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ABSTRACT

The subject of this thesis is the structure and motility of the
alimentary tract of the Tammar wallaby (Macropus eugenii).

In the

early part of the thesis the gross, topographical and microscopic
anatomy of the alimentary tract, particularly as it relates to
function, is described in some detail.

Emphasis is placed on the

structure of the ventricular groove, haustra and pylorus of the
stomach.

The remainder of the thesis reports on the investigation

of movement and the related mixing and propulsion of digesta.

Some

observations of digesta movement were made using radiographic techniques
which were then related to electrical events.

Chronically implanted

bipolar electrodes were used to record the extracellular electrical
activity.

A slow wave, with a frequency of 5.5 ± 0.1 cpm (mean ± s.e.m.,

between animals, n = 12), an amplitude of 120 ± 5.3 µV (mean ± s.e.m.,
n = 1000) and an aboral propagation of about 3 ± 0.07 mm per sec
(mean ± s.e.m., between animals, n = 12) was recorded from all parts
of the stomach.

Action potentials were only recorded from the pylorus.

Both slow waves and action potentials were recorded throughout the
intestine.

Two colonic slow wave frequencies were recorded.

Possibly one was associated with antiperistaltic and the other with
peristaltic activity.

A pattern of myoelectrical activity, the

migrating myoelectric complex was recorded moving from the duodenum
to the ileum at about 90 minute intervals.

The slow wave frequency

of the duodenum was 26 ± 0.15 cpm (mean ± s e.m., between animals,
n = 12) and on the ileum it was 25 ± 0.14 cpm (mean ± s.e.m , between
animals, n = 12).

The absence of a decrease in the frequency of the

slow wave from the duodenum to the ileum is unique.

Following

transection and reanastomosis of the jejunum there was a marked drop
in slow wave frequency below the surgical site.

This suggests that

the small intestine pacemaker may be at the duodenum
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AIMS AND OBJECTIVES
This study was designed to describe the gross, radiographic, and
topographic anatomy of the gastrointestinal tract of the Tammar wallaby

(Macropus eugenii).

The microscopic anatomy of the tract was examined

and interpreted with particular attention being made to the muscular
layers.

The motility of the stomach, small intestine and to a lesser

extent the large intestine, was studied using radiography and
electromyography.
Radiography revealed some of the patterns of movement of the stomach
which when allied to the microscopic and macroscopic anatomy, allowed
a theoretical basis for these movements to be proposed.

Electro

myographic studies of the stomach and intestine were conducted to
characterise the electrical events of those organs and to determine
whether feeding or fasting would modify those events.

Patterns of

electrical activity were identifed and characterised.

The visible

movements, as revealed by radiography, were related to simultaneous
electromyographic recording.

The effect of tranquillizing drugs

(central nervous system depressants) on the gastrointestinal motility
was examined.

Following the finding that there was no slow wave

frequency gradient of the small intestine, transection and anastomosis
experiments were conducted to relate the data from the macropod to
the oscillator theories of intestinal motility described by Bunker

et al. (1967), Nelsen and Becker (1968), and Sarna et al. (1971, 1972).

L

CHAPTER 1
INTRODUCTION
Over the past century a great deal of research has been carried out
on the morphology and function of the gastrointestinal tract and how
these are inter-related to modify the transit times of digesta
through its various regions.

There has been considerable debate over

some fundamental issues such as whether the variations in gastro
intestinal morphology are a result of modifications to accommodate
different dietary regimes or whether the animals diet is dictated by
its gastrointestinal morphology.

There has also been some speculation

on the effect of alimentary tract morphology on digesta
propulsion and absorption.

breakdown,

Further hypotheses have been put forward

to explain the inter-relationships between gut morphology and function
and many other factors such as masticatory efficiency, biological
value of the food, digestibility of various dietary components,
energy conversion rates, and re-cycling of nitrogenous compounds.
These factors have variable effects on the motility of different
regions of the gastrointestinal tract and consequently modify the
transit times of digesta through these regions.
The investigation of the relationship between food intake and body
growth, productivity and fecundity has involved studies of many aspects
of dietary strategies.

Ecological and behavioural research has

documented dietary components, their availability, and seasonality.
Some species of herbivores

the mantled howler monkeys for example,

have been shown to be highly selective of their dietary components
so that

are nutritiona1

balanced in trace elements and

vitamins as well as nitrogen and energy levels (Glander
the ungulates,

1981)

patterns vary, generally perissodactyls

2.

graze continuous

for hours at a time while artiodactyls are more

likely to forage for a short period and then either ruminate or have
periods of rest before another foraging period.

Bell (1970) suggests

that the perissodactyls select dietary components which have high
levels of cellulose and lignin and the artiodactyls select the more
succulent and nutritious components.

Hofmann(l973) recognises three

major feeding groups amongst the East African ruminants; concentrate
selectors, bulk and roughage eaters and intermediate feeders.

The

bulk and roughage eaters have a more voluminous tract relative to
body weight than the concentrate feeders.

However, the relative

capacity of the individual segments as a percentage of the total gut
was similar in all the groups as well as in domestic ruminants and
camels (Maloiy and Clemens, 1980).

Hofmann(1973) reported a greater

development of the rumen, ruminal papillae, omasal papillae and
overall musculature of the stomach complex in the roughage eaters
compared to the concentrate feeders.

Maloiy et al. (1982) found an

inverse ratio of body weight to reticulorumenal fermentation rate as
well as to rumen turnover in the same three groups of ruminants.
They reported that within the groups, body size and body weight were
not related to the selection of plant material.

No similar inter

specific studies have been undertaken amongst the perissodactyls.
The general gross and microscopic anatomy of the domesticated
ungulates has been well documented (Getty, 1975; Nickel et al., 1979)
and for most purposes may be considered to hold true for the basic
features of the wild and less, well documented species.

The ungulates

have adopted two basic modes to process and digest their ingesta.
The artiodactyls have a forestomach complex of a rumen and reticulum
for the microbial breakdown of the plant cell walls and cytoplasm and
an omasum where fluids are absorbed.
ion occurs in the gastric

The normal acidic and peptidergic
ion, the abomasurn.

Some further

3.

ion as well as the absorption of digestible products takes p ace
in a long, small intestine.

In the large intestine secondary ferment

ation, some absorption of fermentation products and some absorption of
water takes place (Church, 1979).

The perissodactyls have a simple

stomach and a relatively short small intestine but have a capacious
elongate large intestine.

