six times at
the base of the mucosa. In particular, he noted that there
were no anastomoses in the mucosa between adjacent mucosal
arteries, and that there were no mucosal arteries that had
not arisen from the submucous, plexus, i.e. no mucosal
arteries of extramural origin.

Unlike Mall, Piasecki was able to find a significant
connective tissue plexus in only one specimen.

Mall does not mention arteriovenous anastomoses but
Piasecki specifically attempted, and failed, to find then,
despite injecting the animals a short time after death,
which has been predicted to maximise the probability of
filling any AVA’s(Sewell 1969). Earlier work using
microspheres had suggested their existence. Sherman & Newman
(1954) found that glass beads up to 140um in diameter passed
across the gastric microcirculation and interpreted this as
demonstrating the presence of such vessels with this maximum
size. Peters & Womack (1958) fouﬁd 125um shunts and claimed
to have observed a few in histological sections. However,
subsequent workers, using more sensitive techniques
utilising radioactively 1labelled microspheres, were
generally unable to repeat these results. Delaney & Grim.
(1964) were unable to find any spheres of 35um or larger
passing from the 1left gastric artery to the venous
circulation. Shoemaker & Powers (1966) found no evidence of
shunts above 50um, despite using vasodilators such as
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adrenaline, which Peters & Womack had shown to allow the
larger spheres to be found in the venous effluent. In a
review of the area, Delaney (1975) came to the conclusion
that the earlier work was methodologically flawed, and that
AVA’s probably diad not exist in the gastric
microcirculation. This was supported by subsequent work by
Archibald et ai. (1975) and Cheuné & Chang (1977) which gave
similar negative results. Indeed, Milland et al. (1977)
showed that the detergents commonly used in microsphere
experiments to prevent aggregation of the spheres had a
significant effect on cardiac parameters which could affect
the interpretation of experimeni:s in which they were used.

A striking feature of the microcirculation described by
Mall and Piasecki was the excellent degree of anastomosis
between the branches of the various input vessels, in
contrast to the limited degree of extramural anastomosis.
This is consistent with the results of investigations over
many years which have shown that drastic devascularization
by tying and cutting fewer than all four of the main
arteries supplying the stomach ‘has 1little effect on the
mucosa or on acid secretion. However, when all four were
severed, gastric necrosis resulted rapidly (Brenckmann 1932;
Bernheim 1932; Babkin et al. 1943; Layne & Bergh 1943). More
specifically, even severe devascularization did not result
in the formation of ulcers (Sekine & Shiratori 1974). This
has been endorsed by a number of workers, who have failed to
find chronic ulcers in ’‘normal’ dogs (Mann 1916; Ivy 1919;
Volini et al 1938).

Conversely, in a series of publications, Rau proposed
the "steal" phenomenon. He sugi;ested that the excellent
anastomoses could allow a significant reduction in blood
flow at the antrum-corpus interface to be caused by 1local
vasodilatation in the corpus. The blood flow reduction could
be sufficient to be ulcerogenic (Rau 1981; 1983; 1986;
1987). This has not been validated or supported by other
workers.
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Conclusions

Although there are relatively few direct anatomical
studies of the canine microcirculation, the results of Mall
and Piasecki, together with a number of physiological stuies
are largely in agreement. A number of features of their
descriptions are significant. The key role of the recurrent
vessels in the supply of blood to the muscularis externa is
in contrst to the more usual predominance of nutrient
vessels from the penetrating arteries. The exclusive role of
the submucous plexus in distributing blood flow is
important, as is its richness and uniformity with no areas
of plexus poverty. '

There are some areas of cortention. Mall reported the
presence of a connective tissue plexus, whereas Piasecki
could find it in only one of thirteen specimens. Mall’s lack
of methodological information, particularly numbers, and
limited examination area, must be weighed against Piasecki’s
predominant use of radiographic techniques, in which it
might have been difficult to differentiate a sparse
connective tissue plexus. The case is not proven from the
literature. As in other species, the presence or absence of
arteriovenous anastomoses is a point of debate. The balance
of later evidence seems to be consistent with their absence,
and the evidence for their presence in earlier studies is
weakened by the methodological criticisms of workers such as
Delaney. Rau’s theoretical models of a mechanism by which a
rich plexus, such as the dog’s, could produce 1local
ischaemic ulcerogenesis are of interest, but they have
little experimental basis, in comparison to the well
documented resilience of the dog’s stomach even when
extensively devascularised, and absence of spontaneous
ulceration.
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PART IXIII
ORIGINAL OBSERVATIONS

CHAPTER 11
MATERIALS AND METHODS

SPECIMENS

The species examined were 'cat, dog, primate, swine,
guinea pig, rabbit, rat, ferret and dolphin. The cats, dogs,
guinea pigs, rabbits rats and ferrets were standard
investigatory species obtained from normal 1laboratory
suppliers The primates were all rhesus monkeys from the
Indian subcontinent, obtained via the National Institute of
Medical Research, London. The pigs were a standard animal
husbandry variety, obtained via the Medical Research
Council, Northwick Park Hospital, London. The dolphin was
obtained shortly after stranding at Flamborough Head via
H.M. Inspector of Wrecks and the Natural History Museun,
London. ’

SACRIFICE

The method of sacrifice was, as far as possible, kept
constant for each specie(srz.ueafl the cats (15) but one were
given an overdosage of anaesthetic. Anaesthesia was induced
by sodium pentobarbitone (’Nembutal’) at normal dosages,
then deepened by further anaesthetic administration until
respiration and cardiac activity ceased. The one exception
was decapitated under anaesthesia.

The canine (8) and rat (13) specimens were similarly
sacrificed, with the exception of Dog 2 which received a
pneumothorax under pentobarbit‘fone anaesthesia. All the
primates (27) but one were sacrificed by exsanguination from
the abdominal aorta under pentobarbitone anaesthesia. The
exception was given a pentobarbitone overdosage.
Exsanguination from the aorta under anaesthesia was used in
5 of the 19 guinea pigs and all 26 swine. The remainder were
sacrificed by cervical dislocation except one which died
under normal anaesthesia. Three of the six rabbits were
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SPECIES SPECIMEN TECHNIQUE
No.
Cat C1 Decapitation under anaesthesia
(Felis domesticus) [C2-C15 Anaesthetic overdosage
Dog D2 Pneumothorax under anaesthesia
(Canis familiaris) |[D1;D3-D8 Anaesthetic overdosage
Primate P3 Anaesthetic overdosage
(Macacus rhesus) P1-P2; Exsanguination
P4-P27 "
Swine (Sus scrofa) S1-S26 Exsanguination
Guinea Pig GP1-GP1l3 [Cervical dislocation
(Cavia porcellus) GP14 Died under normal anaesthesia
GP15-19 [Exsanguination
Rabbit Rbl-Rb3 [Pneumothorax
(Oryctolagus
cuniculus) Rb4-Rb6 |Anaesthetic overdosage
Rat R1-R13 Anaesthetic overdosage
(Rattus norvegicus)
Ferret [F1-F12 Carbon dioxide asphyxiation
(Mustela putorius)
Dolphin Dnl Bullet to heart

(Delphinus delphis)

Table 4 Sacrifice Techniques
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sacrificed by a pneumothorax under pentobarbitone
anaesthesia, whilst the remainder were administered an
anaesthetic overdose. The 12 ferrets were all sacrificed by
carbon dioxide asphyxiation. Finally, the dolphin was put
down by a bullet to the heart after stranding.

INJECTION STUDIES

Method

The stomach, duodenum, spleen and associated blood
vessels were removed after death in the pig, dog and
dolphin. This was necessary owing to the size of the viscera
and the logistics of transport and storage. In the primate,
the entire abdominal viscera and associated blood vessels
were removed. The remaining species (cat; guinea pig;
rabbit; rat; ferret) were injected with the abdominal
viscera in situ. The arteries supplying the stomach
and the duodenum were cannulated with polyethylene tubing
("Portex") of appropriate bore. In the larger animals
(dog;pig;dolphin;cat), the coeliac and superior mesenteric
arteries were separately cannulated. In the remaining,
smaller species, the cannula was inserted into the aorta
from the rostral direction, its tip just proximal to the
origin of the coeliac. The aorta was ligated distal to the
superior mesenteric origin.