In the large intestine microbial degradation

of plant cellular walls takes place, after the more readily available
nutrients have been digested and absorbed in the stomach and small
intestine

Some research work has been carried out to relate

masticatory efficiency, dietary quality, fibre content, available
nitrogen and energy and the efficiency of utilisation of various
components of the diet, to their evolutionary success.

Thus we have

the established view that the evolution of a forestomach complex
allowed ruminants to cope with the high levels of fibre in their diet
and that herbivores such as the equids using caecal fermentation are
less efficient in their utilisation of their diet (Moir, 1968).

The

equids have about 70% of the efficiency of ruminants in the digestion
of cellulose (Vandernoot et al., 1967).

However, a faster digesta

transit time in the horse offsets this difference (Heinlein et al.,
1966).

This allows horses "to maintain the same absorption per unit

time as a ruminant by having a greater intake and a shorter passage
time at the expense of a reduced efficiency of cellulose digestion".
(Janis

1976).

The macropods have an elongate tubular stomach (Plate 1) where microbial
fermentation occurs in the oral four fifths and acidic and peptidergic
digestion occurs in the aboral fifth.

The elongate small intestine

leads via an i eal papilla into a common caecwn and ascending colon.
The caecum is a
indist
ermJna

simple blind tube

The ascending colon leads

into a series of colonic loops (Plate 2) which
the anus in a cloaca.

Little information is available

4.

.I

PLATE 1
Left lateral view of a dissection of the thorax and abdomen.a ., divertieulwn; b ., proximal compartment of the stomach; c,
liver; d, thoracic cavity; e ., rib; f ., fat depot; g., greater
omentwn at the caudal gastric flexure; h, spleen; i, small
intestine; j ., sublwnbar fat depot; k ., diaphragm. · Twrrmar Wallaby.

I

I

s.

PLATE 2

Right lateral view of a diss�ction of the thorax and abdomen.
a� rib; b� thoracic cavity; c, ascending colon; d, liver
lobes; e, colonic loops; f, mesenteric fat depots; g, jejunum;
h, sublumbar fat depot.
Tarrrrnar Wallaby.

I

I

6.

on the efficiency of utilisation of dietary components or on the
motility of the gastrointestinal tract of the macropods.
The transit times of digesta through the alimentary tract have been
determined using stained hay particle techniques (Castle, 1956a,b)
and radioisotopes (Faichney, 1975).
macropods found that the use of
103

51

Dellow (1979) in experiments on

Cr-EDTA to mark the fluid phase and

Ru-P to mark the particulate phase of the digesta to be a relative

ly accurate method of determining the relative flow rates (retention
times) of the two phases of digesta.

However, this technique does

not give any information on the detail of the patterns of movement of
digesta.
Radiographic observations of the alimentary tract have been used with
some success to study the patterns of the instantaneous movements.
As early as 1898, Cannon used radiographic techniques to study
digesta movement.

He gave excellent descriptions of the peristaltic

contractions of the cat's stomach and the movements of the pyloric
region associated with propelling digesta through the pyloric ostium
and into the duodenum.

In 1902, he described the basic patterns of

peristaltic contractions and segmentation in the cat's small
intestine.

Since then advances in radiographic technology, such as

fluoroscopy and image intensification, video recording and spot film
photography, have helped make the visualisation of gastrointestinal
movements a simpler procedure.

Recent use of these techniques, often

in conjunction with electromyography, has confirmed the passive role of
the oral half of the canine stomach in regulating the flow of fluid
through the gastroduodenal junction (Kelly, 1980).

The role of the

aboral half of the canine stomach in mixing and triturating the solid
phase so that generally only particles of about 0.1 cm diameter may
pass through the pyloric orifice in the fed animal has been demonstrated
using radiographic techniques (Kelly, 1974; Meyer et al., 1979).

7.

Radio-opaque pellets up to 0.7 cm diameter have been seen to pass
through the dog's pyloric orifice at about 2 hourly intervals for
short periods following a period of fasting but never following
feeding (Mroz and Kelly, 1977).
Microelectrode techniques where the smooth muscle cells from
different layers of the alimentary tract were impaled have been used
to elucidate myogenic activity of those layers.

The literature on

the resting membrane potential and the degree of spontaneity of the
cell populations of the stomach and intestine of the dog and man
has been summarised by Szurszewski (1981).

The microelectrode

technique has been used to determine the effects of various neuro
transmitters and their antagonists on the alimentary tract smooth
muscle cells in attempts to define the roles of the enteric nervous
system and the individual layers of the tunica muscularis.

Depite

intensive research programmes which have attempted to clarify aspects
of the neuromuscular interactions, few generalisations on the neural
control of gastrointestinal motility have been attained (Szurszewski,
1981; Wood, 1981).

Intracellular glass electrode techniques have

pointed out how little is known, particularly of the role of the
enteric nervous system in gastrointestinal motility.
Extracellular electrode techniques applied to the gastrointestinal
tract, such as suction cup electrodes as well as chronically implanted
monopolar and bipolar electrodes, allow the electrical activity of a
particular population of cells to be recorded.

These techniques have

identified regular slow wave activity, action potentials and patterns
of myoelectrical activity of the gastrointestinal tract.

The effects

of sympathomimetic, parasympathomimetic and enteric polypeptide drugs
on these recorded events have been evaluated.

The slow waves are

regional rhythmic fluctuations in ionic potentials of the smooth
muscle layers (Burnstock et al., 1963).

A slow wave cycle usually

8.
consists of a triphasic change in electrical potential followed by a
long isopotential period.

The frequency of the slow wave (cycles

per minute, cpm) varies depending upon the recording site and on the
species.

In the dog the mean slow wave frequencies are:

stomach

4.5 - 5.5 cpm, duodenum 18 cpm, ileum 13 cpm, colon 5.5 cpm and 18.3
cpm (Code et al., 1968; Daniel and Irwin, 1968; Burrows, 1980).
man the mean slow wave frequencies are:

In

stomach 4 cpm, duodenum 11.5

cpm, ileum 9.5 cpm, colon 4 and 10 cpm (Code et al., 1968; Sarna et al.,
1980; Kelly, 1981).
Contractions of various regions of the gastrointestinal tract are
associated with action potential activity (Burnstock et al., 1963)
which for most of the tract is linked to the slow wave cycle.

The

wavelength of the slow wave of a particular region is considered to
be the physiological unit of that region (Code et al., 1968).

Thus

only one contraction at any one instant can occur over the length of
the physiological unit.

The strength of the contractions are a

function of the amplitude and number of action potentials which occur
at the site in question (Weisbrodt, 1981).

Sometimes the contractile

event is stationary, at other times it may be propagated.

Neural

transmitters and hormones modify the electrical events but are not
essential for the generation and propagation of the cycles of
contractile activity (Kelly, 1981).

In the simple stomach, the fundus

and oral corpus (proximal stomach) exhibits slow wave activity but
not action potentials.

Both the sustained tonic contractions of 1 - 3

minutes duration and the rapid phasic contractions of 10 - 15 seconds
duration are not associated with action potential activity (Kelly, 1981).
It is presumed that this region acts as a storage organ and that the
basal tone created by the gastric musculature is essential to develop
a potential difference in hydrostatic pressures between the lumens of
the stomach and duodenum. When the difference is positive in an oral

9.

to aboral direction, fluids can flow through the pyloric ostium.
Normally the continual gastric muscular tone prevents reflux of
duodenal contents into the stomach (Kelly, 1981).
The rest of the stomach (distal stomach) has action potentials as
well as slow waves.

The slow waves co-ordinate the electrical

activity of the smooth muscle cells allowing the action potentials
responsible for the peristaltic contractions to occur.

The

peristaltic waves move towards the pylorus and in the process mix
and triturate the gastric contents.

In the pyloric region a recurring

sequence of propulsion, squeezing and retropulsion thoroughly mixes
the contents and grinds the solids to about 0.1 cm diameter (Meyer

et al., 1979).

Gastric peristaltic contractions prob�bly aid the

propulsion of fluids through the pyloric ostium but the flow of
liquid may occur without contractions (Stemper and Cooke, 1975).
In the fed animal, solids are ground to about 0.1 cm diameter before
they pass on to the duodenum, any larger particles are retropulsed
for further trituration (Meyer et al., 1979).

In animals with simple

stomachs there is a difference in the patterns of electrical activity
between when an animal is fed and when it is fasted.

In the fed state

a nearly continuous high level of action potential activity is super
imposed upon the slow wave activity.

During the fasted periods there

is a recurring pattern of electrical events associated with
contractile events.

In the dog a period of quiescence lasting

between 45 and 60 minutes where only slow waves are recorded is
followed by a period when bursts of action potentials occur randomly
between slow wave cycles, this is the irregular spike activity (ISA)
phase which lasts up to 45 minutes.

Following this is a short period

of 5 - 15 minutes when spike bursts are associated with every slow
wave cycle, the regular spike activity (RSA) phase.

The entire pattern,

referred to as a migrating myoelectric complex (rvtMC), appears to
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migrate from the stomach to the duodenum and then along the length of
the small intestine (Kelly, 1981).

The initiation of a gastric MMC

is thought to be mediated by the central nervous system (Wingate, 1976).
Its subsequent propagation requires intact extrinsic and intrinsic
nervous systems (Weisbrodt et al., 1975; Mroz and Kelly, 1977). The
MMC pattern in the dog disappears immediately upon feeding (Thomas
and Kelly, 1979).

Ruckebusch (1970) found slow wave activity on the

sheep's abomasum but not on the more oral compartments.

He found

short bursts of action potentials with a frequency which ranged from
40 cpm on the reticulum to 15 cpm on the rumenal ventral sac. The
number of action potentials and the time course of the discharges
gave a good index of the strength of contractions as measured by
strain gauges.

A slow wave with a frequency of 7 cpm was recorded

from the pyloric region of the abomasum but unfortunately no recordings
were taken from the region equivalent to the electrically silent
region of the dog's stomach.
Electrical events and their associated contractions are clearly
observed in the small intestine.

As early as 1861 Ludwig described

stationary, peristaltic and antiperistaltic movements of a dog's
small intestine

In 1899, Bayliss and Starling published a detailed

description of the peristaltic contractions of the dog and in 1902
described intestinal segmentation and peristalsis as revealed by
radiographic techniques.

In1922bAlvarez and Mahoney demonstrated the

presence of electrical slow waves which had an oral to aboral frequency
gradient along the small intestine. Therefore they were able to
support the observation of a gradient in contractile activity of the
small intestine reported in 1869 by Legros and Onimus.

In 1932

Berkson et al. were the first to record and then relate bursts of
action potentials to contractile
Since these

studies

of the dog's small intestine

many workers have reported on the form
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function and characteristics of the rnyoelectrical events found in
the small intestine of man and domesticated animals.

Reviews by

Hightower (1968), Christensen (1971) and Weisbrodt (1981) summarise
the literature and most of the current theories of intestinal
motility.

At any locus of the small intestine, contractions may range

from occluding the bowel lumen to being eccentric and shallow.

They

may involve a segment from 1cm up to 4 cm long with a variable
duration and be either strong (300 - 400 mm Hg) or weak (1 - 2 mm Hg)
in their effect (Weisbrodt, 1981).

When adjacent sites in an oral to

aboral sequence contract, the contained digesta (chyme) will be
propelled

Such co-ordinated contractions, the peristaltic waves,

may travel a variable distance along the small intestine.

Radio

graphic observations with simultaneous electromyographic recordings
have confirmed that short bursts of action potentials correlate
with contractile events causing chyme to be shuttled back and forth
during periods of segmentation (Code and Schlegel, 1974).

The phase

of the intestinal MMC is important to the rate of movement of chyme
along the intestine.

Ruckebusch and Bueno (1975) found in ad lihitum

fed sheep, and Code and Schlegel (1974) in fasting dogs, that most
of the chyme was propelled through the smalJ intestine during the
period of irregular spike activity.

Whilst the MMC pattern of

small intestinal activity is abolished by feeding in the dog and horse
it is unaffected by feeding in the ruminant.
ruminants

MMC is a species characteristic.

The periodicity of the
It occurs approximately

every 88 min in sheep, 79 min in goats and 57 min in the cow.
Surgical and pharmacological manipulations in a number of species
suggest that the initiation of the intestinal MMC is humoral in origin
and Bueno
(1978)

1977a· Bueno and Ruckebusch, 1978)

Itoh et aZ.

Lee et al. (1978) and Thomas et aZ. (1979) have all found

a close correlation of elevated plasma motilin associated with the RSA
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phase of the MMC.

Collins et aZ. (1978) was unable to find such a

correlation. The isolation and concentration of neurotransmitters
responsible for the initiation of intestinal MMC's is currently the
subject of intensive investigations worldwide.
This century, colonic motility has been studied extensively by
radiography, balloon kymography, open and closed tipped catheters,
strain gauges, in vitro organ bath procedures and electromyography.
Even so, little is known of the organisation of colonic contractions
and the associated electrophysiology.