The blood vessels were flushed with hypertonic
heparinised saline (1.8% sodium chloride;10 I.U./ml Heparin-
Weddel Pharmaceuticals) until they appeared pale and
bloodless. The hepatic artery was then ligated as were any
cut vessels.

Most of the specimens (intact or isolated) were stored
in a conventional refrigerator at 4°C for 24 hours to allow
any post mortem vascular spaém to disappear. It was
necessary to inject primates 1 to 15 immediately after death
to comply with quarantine regulations. This was also done in
cats 10 to 15 to ascertain if any differences in results
were obtained, but none were observed.

The specimens were removed from the refrigerator after
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24 hours for injection. The previously implanted cannulae
were connected to a disposable hypodermic syringe (10 - 50
ml depending on species size) via a three way tap. One arm
of the tap was blocked off by an empty syringe. A ‘T’ piece

was inserted into the circuit near the tap to which an air-—- -

manometer, previously calibrated from a mercury manometer,
was attached via a short length of wide bore tubing.

The injection medium was placed into the syringe and
injected into the animal’s arterial vasculature via the
implanted cannulae. The pressure of the injectate, as
monitored by the manometer, was not allowed to exceed 150mm
Hg. The injection was continued until the stomach and
duodenum appeared to be fully filled, but was not allowed to
continue to diffuse capillary filling. If necessary, escape
of displaced heparin saline was allowed from the hepatic
portal vein or inferior vena cava.

Media

Two alternative injection media were used to delineate
the vessels - gelatine and latex rubber. The majority of the
specimens (88) received latex whilst 26 received gelatine. A
further three received "Micropaque" a proprietary radio
opaque barium sulphate preparation.

Gelatine

A 5% (w/v) mixture of gelatine powder in distilled
water was made and dissolved by ‘heating (Gelatine powder -
Hopkins & Williams 4378000). To this was added sufficient
"pelikan" india ink to make a 25% (v/v) mixture This was
maintained at a temperature of 35 - 40°C in a water bath and
was injected at that temperature.

Latex

A proprietary liquid neoprene latex rubber preparation -~
(Du Pont Chemicals) was coloured with 17% (1:6) blue or
black dye, supplied by the latex manufacturer. To this was
added 0.2M sodium hydroxide (1 part NaOH solution to 2 parts ~—
latex solution). The purpose of the NaOH was to maintain the
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pH above 7.0 to prevent polymerisation of the 1latex. This
solution was 1injected into the vasculature at roonm
temperature. In 11 specimens (C10 - C15;Rb6;GP7 - GP10), the
NaOH was replaced by a similar gquantity of Sorenson’s
Phosphate Buffer, which maintained a pH of 8.0. It was felt
that this was more physiological than NaOH, but no
differences in results were observed.

Micropaque .

In three specimens, a solution of radio-opaque barium
sulphate ("Micropaque"-Damancy & Co.) was used at room
temperature in place of the latex or gelatine based mixture.
It was found to have insufficient opacity and these
specimens were not used in the analysis.

In all cases, after injection was Jjudged to be
complete, the oesophagus and duodenum were ligated, as was
the inferior vena cava. The viscera were the removed, if
this had not already been done and immersed for 24 hours in
cold 10% formalin (from a 37.4% aqueous solution of
formaldehyde BDH 2842). This allowed the gelatine to ’set’
or polymerised the latex by its acidity.

Dissection

After a minimum of 24 hours, when the injection medium
had solidified, the gastroduodenal arterial vasculature was
dissected out and recorded. The stomach and duodenum were
then removed from the rest of the specimen. The serosa and
muscularis externa were carefully removed over the entire
surface of the stomach and duodenum. As far as was possible,
the muscularis was cut along the mid line of the anterior
and posterior walls and the_piecés preserved. In the larger
specimens, additional cuts had to be made. During this
process, the muscularis was lifted away from the submucosa,
enabling the dividing plane and the inner surface of the
muscle to be clearly defined. Any vessels which were seen to
pass between the muscularis and the submucosa were cut on
the inner surface of the muscularis so that the entire
extra-muscular course of the vessel was preserved with the
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submucosal component of the specimen. The completeness of
this procedure could be checked in the isolated muscle
specimens.

This left the submucosal and mucosal components of the
stomach and duodenum intact. The stomach was then opened
along the anterior and posterior walls and its contents
removed. The mucosal surface was washed in running tap
water. The pieces were then secured by pins to pieces of
card to give an approximately flat surface. This inevitably
involved some distortion of the curved gastric wall and, in
larger species, it was necessary to cut the stomach and
duodenum into smaller fragments. In all cases, the
orientation of the pieces in relation to the whole stomach
was mapped. The muscularis externa and serosa were also
fragmented where necessary and pinned to card. In sone
cases, the muscle thickness was so great that it could not
be flattened and had to be processed whole. The tissue
samples were then washed in running tap water for
approximately 18 hours and then fixed in formalin for a
further 7 days or until fixation was complete, if longer.

Dehydration
After fixation was complete, the samples were

dehydrated. This was accomplished by passing the specimens
through a series of solutions of alcohol (industrial
methylated spirits ) of ascending concentration, with 24
hours in each. (50%; 75%; 95%; 100%; 100%).

Clearing _

The primary aim of this technique is to render the
tissue translucent so that the vessels can be seen. This was
accomplished by clearing the tissue, using a modification,
devised by the author, of Spalteholz’s technique (1914). In
the original method, the specimen is initially immersed in
pure benzene but, in this modification, this step is
replaced by immersion in a 1:1 mixture of alcohol and benzyl
benzoate. This was done because of the high toxicity of
benzene, particularly its carcinogenicity. The modified
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version was found to give comparable results to Spalteholz’s
original technique. '

Observations

All specimens were stored in methyl salicylate after
clearing. They were transilluminated when immersed by a
horizontal x-ray box and were examined using a Nikon
stereomicroscope or a Carl Zeiss (Jena) operating
microscope. Magnifications up to 40x were used.

Descriptions were compiled of the appearance of the
vascular beds based wupon a comprehensive deta%iﬁ%&)
examination. The specimens were ngefved in three dimen51oﬁ;A
and the vessels were manipulated/, in order to define the
tissue planes in which they were located. The correlation
between the appearance of the vessels, their manipulability
and their location was confirmed by subsequent histology of
defined areas.

Measurements of the diameters of vessels, such as
mucosal arteries, and their areas of supply were made
directly from the specimen, using linear or squared eyepiece

graticules, respectively, in the Nikon stereomicroscope.

Photography

Macrophotography of whole specimens was carried out by
a Nikon large format camera using 5 x 4cm FP4 (Ilford),
rated at 100 ASA. Microphotography was done using the Leitz
Tessovar on Ilfodata-B 35 mm film, rated at 4 ASA. The
Tessovar provided magnification in the negative plane of 0.8
- 3.2x at f4 - fl. Some colour photography was done using
Agfachrome 50C artificial light film, rated at 50 ASA.
Histological thin sections were photographed on the Leitz
Ultraphot, using FP4 or Agfachrome S50C artificial 1light
film. Stained, cleared whole blocks were photographed on the
Tessovar, immersed in methyl salicylate, on Agfachrome 50C
35mm film.
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Mapping

Comprehensive maps were made of the entire submucosal
vascular topology of several of the specimens. They were
immersed in methyl salicylate and placed beneath a Carl
Zeiss (Jena) epidiascope. The resolution in the image plane
was improved by reducing the lens aperture to f16, using a
supplementary diaphragm in the objective plane. The image
was projected onto a sheet of card 24 x 36 inches, along
with that of a scale bar and the vessels were then traced. A
map of a complete specimen might cover several such cards.
The completed map was compared with the actual specimen
under a stereomicroscope and any necessary corrections made.
The diameters of all the inputs to the arterial plexus and
of all the arterio-arterial anastomoses were then measured
on the specimen by an eyepiece graticule, previously
calibrated against a stage graticule. The areas of supply of
the input vessels were measured on the map, by overlaying
with translucent graph paper and counting the squares. These
were converted to real areas by applying the appropriate
magnification factor. In Cat 15, this was used as the basis
for a detailed network analysis'of the entire plexus, by
analysing the spatial variations in input diameter, diameter
of the anastomoses, area of supply, anastomotic and input

density, perfusion and connectivity indices (see below for
definition).