A major complication to our

understanding is the diversity of form of the large intestine between
species.

For example, the human has a small caecum, a simple

ascending colon which runs into the transverse colon and then the
descending and sigmoidal colons (Warwick and Williams, 1978).

In

contrast, the rabbit has a highly modified caecum (Snipes, 1978) and
a simple but elongate colon; while the horse has a huge caecum and
ascending colon followed by a short transverse colon and an elongate
descending colon (Getty, 1975). The ruminants have a relatively
simple caecum, and an ascending colon which is elongated and coiled
into centrifugal and centripetal loops. Their transverse and
descending colon are simple (Getty, 1975). A second factor which is
important to an understanding of the colon is to recognise that the
different regions have different functions.
Reports on the function of the colon usually refer to it as having
three regions:

a proximal (caecum and ascending colon), intermediate

(transverse and colonic loops), and a distal colon (descending colon
and rectum).

Contractile rings moving in an oral direction, i.e.

antiperistaltic waves, are the principal motor activity of the
proximal colon where absorption of water and electrolytes and in some
cases significant levels of microbial fermentation of digesta are
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occuring.

Segmentation occurs over the intermediate colon where

faecal masses are formed

Periods of little activity followed by

aboral moving contractile rings are the features of the distal colon.
The former lack of activity is associated with the storage function of
the region and the contractile periods are associated with elimination
of faeces (Truelove, 1966; Misiewicz, 1975; Christensen, 1978).

To

date there is insufficient data to determine major common patterns of
electrical activity of the colon of various species.

There appear to

be at least two slow wave patterns occurring simultaneously or
separately in the species examined in detail (Christensen, 1981).

In

man, these occur at 2.5 - 4 cpm and 6.9 - 12 cpm (Duthie, 1975), and
in the dog at 5.5 cpm and 18.3 cpm (Burrows, 1980).

Ruckebusch and

Fioramonti (1979) describe two patterns of colonic action potentials
in man, pig, dog, rabbit, sheep and horse.

These are short spike

bursts (SSB) lasting less than 5 seconds, and long spike bursts (LSB)
lasting between 5 and 20 seconds.

They believe that SSB activity is

associated with the mixing of digesta and that when there is an
increased SSB activity there is a retention of faeces.

The LSB

activity is associated with the aboral transit of faeces.
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CHAPTER 2
ANATOMY
INTRODUCTION
Home (1814) introduced his description of the unique anatomy of
the macropodid stomach by observing that "The stomach of the kanguroo
differs in many particulars from that of any other known animal and
bears a greater resemblance to the human caecum and colon than to any
stomach".

A small bifid blind sac adjacent to the oesophagus and

the main chamber of the stomach was described by him as "making a
complete circle round the portion into which the oesophagus enters
and terminates by a contracted orifice at the pylorus".

The presence

of left and right taeniae with their associated haustra "forming sacculi,
as in the human colon" was also noted.

Home then described the

presence of numerous aggregations of lymphatic tissue, to which he
ascribed a digestive gland function, which lay adjacent to the left
and right taeniae as well as on the greater curvature of the stomach.
Owen, in publications in 1841, 1852 and 1868, expanded on Homes'
descriptions and commented on the structural variability among the
macropodid species.

Owen, in 1841, recorded the presence of an

"oesophageal groove" in the kangaroo stomach.

Then in 1852 he

described the alimentary tracts of Dendrolagus inustus (Gould) and

Macropus major but added little new to the previous general descriptions
of the macropodid alimentary tract.

He indicated the presence of an

elongate intra-abdominal oesophagus held in place by a dorsal
oesophageal mesentery and reported the dimensions of the small
intestine of D. inustus (Gould) as being 6 feet and the large
intestine being 3 feet.

He also described the small intestine opening

by an "ileo-caecal aperture in the form of a narrow transverse slit"
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into the simple 5 inch long caecum.

In 1868, Owen elaborated on his

earlier description of the alimentary tract of Macropus major and
noted that the "number of sacculi" of the stomach were fewer in the
smaller macropods such as Macropus parryi and that the taenia over
the greater curvature of the stomach in these species were "almost
obsolete".

He also pointed out that the oesophagus opened "into

the middle division of the stomach" close to the "oesophageal groove".
He noted that the stomach structure in the genus Hypsiprymnus was
essentially the same as in the related group of macropods.

He

described the stomach of the Potoroinae as having a sacculated portion
to the left of the oesophagus and that the rest of their stomach
resembled the pyloric part of the simple stomached animals.

Finally

he described the slight sacculation at the base of the caecum and
the simple small intestine that was held in a twisted mesentery in
the "great kangaroos".

Garrod (1875) in a description of

Halmaturus Zuctuosus, reported that "the stomach is perfectly
Macropine" and drew attention to the presence of Peyer's patches along
its 97 inch long, small intestine.

Schafer and Williams (1876) were

the first to detail the histology of the lining of the macropodine
stomach and to use these features to delineate its compartments.
In Macropus giganteus and Dorcopsis Zuctuosa they described; a large
cardiac region (A) lined by a dense stratified epithelium, a large
glandular region (B) lined by a columnar epithelium, and a third
region (C) that contained a distinct circular patch of a thick mucous
membrane with peptic glands.

In D. Zuctuosa the region A was large

and B small whilst in M. giganteus the region A was small and B large.
Their study correctly identified the aggregations adjacent to the
left and right taeniae as being lymphatic tissue.

Beddard (1895)

described the distribution of the whitish "oesophageal epithelium"
of the stomach in Petrogale penicillata as being extensive, in

Dend:Polagus bennetti as restricted and intermediate in Halmaturus.

I
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He also noted that the parallel lips which formed the eosophageal
groove were well developed in D. bennetti and Halmaturus but poorly
so in B. peniciUata.

His description of the intestine identified the

ileocaecal mesentery and the leaf which runs off the jejunoileal
mesentery to attach to the base of the caecum.

He was the first to

mention the blood vessels traversing both mesenteries to supply the
caecum.

Parsons (1896) described the alimentary tract of Petrogale

xanthopus.

Lonnberg (1902) commented on the relationships of dental

morphology to diet and its effect on alimentary tract form in the
macropod and to many phalangerids but did not make any new observations
on alimentary tract anatomy.

Mitchell (1905; 1916) described the

intestinal tracts of many marsupials.

In 1916 he reported the small

intestine of Dendrolagus ursinus as being a "double spiral" of loops
somewhat reminiscent of the colonic spirals of the ruminants.

This

arrangement has not been confirmed by any subsequent reports, nor have
the two caeca which he described for this species.

Mitchell (1916)

also commented on the elongated nature of the large intestine and
suggested that the additional loops were the result of an expanded
rectum.

Even though he did not describe the vasculature of the

intestine his diagrams do show a rough distribution of the jejunal and
colic vessels.

In 1918 Mackenzie wrote a detailed description of the

macropodine stomach and intestine but put forward no new information
on the oesophagus and stomach other than to describe their topographical
relationships.

He drew attention to the bifid cul-de-sac of the

stomach of the large kangaroos as compared to its singular form in
the smaller wallabies and made the following observations.

The

stomach was V-shaped with its larger left portion occupying most of the
left side of the abdomen and terminating in a cul-de-sac and its right
portion finishing in a non-sacculated pylorus.

The duodenum formed

a "V-shaped loop" which ran to the right psoas muscle, liver and
kidney so that a descending and ascending portion could be recognised

I

I
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and its oral dilation, the duodenal bulb, was filled by glandular
projections.

The remainder of the small intestine in Macropus

giganteus was convoluted and held in an elongated mesentery.

The

caecum was simple and held closely to the ileum by an ileocaecal
mesentery.

The colon was about 200 cm long and held in a simple

mesentery, part of which attached the aboral ascending colon to the
pylorus and adjacent sacculated portion of the stomach.

The colon

terminated with the genital outlet through a common sphincter.
Sonntagg (1921) confirmed the work of previous authors and made the
first description of the dorsal and ventral vagus nerves terminating
on the macropodid stomach.

He reported numerous nerve branches to

the special gastric gland which presumably was the proper gastric
gland region (fundus).
Thirty-three years later Hill et al. (1954) described the caecum, its
vasculature and mesenteries in eleven species of macropod.

They

reported that the large intestine of Thylogale eugenii (Desmarest)
was simpler than the other species examined.

Its ileocolic junction

separated a "straight, wide, cylindrical caecum" which had a "broad,
rounded apex" from a wide ascending colon.

The ileocaecal mesentery

and the small leaf off the mesojejunoileum as described earlier
(Beddard, 1895) were both emphasised.

Moir et al .. (1956) described

the stomach of the Quokka (Setonix brachyurus) as consisting of four
regions.

They attempted to relate these regions to analogous

structures of the ruminants forestomach complex.

In 1966 Griffiths

and Barton studying Megaleia rufa confirmed the presence of three
histological regions of gastric mucosa as described by Schafer and
Williams in 1876.

They divided the distal one fifth of the stomach

into a gastric pouch with its parietal and chief cells, and a
pyloric region.

They found that "the anlage of the spiral groove"

was present at birth and by 16 days it was well defined.

Over this
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period the remainder of the gastric mucosa was lined by a single type
of cell capable of secreting both HCl and pepsin.

A state of

transition existed from 200 days until 236 days after birth when the
adult distribution of specific gland cell types was finally achieved.
Krause (1972) described the large accumulation of the glandular
tissue immediately aboral to the
macropod.

pyloric sphincter in 8 species of

These mucosal and submucosal glands were responsible for

a marked increase in width of the intestine at this level.

In 1977

Gemmell and Engelhardt confirmed Griffiths' and Barton's (1966)
histological divisions of the gastric mucosa of the Tammar wallaby

(Macropus eugenii).
Schultz (1976) reviewed the gross anatomy of the macropodine alimentary
tract but added little to previous information, except to give a
general outline of the vascular supply of the stomach and intestine.
He described a coeliac artery with three branches; splenic, left
gastric and hepatic which either directly or indirectly supplied
the stomach and a cranial mesenteric artery which supplied all of the
intestinal tract.

Langer (1979b) described the arterial distribution

to the stomach of the red-legged and red-necked pademelons (Thylogale

stigmatica and T. thetis).

He found that the coeliac artery divided

into the splenic, proper hepatic and left gastric arteries.

A

common hepatic artery was absent but the gastroduodenal artery was
present.
Dellow (1978; 1979) used radiographic techniques to determine the
movement of the stomach wall and how these influenced the mixing and
propulsion of digesta in Macropus eugenii, M. giganteus and Thylogale

thetis.

He reported that the degree of development of the gastric

sulcus and the size of the sacciform forestomach in comparison to
the tubiform forestomach influenced the dispersion of barium sulphate.
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He described two types of contractile activity, the first was a
localised contraction where a haustrum contracted and relaxed
independently of other haustra.

The second was a propulsive

contraction where "a wave of stronger contraction moves caudally
along the greater curvature of the forestomach wall.

These contractions

result in the displacement and reformation of the semilunar folds
in association with the haustrations".

Dellow (1978) used radioisotope

markers on the fluid and particulate phases of the digesta and
reported that "the particulate phase of the digesta was preferentially
retained in the stomach for much longer than the liquid phase" and
that digesta flow in the intestine was not partitioned.
In a study of Bettongia spp, Thyfogale thetis and Macropus giganteus,
Hume (1978) divided the stomach into the forestomach (i.e., oral to
the cardia), the midstomach ("the main tubular body of the organ"),
and the hindstomach (proper gastric gland region and pylorus).

In

later publications (1980; 1982) he altered this terminology to the
sacciform forestomach (forestomach) followed by the tubiform forestomach
(midstomach) and the hindstomach.

Langer (1979a,b,c; 1980) and

Langer et al. (1980) elaborated on earlier anatomical studies and
described the haustrated nature of the macropodid stomach in considerable
detail. He described Thylogale stigmatica and T. thetis in 1979 and

Potorous tridactylus, Bettongia Zesuer and Aepyprymnus rufescens in
1980.

With Dellow and Hume in 1980 he described the topographic

anatomy and the histology of the stomach of Macropus eugenii,

M. giganteus and T. thetis.

Hurne and Dellow (1980) summarise the

anatomy of the macropodid gastrointestinal tract and noted that
macropods masticate their food thoroughly and do not have a functional
barrier in their stomach which would preferentially retain large food
particles.

They suggest that these features make eructation and
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rumination unnecessary in this group of herbivores.

In 1982, Hume

in his monograph on digestive physiology and nutrition of marsupials,
summarised the information on macropodine alimentary tract anatomy
and in most cases related structure to function.
MATERIALS AND METHODS
Animals
Tammar wallabies (Macropus eugenii) were captured from Kangaroo
Island, South Australia and Garden Island, Western Australia and
established in separate breeding colonies on the Murdoch University
Native Fauna Research Area (NFRA).