HISTOLOGY
The specimens examined histologically are listed in the
appropriate species results sections. They were mostly
examined by conventional histological techniques i.e.
Haematoxylin & Eosin or Van Gieson staining of paraffin
embedded or frozen sections.
~ One of the major problems in this investigation was to
relate the blood vessels to the ‘tissues through which they
passed. Conventional histology requires 1laborious serial
sectioning to follow the course of a blood vessel and can
only examine a small area. By contrast, the entire course of
the blood vessels can be examined in the cleared specimens,
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but the tissue plane in which they are located cannot be
defined. A technique was therefore developed to provide both
modes of information. This involved partially rehydrating a
block of cleared injected tissue, staining with H & E and
counterstaining with Van Gieson, then reclearing.This gave a
translucent Dblock, showing the blood vessels and
differentiating the connective tissue of the submucosa, the
muscularis mucosae and the mucosa in which the vessels were
located. It was used to ’‘calibrate’ the correlation between
the manipulability of a vessel in the cleared specimens and
the plane it which it was located. (Fv-ﬂ.)ﬂ"‘;-Q

NETWORK ANALYSIS

Comparative analysis of the observed angioarchitecture
requires precise definition of the terms used. These are
defined in this work as follows.

1. Plexus/Anastomoses
Whether vessels constitute a ©plexus, or are
arterioarterial anastomoses is a function of their
geometry and relative sizes. The criteria to define a
pPlexus are:

a. The diameters of the plexus vessels are
approximately the same as the input vessels forming
them.

b. There is no sharp change in direction between the
input and plexus vessels.
Anastomoses are significantly smaller than the vessels
which give rise to them, and there is a sharp change of
direction.
2. Mucosal Artery
A mucosal artery is the final arterial vessel which
supplies the mucosa. Distal to it is only the capillary
bed. It may have anastomotic connections with other
mucosal arteries, but does not contribute to a plexus.
3. Low Connectivity Vessel. ¢
This is a vessel which has very few and/or very small
connections with any plexus distal to the muscularis
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externa, before supplying the mucosa.

4. Mucosal Artery of Extramural origin

This

is a vessel which does not make any connections

with a plexus distal to the muscularis externa. It is the

limiting case of a low connectivity vessel where the

number and/or diameter of vessels becomes zero.

5. Arteriovenous Anastomosis

This
direct

is an arterial or arteriolar vessel which makes a
connection between an artery or arteriole and a

vein or venule. There is no intermediate capillary bed.

6. Recurrent Vessel

This is a vessel which:
-decreases in diameter superficially.
-has a source of supply deep to its terminal bed.
Measurements

Individual Vessels

These were defined by the measurement of:

A Plexus
This

-internal diameter _

-area of supply, defined by the area encompassed
by the contour joining the points of minimum
diameter on all the anastomoses between that
input and its neighbours (analogous to a
watershed).

-density i.e. number of vessels per unit area.

-perfusion index. This;is the ratio of the fourth
power of the diameter!to the area of supply i.e.
D4/A. It is an indicator of the adequacy of flow
in the input (proportional to the fourth power of
its diameter) in relation to metabolic demand
(proportional to area of supply).(/%;.#)

can be defined by the measurement of:

-the number of anastomoses per unit area. An
anastomosis is the point of minimum diameter of a
vessel joining two arterial inputs to the plexus.

-the size spectrum of the anastomoses.

-the connectivity index spectrum of the plexus.
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Each ’cell’ of the plexus is the area supplied by
a single input, defined by the line connecting
all the points of minimum anastomotic diameter.
The C.I. of an input is the sum of the fourth
powers of all its anastomotic diameters, divided
by the area of supply i.e. (:i,(D4))/A. It is an
indicator of the adequacy of the potential inward
flow through all the anastomoses (proportional to
the sum of the fourth powers of their diameters)
in relation to the metabolic demand (proportional
to area of supply). (_Fr;-a»).

-the ratio of the connectivity index of an input
to its perfusion index. This is an indicator of
the extent to which flow through the anastomoses
could compensate for the loss of flow through the
corresponding input, irrespective of the area of
supply.

statistical Analysis

When a statistical analysis of the difference between
sets of data was required, such as comparing the diameters
of mucosal arteries in different areas of the stomach, the
Kolmogorov-Smirnov two sample test was used. This tests the
confidence with which the null hypothesis, that the samples
come from the same populations or populations with the same
distribution, can be rejected. It assumes that the two sets
of observations are independent, but is more powerful than
other non-parametric tests, such as chi-squared and Mann-
Whitney. Unlike these, it does not require that both
populations are normally distributed and is sensitive to
differences in central location, dispersion and skewness.
(Siegal 1956). It was used as a two tailed test, making no
predictions about the direction of any difference.

DISCUSSION

The species used in this investigation were selected to
represent the main genera used in biomedical
experimentation, particularly of the pathology, physiology
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and pharmacology of the gastrointestinal tract. The
exception to this was the dolphin, included because it
experiences chronic gastric ulceration.

The ante-mortem anaesthetic and the method of sacrifice
was not always the same since the sources of the specimens
varied. These factors could affect the state of the
vasculature immediately after death (Baumel 1970; Altura
1975) so injection was delayed for 24hours post-mortem to
allow any vascular spasm to subside (Baumel 1970). In
species such as the guinea pig and rabbit, where a
significant proportion of the specimens were sacrificed by a
different technique, no consistent differences in results
were seen. The primates might not have been comparable with
the other species, since injection had to be carried out
immediately after death to meet quarantine regulations. In
an attempt to assess the effect of this, five cats were also
injected immediately after death, and no difference from
those injected after 24 hours was seen.

The injection technique has been very widely used to
demonstrate the vascular bed. However, there are certain
caveats which must be appreciated when interpreting the
results. The pattern shown may not completely reflect the
vessels open at any one time in life. Some vessels may
contract, and so not fill. Conve"rsely, the pressure of the
injection may force open vessels not normally patent. The
first is limited by injecting after 24 hours as discussed
above. The second is a valid criticism, so that the observed
vasculature may represent the maximum potential network,
rather than the one normally available in vivo. Piasecki
(1975) suggested that injection pressure should be limited
to the normal systolic blood pressure in that species. In
this investigation, however, a standard pressure was used in
view of the uncertain relationship between an externally
measured pressure and the actual intravascular pressure.
Since injection was continued until arterial filling
appeared complete, the inti‘lavascular pressure was
effectively standardised. Too great a pressure resulted in
extravasation which was rare. Too low a pressure resulted in
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unfilled vessels. Since the injectate was miscible with
water, this was visible as the vessel faded away, often with
a proximal sphincteric narrowing. Thus, the presence of
unfilled vessels was detectable and negative results were
significant.

The observed dimensions of the injected vessels may not
equal those in life. The diameter can vary for the reasons
described above. Stretching or post fixation shrinkage may
alter the length. As far as possible the factors which could
lead to such distortions were minimised and standardised, to
maximise comparability between and within specimens.

The use of any technique entails the production of
artefacts and selection of specimen will introduce bias into
the results. These problems are addressed by minimising and
understanding the artefacts, by comparing the results
derived from varying methods and by using as many specimens
as possible. An essential component of this study is the
validation of the injection results by stereomicroscopy,
micromanipulation, histology and cleared edge sections.
Micromanipulation was particularly important to distinguish
between vessel overlap and anastomosis. Edge sections were
essential to validate this use of micromanipulation to
define the tissue plane in which vessels were located. It
was found in the cleared specimens that some vessels‘c?gld
be moved and crushed, some only crushed and some neither.
The tissue planes could not be defined in the cleared
specimen, although it was hypothesized that the differences
were caused by the vessels’ reiation to the muscularis
mucosae. Conventional histology could only examine a small
volume of tissue and was difficult to co-ordinate with the
appearance of the cleared specimen. A technique to produce
stained cleared blocks of tissue was developed which allowed

‘vessels to be followed in three dimensions, in relation to

the tissue planes. Such a facility has not been reported in
other works. It validated the hypothesis that movable and
crushable vessels were in the submucosa, crushable vessels
were within the muscularis mucosae, and vessels which could
not be touched were deep to the muscularis, within the

155



la Tllustration of use of parallax to define plane of
vessel. Pin is placed on upper surface of submucosa and
viewed from left (top), vertical (middle) and right

(botton) . Parallax shift shows large vessel is in submucosal
Plexus and small vessel is in mucosal plexus (C1l3LC) (1l6x).

Fig.
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Illustration of micromanipulation to demonstrate

Fia. 2

vessel location. SMP & MP shown undisturbed (top). Below, a

large vessel is pulled downwards by tweezers (dark bar)
(16x) (C13LC)

demonstrating it is located in the SMP
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mucosa. This enabled the plane of any vessels to be easily
defined in the total specimen. Such a use of multiple
techniques is essential to fully describe the vascular bed
and does not appear to have been adopted in other studies.ﬂﬁp})

The best injection results were obtained from the use
of latex rather than gelatine media, in contrast to the
experience of Piasecki (1975). This may be due to the
incorporation of buffering agents in the injectate, to
maintain the pH above 7 and prevent polymerisation. It was
found that this tended to occur during the injection in the
absence of the buffer, analogous to the effect of cooling on
a gelatine injectate. R ‘

The measurement of vessel diameter, area of supply,
vessel and anastomosis density as determinants of plexus
"richness" has been used in part or whole by other workers
(eg Piasecki 1974; 1975). However, these do not describe the
ability of a vessel to provide blood in relationship to the
requirements of the tissue it supplies. The former is a
function of vessel diameter, the latter of tissue volume.
The factors determining the flow of a liquid through a tube
can be described by Poiseulle’s equation:

F = P ,ri

8l L ‘
= volume flow per unit time
= pressure drop in the direction of flow

where:

F

P

r = radius of tube

L = length of tube

P = coefficient of viscosity.

This is based upon a number of assumptions which are not
true of pulsatile blood flow through vessels, but it has
been shown to describe such flow with reasonable accuracy
(Sherman 1963; Blick 1972). Thus, the flow through a unit
length of vessel is proportional to the fourth power of the
radius, other factors remaining constant. The blood demand
which has to be met by a vessel is proportional to the
volume of tissue supplied, assuming that factors such as
metabolic activity are comparable. It was not feasible to
measure tissue depth over a wide variety of sample sites and
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specimens, without seriously damaging the specimen, so area
of supply was used instead.

A calculated index, the perfusion index, has been
derived in this investigation to describe the adequacy of
blood supply through an input, and is calculated as the
ratio of the fourth power of the vessel input diameter
(Dj)to the area of supply (A).

P.I. = (D;%)
A
In the case of a mucosal artery, this is the diameter of the
artery and the area of supply of its branches. ( F’}-*)

Should an input to a plexus become occluded, the tissue

within its area of supply, i.e. the area bounded by its

anastomoses with the surrounding vessels, must mainly be
supplied by the blood flow through these anastomoses
(ignoring capillary anastomoses). Using graph and network
analysis theory, Ford and Fulkerson (1962) showed that the
flow into the output nodes of the plexus (ie the mucosal
arteries) cannot exceed the sum of the flow capacities of
the plexus anastomoses (the min cut max flow theorem).The
plexus can be considered as a number of units, each being
the area of supply of one input. The extent to which that
unit is connected to the remainder of the plexus is
proportional to the sum of the fourth powers of the
diameters of all the anastomoses (D,). The ratio of this to
the area of the unit (A), the connectivity index, quantifies
the adequacy of blood supply to the unit’s mucosa, should
the input be occluded. i.e.
c.I. = sigma (D,%) (rig.4)
A

The CI:PI ratio is an indicator of the extent to which the
anastomoses of an input could compensate for the 1loss of

flow through the input, should it become occluded. By
removing the absolute level of the original indices and the
area of supply it can give information on the adequacy of
the plexus to redistribute blood‘flow, and the sensitivity
of the mucosa to disruptions in flow through the inputs to
the plexus. However, it does not take into acccount the
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Fig. 3 Cleared edge section from area shown in previous
figure, (illustrating effect of parallax) to confirm plane
of vessels. (Cl3LC) (55x).

Fig. 4 Schematic view of vessels entering plexus to show
methods of calculating vessel and plexus perfusion index.

Perfusion Index of vessel = D4
A

Connectivity Index of arterioarterial
anastomoses of plexus = (dn +d?4+d*4+ .... dQ4)
A

where A = Area bounded by contour joining points of minimum
diameter on arterioarterial anastomoses.



margin between the flow through the input and the actual
mucosal requirement which may be sufficiently large to
tolerate significant flow reductions without damage. Nor
does it take into account flow through capillary
anastomoses. A Very Low Connectivity Vessel (VLC) is one in
which the CI and hence the CI:PI ratio is small. In the
limiting case of a Mucosal Artery of Extramural Origin
(MAEO) both are zero. Such quantification of the plexus
requires a detailed mapping and measurement of the whole
plexus which is extremely arduous. In this investigation, it
was not possible to do this for all species. This technique
has not been previously reported. Further work should be
conducted in a further investigation to validate these
parameters as indicators of plexus function by actual
measurement of both in vivo.

The development of computing capabilities has had a
significant impact upon the ability to analyse microvascular
networks. Computer-based image analysis techniques will
allow the diameters and areas of supply of a vascular bed to
be rapidly measured without the requirement to produce maps
and measure these parameters manhally. The perfusion index
could then be calculated and mapped for an entire plexus.

In addition, developments in the field of network
analysis allow the topology of a plexus to be taken into
account, as well as the dimensions. The effectiveness with
which a plexus can distribute blood and compensate for the
loss of one or more. inputs is a function not only of the
dimensions and numbers of the anastomoses, but also of the
way in which the vessels are interconnected. Arteriolar
anastomoses have been shown to affect the pressure
distribution, and hence flow patterns, in microvascular
networks (Mayrovitz 1986). Graph theory was developed some
years ago, and has been used in ‘the design and analysis of
real networks by a number of workérs, the seminal work being
done by Ford and Fulkerson (1962). Initially this was only
possible for relatively simple networks, but the developmeﬁt
of more efficient algorithms and more powerful computing
facilities means that it should now be possible to analyse
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microvascular beds and to quantitatively assess the
efficiency and resilience of a plexus. Such a synthesis does
not appear to have been reported and would constitute a
valuable development of this investigation.
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CHAPTER 12
THE CAT

NON = VASCULAR GASTRODUODENAL ANATOMY
General Appearance

Five whole stomachs were examined. The stomach narrows
gradually distally with an incisura angularis of
approximately 150°. The oesophagus enters obliquely, forming
an acute incisura cardiaca (terminology after Botha 1958a).
Since its point of entry is close to the left lateral aspect
of the stomach, the fundus is small. '

There is an externally visible narrowing at the pylorus,
a few millimetres proximal to the first duodenal flexure of
90°. This region of minimum diameter extends over
approximately 5mm and is also seen in the cleared mucosal
specimens, . A longitudinal section of the gastroduodenal
junction, showed a gradual narrowing of the gastric lumen in
the vicinity of the pylorus, with no sharply defined
junction between the stomach and the duodenum.

Omental Attachments

The greater and lesser omeﬁta are reflected upon the
stomach along well defined lines of attachment. Their
position is significant since the blood vessels which supply
the stomach run in the omenta and initially contact the
gastric serosa along the lines of attachment.

The lesser curvature is delineated by two lines of
mesenteric attachment extending from the cardia to the first
duodenal flexure. It narrows distally and has a maximum
width of about 1lcm (equal to approximately 10% of the
circumference of the stomach at this point). It is not
straight, as in man, but passes onto the dorsal antrum and
diverges around the oesophagus reaching the lateral aspect
of the cardia in 3 of 5 specimens.

The two layers of the peritoneum, forming the greater
omentum, are close together at their attachment to the
stomach, so the greater curvature,which they delineate, is
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only a few millimetres wide. The line of attachment is not
coincidental with the caudal edge of the stomach throughout
its length, but passes from its original point of attachment
at the cardia, across the dorsal aspect of the corpus, to
reach the caudal edge of the stomach at the level of the
distal corpus. It then continues along the caudal edge of
the stomach, -extending a few millimetres distal to the
gastroduodenal junction.

In addition, there is a line of mesenteric attachment on
the dorsal wall of the proximal corpus, between the dorsal
layers of the greater and lesser omenta.

Muscularis Externa

There is an outer longitudinal and an inner circular
layer of muscle in the stomach. There are also two
longitudinal bands on either side of the lesser curvature,
These are below the circular layer and diverge from the
oesophagus to the incisura angularis. An outer longitudinal
and an inner circular layer is also present in the duodenum
which is continuous with that of the stomach.