The area holding the breeding

colonies was enclosed by a heavy duty 5 mm diameter cyclone wire
mesh fence, six feet high, tipped by an outwardly directed 18 inch
elbow with four strands of barb wire.

Attached to the elbow were two

electrified strands of heavy gauge galvanised wire.

Much of the NFRA

has its original tree cover of banksias (Banksia menziessii,

B. attenuata) and an understory of large blackboy plants (Xanthorrhoea
preisii) which provided refuge areas for the Tammars. The colonies
were on irrigated pastures consisting of kikuya (Pennisetum

clandestinum) and strawberry clover (Trifolium fragiferum) which made
dietary supplementation unnecessary except during June and July when
lucerne hay and oat grain were provided.

Water was available at all

times from drinking troughs.
The animals' state of health was checked routinely.
drenched with an antihelminthic,

They were

thiabendazole (Thibenzole, Merck,

Sharp and Dohme, Aust.), once a year.

When required, adult animals

3.5 to 6 kilograms body weight were caught early in the day.

This

was achieved by a number of people quietly flushing them from their
hiding places and then shepherding them into small pen enclosures
where they were caught in long-handled hoop nets.

Each animal was
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then placed in an open weave hessian sack
Euthanasia and Fixation
For the anatomical studies, forty-four adult and three juvenile
animals, both male and female, were used.

Euthanasia was by an

overdose of sodium pentabarbitone injected into the wallabies'
lateral coccygeal vein (Richardson and Cullen, 1981).

In twenty-four

animals, the common carotid artery was exposed and cannulated
(Hecker, 1974).

Eight were placed in a standing position and sixteen

in dorsal recumbency with legs splayed and a 10% solution of buffered
formalin (Formaldehyde, 38%, Imperial Chemical Industries, Aust.) was
introduced through the carotid cannula, until muscle twitching ceased
and the muscle blocks felt hard when palpated (approximately 2 litres
were required).

To prevent digesta fermentation, 20 - 30 mls of 10%

formalin was injected into the stomach through a 19 gauge needle
passed through the left abdominal wall. A further twenty animals
were dissected without any fixation.
Dissection
As each animal was dissected, detailed line drawings were made at
various stages.

Drawings emphasised the topographical relationships

of the alimentary tract.

Colour or black and white photographs were

taken to illustrate particular points.

Where appropriate the lengths,

diameters, circumferences and volumes of readily recognised portions
of the alimentary tract were recorded.

The means ± the standard

errors of the means are given in Table 1.

The figures quoted in the

Results and Discussion are the means except where stated as being an
approximation.

Topographical Anatomy
Four emblamed and ten fresh wallabies were dissected from the ventral
aspect.

Once a midline skin incision was completed the linea alba

TABLE 1
MEASUREMENTS OF THE ALIMENTARY TRACT
Lengths, diameters and circumferences in centimetres and volumes in millilitres
N
Intraabdominal oesophagus, length

18

Length from the dorsal to the ventral border of the stomach

18

Middle compartment of the stomach, oral end diameter

18

Length from the cranial to the caudal border of the stomach

Middle compartment of the stomach, length

18

18

Mean ± s.e.m.
7.4 ±

13.8 ±

10.0 ±

11

±

5

±

Middle compartment of the stomach, aboral end diameter

18

3.5 ±

Proper gastric gland region, length along lesser curvature

18

1

±

1

±

Proper gastric gland region, length along greater curvature

Oral pylorus, outside diameter

Aboral pylorus, outside diameter

Taeniae width, along proximal compartment

Taeniae width, aboral end of the middle compartment
Taeniae depth(µ)

Fourth taenia, length

Ventricular groove, length

18

3.5 ±

0.2

10 - 19

0.3

9 - 13

0.5
0.2

0.04

0.8 - 1.3

0.03

0.8 - 1.2

0.16

18

0.4 ±

0.04

18

18

4 - 6

3 - 4.5

0.14

6

8 - 16

0.2

2.5 ±

18

6 - 10

0.9

18

18

Range

3 - 5

2 - 4

0.3 - 0.7

0.7 ±

0.03

0.5 - 1.0

3.5 ±

0.3

3 - 5

410

5

± 37

±

0.3

300 - 500
4 - 8

cont'd •.....

N
N

TABLE 1

(continued)
N

Mean± s.e.m.

18

0.4±

18

Right ventricular lip, height, aboral end

18

Lymphoid aggregation, width on aboral middle compartment

18

Ventricular groove, oral width

Ventricular groove, aboral width

18

Right ventricular lip, height, oral end

18

Left ventricular lip, height, oral and aboral ends

Range

0.04

0.3 - 0.7

0.3±

0.03

0.1 - 0.3

0.2±

0.03

0.1 - 0.3

0.04

1.0 - 1.5

1.2±

0.7±

0.04

0.8 - 1.6

0.03

0.5 - 1.0

18

2 ±

0.08

Duodenal bulb, length

18

1

±

0.03

0.8 - 1.4

Duodenal bulb, external diameter of aboral segment

18

1.0±

0.04

0.9 - 1.2

Descending duodenum, length

18

0.3

Jejunum, length

18

3.8 ±
7.6 ±

3 - 7
6 - 10

0.5 ±

0.03

Lymphoid aggregation, length on aboral middle compartment

Duodenal bulb, external diameter of oral segment
Duodenal bulb, circumference, middle

Ascending duodenum, length

Jejunum, diameter of contracted segments
Jejunum, diameter of dilated segments

1.2±

18

1.4±

18

5

18

18

18

248

±

0.05

1.3 - 1.6

0.2

4 - 6

0.2

± 14.6

1.5 ±

1.5 - 2.5

0.05

I

220 - 344
0.4 - 0 7
1.3 - 2.0

cont'd .•....

v-1

TABLE 1

(continued)
N

Jejunum, circumference
Ileum, length
Ileum, circumference
Small intestine, length
Caecum, length
Caecum, circumference
Large intestine, length
Ascending colon, diameter of oral segment
Colonic loops, diameter of contracted segments

18
18

18

18
18

18

Range

5

±

0.2

4 - 6

4

±

0.1

3 - 5

5

±

0.25

3 - 7

264. 2 ± 21. 5

152 - 376

±

6 - 9

10.5±
7

0.5

0.2

7 - 14

18

88.2 ±

3.8

61 - 130

18

0.5 ±

0.04

0.3 - 0.7

18

Colonic loops, diameter of relaxed segments
Complete intestine, length
Gastrosplenic ligament, length
Gastrocolic ligament, length

18

Duodeno-duodenal mesentery, length
Mesocolon at the level of the right kidney, length

10

Mesoduodenum, length

Mean ± s.e.m.

18

10
10

10

10

2.5 ±

±

0.15

2 - 3.5

0.04

0.8 - 1.5

1.5±

0.11

1 - 2

±

0.06

1

352.4 ± 11.1
1

±

1

±

3

7

±

231 - 470

0.04

0.8 - 1.5

0.03

0.9 - 1.3

0.3

2 - 5

5.5 - 9

cont'd ..... .

N

�

TABLE 1

(continued)
N

Mesocolon at the pelvic brim, length

10

Volume of stomach contents

18

Mesorectum, length

Volume of caecal contents

10

18

Mean ± s.e.m.
1.5 ±

0.5 ±

297

44

0.2

0.04

± 65.3

±

2.3

Range
1 - 3

0.4 - 1

75 - 1025
25 - 60

N
VI
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was identified and incised from the xiphoid cartilage to the pubis,
exposing the abdominal contents.

Further visceral exposure was

achieved by reflecting both the left and right flanks.

This was done

by making incisions from the midline, adjacent to the costal arch and
from below lumbar vertebra six, to the sublumbar muscµlature.

Two

embalmed and five fresh wallabies were dissected from the left side
and the same number from the right side.

In these, a paracostal incision

from the sublumbar muscles to the midline and caudal abdominal incision,
also from the sublumbar muscles to the midline, gave the exposure needed.
Two of the wallabies embalmed in the standing position were dissected
from the left side and two from the right side.
In all dissections the alimentary tract was carefully manipulated
to determine the mesenteric attachments and to find the vascular and
neural supplies where appropriate.

The relationship of each particular

part of the tract to its surrounding structures were also noted.
Using a calibrated piece of string the length of the intra-abdominal
oesophagus, the length from the cranial to the caudal border of the
stomach, the length from the dorsal to the ventral border of the
stomach on the left side (Fig. 1), were measured in ten fresh and
eight embalmed wallabies.
In eighteen wallabies, the lengths of the small to large intestine
were measured in situ along the mesenteric border.

The circumferences

of representative sites along the small and large intestine were
also measured.

The volumes contained in the stomach and the caecum

were measured shortly after death by decanting their contents into a
volumetric flask.

At various sites along the intestinal tract

measurements of mesenteric length to the nearest body wall or organ
attachment were taken.

No differences of measurements were apparent

between the embalmed or fresh animals, so all were considered together.
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A
FIGURE 1
Schematic representation of the linear measurements taken of the stomach.
A, length from the cranial border to the caudal border; B, length from
the dorsal border to the ventral border; C, length of the intra-abdominal
oesophagus. Structures are labelled; u, diaphragm; v, intra-abdominal
oesophagus; w, junction of the oesophagus and stomach wall; x, blind sac
of the stomach; y, diverticulum of the stomach; z, main chamber of the
proximal compartment of the stomach.
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The topographical anatomy dissections were supplemented with two
further techniques.

Four animals embalmed whilst in a standing

position were frozen at -40 ° C and then sectioned with a band saw
(Nolex, Senior Fast Cut, Aust.).

Two animals were sectioned in

the median plane and two were sectioned serially at 12 - 15 cm
intervals transversely.

VascuZature and Mesenteries
To determine the arterial supply, venous drainage and the mesenteric
attachments of the gastrointestinal system, five embalmed wallabies
were dissected from a mid-ventral approach.

Particular care was

taken not to break any mesentery until its origins and insertions
had been determined.
To investigate the gastrointestinal arterial supply in more detail,
an additional five animals were embalmed.

Their left thoracic wall

removed and the thoracic aorta exposed and cannulated (Hecker, 1974).
The aorta was ligated cranial to the site of cannulation.

Approx

imately 120 ml of coloured rapid-setting acrylic (Tensol 7, Imperial
Chemical Industries, Aust.) was injected into the aorta distal to the
ligation.

After 24 hours, two of the animals were dissected through

a mid-ventral incision, to determine the main arterial patterns.

The

other three animals were macerated in industrial grade hydrochloric
acid.

Once maceration was completed the remaining acrylic cast was

soaked in water then dried and drawings made of it.

Acrylic casting

of the veins was not attempted but a basic plan was developed from
the general dissections of the 44 fresh and embalmed specimens.

Nerve Supply
To determine the nerve supply to the gastrointestinal system, four
embalmed wallabies were dissected from the left side.
thoracic wall and the left flank were removed.

Their left

The vagal trunk was
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isolated in the neck and traced caudally through the thoracic inlet
and into the thorax where divisions and anastomoses were identified.
The dorsal and ventral vagal trunks were followed through the oeso
phageal hiatus and dissected as far as possible onto the stomach.
The sympathetic chain was much smaller and was not examined in detail
but whenever possible it was dissected through the diaphragm to its
connection with the coeliac ganglion and adjacent adrenal ganglia
and plexuses.

The plexuses in the dorsal abdomen medial to the kidneys

were dissected as were the connections to the mesenteric ganglion and
its ramifications.

Internal Anatomy of the Stomach
Following the topographical dissections of the abdomen, the stomachs
were removed.

Ten were opened along the greater curvature and the

contents removed.

After washing, the luminal surface was photographed

and drawn.
In two animals embalmed in a standing position, the stomach was
exposed by removing the left abdominal wall.

Pieces of polyvinyl

chloride (PVC) tubing with a O 6 cm outside diameter were introduced
into the oesophagus and the pylorus and the contents were flushed from
the stomach using water.

The stomach was removed from the abdomen

and placed in 70% methyl alcohol for 24 hours.

Air was then blown at

a slow rate down the oesophageal tube, through the stomach and out
the pyloric tube until the stomach dried.

During the time it took

to dry, the stomach was turned regularly to prevent it adhering to
itself or its underlying supports.
was examined

Once dried, the external anatomy

Then a series of 1 cm x 2 cm windows were cut at

appropriate sites to allow the internal structures to be seen and
drawn.
Two animals

freshly euthanased

were dissected from the left flank
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and their stomach removed.

PVC tubing was introduced as above and

the gastric contents washed out.

A Plaster of Paris solution

(Setting Plaster of Paris, Bradys, Aust.) was passed through the
oesophagus until the stomach lumen was filled.

Twenty four hours

was allowed for the Plaster of Paris to set hard, then the walls of
the stomach were removed.

The cast was allowed to air dry.

Nomenclature
During descriptions of the abdominal cavity the system followed to
classify anatomical zones of the abdomen is that described by
O'Brien (1978).