The thickness of the mnmuscularis externa increases
distally, with a sudden increase midway between the incisura
angularis and the gastroduodenal interface. At the pylorus
there is little noticeable thickening of the circular layer,
so that a definite sphinéter, such as is present in man, is
not evident.

Duodenal muscle is thinner than gastric, and the
longitudinal layer is thinner than the circular. In a
section of the gastroduodenal juﬁctioﬁ from specimen C2 the
circular and longitudinal layers were respectively 200um and
40oum in thickness (formalin fixation and paraffin
embedding) .

Miscellaneous

The above section (specimen C2;section 479) extended
along the lesser curvature from the pyloric antrum, through
the gastroduodenal junction, to the first part of the
duodenum. This specimen displayed a well defined transition
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between gastric and duodenal tissue. The abrupt
disappearance of Brunner’s Glands in the submucosa coincided
with a localised increase in the submucosal thickness over a
length of 1mm. The mucosa appeared to be absent at this
point, perhaps due the fortuitous sectioning of a lyﬁphatic
nodule. Duodenal mucosa was then found, which was avillous
for about 3mm.

In one selected specimen (C15), a block of tissue was
‘removed from the corpus to estimate the thickness of the
various layers (section 440). Eighteen sections were cut
from this block. Five measurements in each of five sections
showed the thickness of the submucous connective tissue to
vary between 550 to 650um. Vessels were found throughout its
depth, the more superficial onesvtending to be smaller, and
probably components of the connective tissue plexus. A
thick, well defined musculafis mucosa was present,
comprising four wunicellular 1layers, defined by the
orientation of the spindle shaped smooth muscle cells. It
was penetrated by vessels passing from the submucous plexus
to the mucosal plexus and contained much smaller vessels. At
the base of the mucosa, there was a layer of connective
tissue, the lamina subglandularis, approximately 16um thick.
The mucosa was 350 - 400um in thickness, but small areas of
reduced thickness could be found. Examination of cleared
specimens showed an abrupt decrease in mucosal thickness at
the base of the oesophagus.

EXTRAMURAL VASCULATURE ( F'y-f)

The left gastric arterial trunk branches in a "tree
like" pattern. Branches run in the lesser omentum and enter
the wall of the stomach along the omental lines of
attachment, extending to mid-antrum.Further branches run
extramurally or within the serosa towards the greater
curvature. They enter the muscularis externa two thirds of
the way between the lesser and greater curvatures. Very few
vessels enter the muscle between the layers of the lesser
omentum. Further branches reach the stomach along a line of
mesenteric attachment on the posterior distal corpus;
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One branch of the left gastric artery continues along
the lesser curvature to anastomose with the right gastric
artery. This vessel gives rise to a single line of inputs
on, or ventral to, the lesser curvature. In seven of the
nine animals, the anastomosis occurs on the first part of
the duodenum, so the right gastr{c does not supply branches
to the stomach but only to the first part of the duodenum.
In two specimens, the anastomosis occurs on the antrum, with
the right gastric supplying branches to proximal duodenum,
distal antrum and pylorus. |

An anastomotic vessel, formed from the right and 1left
gastroepiploic arteries runs in the greater omentun,
parallel to the greater curvature. Short branches from this
chain contact the stomach wall along the line of mesenteric
attachment and pierce the muscularis externa almost
immediately with no significant subserosal course. The left
and right gastroepiploics anastomosed at mid corpus in all
nine specimens.

The anastomotic vessels in tﬁe antrum continue onto the
proximal 3 - 4mm of the duodenum, as far as the first
duodenal flexure, and supply inputs. There is a poorly-
defined incomplete ring of vessels around the pylorus, which
supplies the pyloric sphincter. The inputs distal to the
first duodenal flexure are via the pancreatic attachment on
the dorsal surface.

The gastric and oesophageal vessels anastomose at the
base of the oesophagus, or a few millimetres orally.

INTRAMURAL VASCULATURE

Supply to Muscularis Externa 1

Branches of the extramural arteries enter the
muscularis externa and pass perpendicularly through it,
either immediately or after a short subserosal course, to
supply the submucous plexus. They do not penetrate
obliquely.

A rich subserous plexus arises from branches given off
by the penetrating arteries, which ramifies over the entire
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stomach. This network comprises irregularly shaped 1loops
with random orientation. The vessels vary between 10 and
140um in diameter with most less than 60um.

Branches, about 60um in diameter, arise from the
subserous plexus and pass, perpendicularly or obliquely, to
the deep surface of the muscle, where they give rise to a
sparse deep muscular plexus. Some of these branches continue
and anastomose with the submucous plexus. The deep muscular
plexus is made up of small vesséls (less than 35um) which
run mainly parallel to the circular muscle fibres. This
plexus also receives recurrent vessels from the submucous
plexus, which run directly or via an intervening submucous
connective tissue plexus. Recurrent vessels have been
previously defined. The criteria which were found to
distinguish them in the car were:

- diameter less than 50um

- diameter inversely proportional to the distance from

the submucous plexus (ie. larger near their origin
from the plexus).

- no linear continuity with vessels which have

penetrated the muscularis externa.

- may pass via the connective tissue plexus.

The deep muscular plexus rarely receives branches from the
main penetrating arteries.

The vessels between the subserous plexus and deep
muscular plexus give off arterioles and capillaries en route
which tend to be orientated parallel to the muscle fibres in
which they run. In the fundus there is a suggestion of an
intermediate plexus between the muscle layers which merges

with the subserous plexus in the vicinity of the fundus-
corpus interface.

Spatial Variations in Supply to Muscularis Externa

The external arteries which enter the muscularis externa
on the greater curvature invariably pass almost
perpendicularly through the muscle after giving off branches
to the subserous plexus. By contrast those entering on the
lesser curvature often have a significant subserous course
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before piercing the muscle.

The fundic region of the muscularis externa is atypical
in two respects. Firstly the subserous plexus tends to
display isolated regions in which the vascular "loops" are
elongated and uniformly orientated. This is in contrast to
the random pattern found over the remainder of the
stomach.Secondly, an intermediate plexus, between the
subserous and the deep muscular plexuses, is found in this
region. This is a fairly dense network, whose vessels are of
similar diameter to those of the subserous plexus. It is
supplied from the latter and gives branches to the deep
muscular plexus. In the region of‘ the fundus-corpus
interface the subserous and intermediate plexuses merge in
the subserosal plane.

The pyloric sphincter is poorly developed in the cat,
but has a characteristic blood supply. The extramural
vessels on the greater and iesser curvatures at the
gastroduodenal junction contribute to an incomplete ring of
vessels around the pylorus which is completed by the
subserous plexus, which here has an annular orientation.

Submucous Plexus

After the penetrating arteries, have passed through the
muscle, they divide near the base of the submucosa to form
the submucous ©plexus. These inputs are normally
perpendicular and range in diameter from 80 to 400um. They
give rise to a coarse network of primary, secondary and
tertiary branches between 13 - 138um in diameter. The plane
of the plexus is at a constant distance from the mucosal
surface, so the vessels follow the mucosa into folds, rather
than bridge them. This feature is more evident distally,
where the folds become more numerous. Branches from the
submucous plexus give rise to the connective tissue and
mucosal plexuses.

Spatial Variations in Submucous Plexus (F/'g 6- #)

The branching pattern of the submucous plexus is
constant throughout the stomach, except in the juxtapyloric
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region, where the vascular loops become elongated along the
“lumenal axis. Whereas  the inputs, branches and
arterioarterial anastomoses are narrower distally, they are
more numerous per unit area with the consequent reduction in
the area of supply of each input. Conversely, there are
fewer arterioarterial anastomoses per unit area in the
regions bordering the greater curvature, but there is no
corresponding reduction in the number of inputs.

Cleared specimens confirm that there are fewer inputs to
the central areas of the greater and lesser curvatures, most
vessels entering along the lines of peritoneal attachment. A
minority of inputs are found on the anterior and posterior
walls, corresponding to the subserous branches of the left
gastric artery. The pattern in the antrum becomes unclear
where the inputs appear to be randomly distributed, owing to
the reduced circumference of the stomach.

Longitudinal "leashes" of vessels, approximately Smm
long,run between the stomach and the dQuodenum, across the
gastroduodenal junction in all the specimens examined. These
vessels received equal contributions from two lines of
gastric and duodenal inputs, which were present on either
side of the gastroduodenal junction. The contour joining the
points of minimum diameter on the vessels, the anastomotic
line, was just on the gastric side of the line of minimal
mucosal width in all the specimens.

The gastric submucous and mucosal plexuses merge on the
oesophagus to form a single submucous plexus of uniform,
longitudinal, large and convoluted vessels which give rise
to large mucosal arteries. These branch extensively before
giving rise to the terminal capillary bed.

Connective Tissue Plexus

This is a sparse plexus of small vessels, with no
apparent regularity, located in the submucosa superficial to
the submucous plexus. Its compongpt vessels vary between 10
- 40um in diameter, the majority!being less than 25um. The
plexus is formed by obligque recurrent branches from the
submucous plexus and it gives rise to vessels to the deep
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Fig. 6 Lesser curvature half of C25. Gastroduodenal
junction is at centre of field, duodenum to left and
oesophagus at right (1x).

Fig. 7 Greater curvature half of C5. Gastroduodenal
junction at left edge and oesophagus at right (1x).
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muscular plexus of the muscularis externa.

The richness of the connective tissue plexus is
approximately proportional to the depth of the submucosal
connective tissue and is, therefore, sparser distally.
However, the plexus was absent on those portions of the
distal oesophagus which could be examined (five specimens).

Mucosal Plexus

A second plexus is found deep to the submucous plexus.
Examination of cleared edge sections of submucosa and
mucosa, taken from a number of specimens and areas and
stained by modified Van Gieson’s method showed the plexus to
be lgg;ﬁﬁgﬂ?t the base of the mucosa, below the muscularis
mucosae, These vessels could be neither touched nor crushed
by micromanipulation. Approximately 500um separates the two
plexuses in the corpus of the lesser curvature.

The majority of inputs to the mucosal plexus run
perpendicularly from the submucous plexus, either
immediately or ﬁ£$e¥}j%)5hort horizontal course, although a
few pass obliquel;r It is very rich, composed of vessels
smaller and more uniform in size than those of the submucous
plexus. They range from 10 - 75um, with the majority less
than 50um.

Spatial Variations in Mucosal Plexus

The richness of mucosal plexus varies with that of the
submucosal plexus as the vessels become smaller and more
numerous distally although the range is less. The separation
of the two plexuses, assessed by stereoscopic microscopy of
cleared specimens, appears to be constant throughout the
stomach. In three cleared edge sections it was found to be
500um, whilst in five paraffin embedded histological
sections it was 200um.
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Fig. 8 Topological diagram of intramural vessels in stomach
wall of cat.
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Fig. 9 C15GC. Vessel passing through muscularis mucosae.
The trilaminar structure of the muscularis is shown (64x).

Fig. 10 C15GC. Vessel within muscularis mucosae (100x).
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Network Analysis

A comprehensive network analysis of the entire
submucous and mucosal plexus wa;s conducted in Cat 15 by
' mapping as described in ’Materials and Methods’. The results
of this analysis were consistent with the overall
description from all the specimens, but quantified them. In
addition, it revealed some phenomena that were not obvious
visually (Table 5). The number of inputs was fairly constant
from oesophagus to pylorus, but with more in the greater
curvature half. The diameter of the plexus inputs and their
area of supply fell distally. However, the total cross
sectional area of the anastomoses fell very markedly,
particularly in the pylorus, due to a reduction in diameter,
rather than in number (anastomotic density increases). As a
result of these changes, the Connectivity Index and the
CI:PI ratio was particularly low in the pylorus of both
lesser curvature and greater curvature halves. This was
particularly evident in the greater curvature, where the PI,
CI and CI:PI ratio rose distally, before falling
dramatically in the pylorus. Despite this, the values in the
greater curvature half were consistently larger than in the
lesser curvature half. In addition despite the relative
poverty in the pylorus and lesser curvature half, the
indices were all fairly high, and the plexus was an
efficient flow distribution system since the CI:PI ratio was
good throughout the stomach, with many vessels have a ratio

near unity, and no vessels with extremely low values.

Mucosal Arteries

The mucosal arteries arise exclusively from the mucosal
plexus. They are small vessels, less than 20um in diameter
and are present in large numbers. They begin to run towards
the mucosal surface, either immediately or after a short
horizontal course, but soon ramify near the base of the
mucosa to form a large number of arterioles and capillaries.
These run superficially to enter the surface venous plexus,
which is drained by thick collecting veins (well seen in
specimen Cl12 lesser curvature). The fine arterial vessels,
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PYLORUS |[PRE-PYLORUS | CORPUS FUNDUS
LESSER CURVATURE
No. Inputs 2 7 10 7
Dy (um) 124+18 129416 168+45 190+63
Area (mm?) 24+14 26+10 93455 106+84
(D)% (um* x 108) | 0.3+0.3 0.5+0.4 2.241.5 | 3.1+2.7
Anast.cm™2 22 23 12 6
Mean D, (um) 38+34 35+31 51+43 62+45
Connectivity I'x | 151+102 175+113 223478 280+86
Perfusion Index [{1522+1368 1376+797 1434+1288 [2065+1635
CI:PI 0.14+0.08 | 0.20+0.18 [0.36+0.41 [0.35+0.46
GREATER CURVATURE
No. Inputs 16 18 28 13
D; (um) 121+25 149+41 178431 211+63
Area (mm?) 20+14 26+20 57+52 128+67
(D)4 (um?) 0.6+0.7 2.6+2.2 3.442.1 | 4.5+2.3
Anast.cm™2 25 15 7
Mean D, (um) 43427 60+46 62+54
Connectivity I'x | 328+259 13314844 678+237 | 387+212
Perfusion I'x 1639+1501 | 304442303 [2702+1943 [2597+2951
CI:PI 0.37+0.60 | 0.65+0.80 [0.41+0.44 |0.31+0.36
NOTES

1. Total number of inputs to submucous plexus.
2. D; = mean diameter of inputs to submucous plexus (um).
3. A¥ea = area of supply of single input, defined by area
bounded by contour joining points of minimum submucous

plexus anastomotic diameter (mm<“).

4. (D,)

= sum of fourth power of all anastomoies
)

(submucosal and mucosal) of a single input (um

5. Density =
6. Mean D_ =

number of all anastomoses per centimetre.
= mean diameter of all inputs (um).

7. ionngggivitx I'x., = Connectivity Index - (Da)4/Area
(um™ mm )

X 10

8. erfugion I'x = Perfusion Index - (D

(um® mm “ x 104)

1

)4/Area

Table 5 Parameters of Total Plexus (Submucous and Mucosal)
in Entire Specimen of Cat 15
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anastomose with one another, and no unfilled interval is
seen between capillary beds. Stereoscopic microscopy of the
cleared specimens, with tilting and micromanipulation,
confirmed that anastomosis, rather than merely overlap,
between the vessels did occur. No "mucosal arteries of
extramural origin" as described in man by Piasecki (1974),
were seen in the cat. All the mucosal arteries arose from
the rich mucosal plexus. Nor were any very low connectivity
vessels (VLC’s) found. Additionally, all the input vessels
to the submucous plexus were seen to have extensive
anastomoses at both the submucous and mucosal plexus levels
with the vessels deriving from adjoihing inputs. The number
and size of the anastomoses varied, particularly in the
submucosa, but were always significant. Thus, in the cat
there are two plexuses to distribute blood flow, with fewer
regional variations than in some species and with no
observable vessels excluded from the system. (Figs./-/D)

REGION FUNDUS CORPUS (GC) ANTRUM
Area 1 2 3 1 2 3 1 2 3
Measurement
MA'S/6.25mm2 256 [223 269 | 153 (172 {184 [|335 [372 [321
(n)
Mean (n) 249423 17047 343+15
MA densit¥ 4043 ' 2742 55+4
(MA's mm <) :
MA supply area 2.5+0.2 3.740.3 1.840.09
(mm* x 10™%) 3
NOTES

1. 10 measurements were made in each of 3 parts of the
fundus, corpus and antrum.

2. The number of MA's per 100 graticule squares (=6.25mm2)
was measured.

3. All means were expressed + one standard deviation.

4. The number of MA's in the antrum was significantly
greater than in the corpus (p < 0.1)

Table 6 Number, Area of Supply and Density of Mucosal
Arteries in Cat 13
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Spatial variations in Mucosal Arteries (Tables 6 -7)

The diameter and area of supply of the mucosal arteries
is not uniform throughout the stomach. The area varies
between approximately 0.02 and 0.16mm2, with most less than
0.06mm%. the largest mean area is in the lesser curvature
(0.06 + 0.04mm2). The diameter varies between 6 and 19um,
with most being less than 13um. The smallest vessels are in
the fundus (8.4 + 2.3um). The region with the poorest
perfusion index is therefore the fundus, with a value
approximately 30% of the lesser curvature and antrum. The
mucosal arteries in the lesser curvature, though sparse, are

large (12.3 +4.2um). cOnverseiy, those in the antrum, though
smaller, are densely packed.

Arteriovenous Anastomoses

Evidence of arteriovenous anastomoses was sought in all
specimens, but no direct communication between the arteries
and the veins could be found at any level, even where venous
filling had occured. The use of stereoscopic microscopy with
manipulation and specimen tilting showed that all apparent
anastomoses were actually overlapping vessels.

Duodenum

In general, the duodenum did not £fill well. In only one
specimen were the first 7-8cm well filled (C12). In three
others, several centimetres were unevenly filled
(C5:;C10;C11) whilst in two (C13;Cl4) only the first
centimetre was filled. Thus , the following features were
present in the first 4-5cm of duodenum.

The duodenal muscle is very thin and it was not possible
to describe its vasculature. The connective tissue plexus
was not visible. The inputs to the submucous plexus appear
to pass directly through the muscle from the external
trunks, and are orientated randomly for the first 0.5cm
distal to the pylorus. Beyond this point, they become
organised into three lines on the dorsal duodenal wall. The
two outer lines give off scalariform branches around the
duodenum whilst the central 1line of inputs branch in a
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Diameter | Area_of Supgly Perfusion Index
(um) (mm¢ x 10 <) (um® mm™ 4 x 104)
FUNDUS 6.3 2.5 6
10 6.2 16
6.3 1.9 8
6.3 2.5 6
10 1.9 53
6.3 1.9 8
10 3.1 32
12.5 10.6 - 23
10 5 20
6.3 2.5 6
MEAN FUNDUS 8.4+2.3 3.8+2.8 18415
CORPUS (LC) 6.3 2.5 6
12.5 6.3 39
18.8 15.5 81
6.3 6.3 3
18.8 6.3 198
12.5 6.3 39
10 2.5 40
12.5 6.3 39
12.5 5 49
12.5 2.5 98
MEAN CORPUS | 12.3+4.2 5.9+3.8 59+57
ANTRUM 6.3 2.5 6
6.3 3-1 5
6.3 2.5 6
12.5 1.9 128
12.5 3.1 79
10 1.9 53
12.5 3.8 64
12.5 1.9 128
12.5 3.8 64
12.5 2.5 98
MEAN ANTRUM | 10.4+2.9 2.740.7 63+47
MEAN WHOLE 10.443.5 4.243.0 46.7+46.8
DENSITY OF MA's (mm™2)
FUNDUS 26
CORPUS (LC) 17
ANTRUM 37
WHOLE STOMACH 24
NOTES

The diameter and perfusion index are significantly greater
in the lesser curvature than the fundus. The area is greater
in the lesser curvature than the antrum. (p < 0.05)

Table 7 Parameters of Mucosal Arteries in Cat 14
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stellate pattern, having a small area of supply. 1In
contrast, within the first 0.5cm of duodenum, the branching
pattern appears to be random.

Although the degree of anastomosis is high over the
length of the duodenum studied, virtually all the
anastomoses appear to be within the mucosa i.e. deep to the
muscularis mucosae. Only the larger, initial branches are
within the submucosa. Obliéue vessels pass continuously from
the submucosa to the mucosa. This was supported by
longitudinal sections of cleared duodenum, but the extreme
thinness of the layers renders a definitive judgement very
difficult.

In those areas which were well filled (especially C12),
the villous arterial vasculature had a fountain pattern. The
plexus gives off large mucosal arteries, each of which
supplies one villus, rising centrally to its tip and
branching in a fountain pattern. These vessels drain into a
venous plexus at the base of the villus, deep to the
arterial plexus.

DISCUSSION

The gross structure of the 9 cat stomachs was in accord
with the consensus in the literature. However, two principal
differences were seen. Firstly, there was no clearly defined
pyloric sphincter in any of the specimens. A region of
reduced diameter 5cm long could be seen externally but
- longitudinal sections of the gastroduodenal junction showed
only a generalised thickening of the circular muscle, with
no clearly defined sphincter. This isAin contrast to the
texts of Trautman & Fiebiger (1957) and Crouch (1969) which
describe a pyloric sphincter. However, the descriptions may
be derived from the normal mammalian pattern and not be
specific to the cat. Secondly, the lesser omentum diverged
onto the dorsal wall in the distal corpus, a feature not
noted previously.

The arrangement of vessels immediately adjacent to the
stomach was generally in agreement with textbooks typified
by Crouch(1969) but some discrepancies and ommisions were
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noted. The paucity of inputs directly to the 1lesser. — -
curvature, between the lesser omental attachments, is new to
the literature, as is the dorsal bias of the dorsal line of
inputs from the left gastric artery. Indeed, Crouch did not
mention any inputs in the omentum reflected upon the dorsal
corpus. According to Crouch, the anastomosis between the
left and right gastric arteries occurred over the antrum,
whilst in 5 of 7 specimens in this work it occurred over the
duodenum. Thus, variants may occur. Indeed, since Crouch’s
text is not based on any experimental observations, this
study indicates that the anastomosis is most likely to be on
the duodenum. By contrast, it was found over the antrum in
man (Michels 1955). Thus, this study suggests that the left .
gastric artery in cat has a greater area of distribution
than in man, where the it usﬁally fails to reach the
pylorus.

An important characteristic of the cat’s intramural
vasculature demonstrated by this study is the presence of
two quite distinct arterial plexuses - the well known
submucous plexus within the submucosa and a second plexus at
the base of the mucosa. The latter was not described by
Trautman & Fiebiger and was only mentioned obliquely by
Svanes (1975). Previous authors did not recognize the
differentiation of two plexuses, since they did not subject
the vessels in cleared specimens to micromanipulation. The
criteria to differentiate a true plexus from anastomoses of
branches have been described previously. On this basis,
these vessels constitute a true plexus. It could be argued
that this deep plexus comprises anastomotic branches of
mucosal arteries. However, since its vessels were wider than
their branches to the mucosa, it would be more logical to
consider ‘Ehem as a plexus in their own right, with the
smaller branches to the mucosa being mucosal arteries
proper. This feature is not seen in Man, where only
anastomoses between mucosal arteries are seen in the mucosa
(Piasecki 1973).

The detailed network analysis of the plexuses in C15
revealed a comparative pyloric and lesser curvature poverty,
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Fig. 11 Submucous and mucosal plexuses in corpus of C1l0GC
(9x)

Fia. 12 Same area as above with submucous plexus removed to
show presence of extensive mucosal plexus (9x).
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which would not have been revealed by an analysis of
anastomotic density or area of supply alone. However, even
'in the sparser regions, the plexus was still comparatively
effective as a redistribution gystem.

Svanes’ results (1975) are consistent with this study.
He found that most microspheres (15+-5um) were trapped in
the mucosa and least in the submucosa. This would be
predicted from the extent and size of the plexus vessels and
mucosal arterioles, in relation to the spheres, most of
which would be too large to enter the mucosal arteries.

The vasculature in the region of the gastroduodenal
junction is similar to that in Man, with continuity between
the gastric and duodenal plexuses, although there is some
" degree of duodenal ’‘dominance’ as the anastomosis is on the
gastric side of the gastroduodenal junction. In the duodenum
itself however, there appear to be few arterioarterial
anastomoses in the submucosa, the vast majority being at the
mucosal level. This differs from the description by Trautman
& Fiebiger.

The dominance of the subserous plexus in the supply to
the muscularis externa was not reported by Trautman &
Fiebiger. The extensive intramuscular plexus seen in Man
(Piasecki 1973) was only observed in the corpus in the this
study, and was sparse even there. Similarly, the connective
tissue plexus was not described by Trautman & Fiebiger but

was shown by this work to be an entity distinct from the
submucous plexus. (Fcy.ﬁ)
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CHAPTER 13
THE PRIMATE

NON-VASCULAR GASTRODUODENAL ANATOMY

General Appearance

The primate stomach is at its widest at the fundus, then
tapers continually to the gastrodudenal junction. The shape
differs noticeably between different specimens. In four of
seven specimens, the oesophagus entered on the ventral
aspect of the stomach. In three of the remainder, it entered
on the lesser curvature, whilst in the fourth, its entry
point was indefinable as the stomach and duodenum were not
coplanar. The incisura angularis was clearly definable in
four of eight of the specimens but diffuse in the remainder.
Finally, there was a marked constriction at the
gastroduodenal junction.

Omental Attachments

The omental lines of attachment were consistent in the
eight whole stomachs and one isolated muscle specimen
examined. The two layers of lesser omentum reach the stomach
on either side of its rostral edge, delineating a relatively
narrow lesser curvature, about 1lcm in width. It extends from
the fundus, ventrally around the oesophagus, then continues
to a point approximately 1 cm beyond the gastroduodenal
junction.

By contrast, the attachments of the two layers of the
greater omentum are contiguous, delineating a very narrow
greater curvature. This is not coincident with the caudal
edge of the stomach, but extends from the dorsal cardia ,
across the dorsal fundus and corpus, to meet the rostral
edger of the stomach at the level of mid-corpus. It then
continues distally to a point 0.5-1.0cm beyond the

gastroduodenal junction. The greater and lesser omenta are

united at the pylorus by a ring of mesentery which
completely encircles the stomach at that point.
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Muscularis Externa

Most of the muscularis externa has a circular
orientation. Two wide but poorly defined longitudinal bands
run on the submucosal aspect of the muscularis externa, one
on either side of the lesser curvature, half way between the
lesser curvature and the mid-ventral and mid-posterior
walls. In addition oblique fibres radiate from the cardia to
the middle of the ventral walls.

The thickness of the muscularis externa'gradually
increases distally with a sudden marked change at the
incisura angularis and between the middle and the last third
of the pyloric antrum. There is also a pronounced
sphincteric thickening of circular muscle at the pylorus.
The duodenal muscularis externa is much thinner and forms a

slight ampulla although there abpears to be no peri-pyloric
recess.

Micellaneous

The muscularis mucosae and mnucosa were examined
histologically in three specimens (P2;P21;P23.). The
muscularis mucosae consists of approximately five layers of
cells, which have a uniform orientation, parallel to the
surface of the mucosa. The thickness varied between 35 - 40
um. However, there were isolated "peaks" of smooth muscle
and connective tissue cells penetrating the mucosa to a
depth of 23-80um. Vessels, could be seen within the
muscularis mucosae and were equal to, or less than, the
corresponding submucous vessels in diameter. The mucosa was
fragmented in these sections, but varied in thickness
between 450-575um (447/2) and 616-836um (447/4).

Cleared stained edge sections, taken from the corpus of
P21 & P23, were examined. The dimensions were uniformly
greater than in the histological specimens, the muscularis
mucosae varying between 70-78um and the mucosa being
approximately 780um thick.
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EXTRAMURAL VASCULATURE

The lesser curvature and adjoining areas of the stomach
are supplied as far as the incisura angularis by the left
gastric artery. Individual branches arise from its main
trunk in a "tree-like"pattern and pass in the lesser omentum
to the stomach. The narrow lesser curvature is delineated by
two lines of inputs, just dorsal and ventral to the rostral
edge of the stomach, which almost immediately enter the
muscularis externa. There appear to be no inputs 'penetrating
the stomach on the lesser curvature ie. between the lines of
mesenteric attachment. A second population of input vessels
runs subserosally on the ventral aspect from the vicinity of
the lesser curvature, to pierce the muscularis externa by a
90° degree turn, approximately two-thirds of the way to the
middle of the ventral wall. These do not appear to be
matched on the dorsal wall. The mesentery around the base of
the oesophagus contains few vessels and none appear to pass
from the stomach up the oesophagus.

The two lines of input on either side of the 1lesser
curvature continue distal to the incisura angularis, but are
derived from the right gastric artery, a branch of the
hepatic artery. In only one of thirteen specimens could any
extramural continuity between 1left and right gastric
arteries be seen, other than very small branches of the
mesenteric adipose tissue. In specimen P25, two chains of
inputs were united by an anastomotic vessel whose minimum
diameter was immediately proximal to the incisura angularis.
In the remainder of the cleared specimens (3), the
demarcation between the areas of supply of the left and
right gastric arteries was at early or mid antrum, distal to
the incisura. (Tal-/e¢ ?) | '

The single chain of inputs on the greater curvature
pierce the stomach with little or no subserous course along
the line of attachment of the greater omentum. This 1line
begins on the dorsal aspect of the gastro-oesophageal
junction, crosses the dorsal fundus, and reaches the greater
curvature at mid corpus. It then continues along the greater
curvature to approximately 1 cm beyond the gastroduodenal
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junction. ‘I'ne 1nputs arise from an anastomotic vessel within
the mesentery. This runs parallel to the surface of the
stomach and is formed by the anastomosis of the 1left and
right gastroepiploic arteries. The latter reaches the
duodenum approximately one centimeter distal to the
gastroduodenal junction and is derived from the common
hepatic artery.

At the gastroduodenal junction, there is an incomplete
ring of extramural vessels, derived from the right gastric
and gastroepiploic arteries. In only one specimen of
thirteen (P26) did the ring appear to be complete. In all
specimens, each hemi-annulus gave off branches to both
stomach and duodenum. |

P23 P24 P25 P26
Extramural - - + -
Anastomoses
Min. diameter of - - 100 -
extramural

anastomoses (um)

Other anastomoses [Few:small [Subserous |Subserous [Subserous

Mesenteric [Small Small Small
adipose
tissue

Table 8 Anastomoses Between left Gastric Artery & Right

Gastric Artery in Cleared Primate Stomachs
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INTRAMURAL VASCULATURE

Supply to Muscularis Externa

Four cleared specimens were examined. The extramural
inputs turn through 90° at the end of their subserous course
and enter the muscularis. Branches arise at this point which
give rise to a subserous plexus, whose component vessels are
mainly less than 50um in diameter and tend to have a
longitudinal orientation. This plexus gives rise to
perpendicularly running vessels which ramify throughout the
muscularis, parallel to the muscle fibres. The perpendicular
branches of the extramural vessels themselves have
comparatively few intramural branches, other than those
which form the subserous plexus so there is no significant
deep muscular plexus. All the penetrating arteries pass to
the submucous plexus, which is also supplied by vessels
from the subserous plexus. Additional supply to the

muscularis is received from recurrent vessels from the
submucous plexus.

Spatial Vvariations in Supply to Muscularis Externa

The vascular architecture appears to be fairly uniform.
The inputs to the proximal part of the greater curvature
tend to have a longer subserous course than those on the
distal greater curvature, although always much shorter than
those on the lesser curvature.

At the gastroduodenal junction, the marked sphincteric
thickening of circular muscle is supplied by intramural
branches from the extramural hemi-annulus of vessels.

Submucous Plexus :

It proved difficult to obtain uniformly well-filled but
not over-filled, specimens of the primate gastric submucosa
and mucosa. Many were filled inadequately and unevenly.
However, it was possible to compile the folldwing
description from the observation of the whole of five good
specimens (P23;P24;P25;P26;P27) and from parts of others
(particularly P7;P11;P12:P13). (Fi75/3'/6)
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Fig. 13 Whole cleared stomach (P24). Duodenum at left. Note
area of reduced vascularity on the lesser curvature (centre)
field and the gastroduodenal junction to the left (1x).

Fia. 14 Whole cleared stomach (P27). Note the branching
of the major scalariform inputs and the stellate
vessels in the central lesser curvature (1lx).
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Fig. 15 Whole cleared stomach (P26). Note the stellate
vessels of the central lesser curvature and the
gastroduodenal junction at the bottom left (1.4x).

Fia. 16 First part of duodenum of P24. Note central stellate
vessels and lateral scalariform branching pattern (3x).
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The submucous plexus is supplied by two groups of
inputs, penetrating artery branches and vessels from the
subserous plexus. These inputs turn through approximately
90° in the submucosa then course obliquely through the
submucous connective tissue, bridging the mucosal folds,
before penetrating the muscularis mucosae to form a second
plexus at the base of the mucosa. The sparse submucous
plexus they form therefore does not have a distinct plane
but is spread throughout the depth of the subm