Using this system the dorsal and ventral halves

of the abdomen are divided into cranial, central and caudal regions.
These are sub-divided into right and left halves.

The nomenclature

used to name the parts of the organs, their vessels, nerves,
mesenteries and other structures within the abdomen, is as close
as possible to that suggested in the Nomina Anatomica Veterinaria
(1973) by the International Committee on Veterinary Anatomical
Nomenclature.

The Nomina Anatomica and the Nomina Histologica,

both edited by Warwick (1983), were also used.
Microscopic Anatomy
Ten adult and three 3 - 4 month old pouch young animals were
euthanased and their abdomens opened by a mid-ventral incision.
The alimentary tract was quickly removed by transection of all its
ligaments and vascular attachments, the intra-abdominal oesophagus at
a level with the diaphragm, and the rectum near the anus.

Tissue of

the required size was removed for either light or electron microscopy.

Light Microscopy
Segments of the alimentary tract, up to 0.4 cm in length, were pinned
onto a flat surface without stretching the tissue and placed in
fixative.

During the early studies the fixative used was 10% neutral
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buffered formalin. After one week of fixation, the tissue was
trimmed to approximately 2 mm thickness and its required size.
During later studies, tissue was placed in Bouins fixative for about
6 hours and then transferred to 70% ethanol.

Tissues fixed by this

method were trimmed to size and thickness within one week of
fixation.
Trimmed tissues were progressively dehydrated in ethanol solutions
up to 100% ethanol.

They were then cleared in chloroform and embedded

in paraffin wax (Paraplast, Ames Co.).

Tissue blocks oriented either

longitudinally or transversely were sectioned at a 6 µm thickness on
a microtome (American Optical, 820).

The resultant tissue sections

were stained by haematoxylin and eosin or Massons trichrome (Luna,
1968).

Photographs of representative alimentary structures were

taken using Kodak Microfilm, black and white film in a 35 mm camera
(Orthomat) mounted onto a Leitz, Orthaplan microscope.

Mean values

of the depths of the different microscopic layers are given in the
text.

Table 2 gives the means ± the standard errors of the means of

the depths.

Scanning Electron Microscopy
Segments of tissue approximately 1.5 cm square were pinned flat
without stretching the tissue.

They were fixed in 5% glutaraldehyde

in Sorenson's phosphate buffer (pH 7.4).

Once the tissues had

hardened they were trimmed to about 0.8 cm square and then post-fixed
in Dalton's chromic osmium.

They were then dehydrated in ethanol,

transferred to amylacetate and dried using the critical point method.
Subsequently, specimens were sputter coated with carbon and viewed
with a Philips 501B scanning electron microscope.

Representative

tissues were photographed using Ilford Pan F135 film in a Robot
camera attached to the microscope.
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RESULTS
External Anatomy of the Stomach
The Tammar's stomach was long, tubular and of sigmoidal form.

In

oral to aboral sequence its anatomical regions and flexures were;
diverticulum, blind sac, cranial gastric flexure, main chamber of
the proximal stomach, caudal gastric flexure, middle compartment,
pyloric flexure, proper gastric gland region, pyloric antrum and
pylorus (Plate 3).

On superficial examination the first half to

two thirds of the tube was markedly haustrated and was followed by
a short inconspicuous cyclindrical region.

Following this was a

prominent, but small signet-ring shaped region, the proper gastric
gland region (fundus, gastric gland, gastric pouch) which led into a
short funnel-shaped pylorus (Plate 4).

The stomach could be

arbitrarily divided into proximal, middle and distal compartments.
The proximal compartment was that region of the stomach oral to the
most ventral portion of the caudal gastric flexure (Fig. 2).

The

region from here to the most oral part of the proper gastric gland
region was the middle compartment.

The distal compartment included

the proper gastric gland region and the pylorus antrum and ended at
the commencement of the duodenal bulb (Figs. 2 and 3).
The main chamber of the proximal compartment lay between the caudal
gastric flexure and cranial gastric flexure (Fig. 3).
length of 13.8 cm and a diameter of 4.5 cm.

It had a

The oesophagus terminated

at the cardia in the ventro-medial wall of the proximal compartment.
The cardia was located between 4 - 6 cm aboral to the greater
curvature of the stomach at the cranial gastric flexure.

On the

lesser curvature of the cranial gastric flexure there was a deep
fissure which delineated the oral end of the main chamber and the
commencement of a blind sac.

The blind sac was comma-shaped, and

tapered from a diameter of about 5 cm in the region of the fissure
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PLATE 3

Dorsal view of the stomach and intestine removed from the body. The
stomach and intestine have been arranged so that good visualization of
the segments is achieved. The aboral portion of the middle compartment
of the stomach has been rotated dorsally through 90 °. a, oesophagus;
b� proximal compartment of the stomach; c� middle compartment of
the stomach; d, proper gastric gland region; e, pyloric region; f, blind
sac; g, right gastric taenia; h, jejunum; i, ilewn; k, caecum; l�
ascending colon; m, ileocaecocolic junction; n, gastrocolic ligament;
o� colonic coils straightened out; p, descending colon; q, rectwn;
r, cloaca.
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PLATE 4

Dorsal view of the stomach, a, oesophagus; b, cardia; c, haustrum on
the blind sac; d, haustrum on the proximal compartment; e, right gastric
taenia; f, haustrum on the middle compartment: g, proper gastric gla:nd
regi on; h, pyloric region; i, duodenal bulb; k, descending duodenum;
m, insertion of the greater omentum; n, lesser omental fat depot.
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FIGURE 2

Schematic representation of the stomach, dorsal aspect. a, diverticulwn;
b, blind sac; c, cardia; d, proximal compartment; e, oesophagus; f, middle
compartment; g, proper gastric gland region; h, pyloric region; i,
duodenal bulb; k, descending duodenum; w, cranial gastric flexure; x,
caudal gastric flexure; z, pyloric flexure.
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FIGURE 3

Schematic representation of the stomach, left lateral aspect.
a, diverticulum; b, blind sac; c, cardia; d, proximal compartment;
e, eosophagus; f, middle compartment; g, proper gastric gland region;
h, pyloric region; i, duodenal bulb; k, descending duodenum; w, cranial
gastric flexure; x, caudal gastric flexure.
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to 2 cm towards its oral end.

It was about 8 cm long and terminated

in a small, often bifurcated, diverticulum (Plate 5) which was
approximately 2 cm across and 1 cm deep.
The middle compartment had a length of 11 cm and its diameter
tapered from 5 cm at its oral end to 3.5 cm adjacent to the proper
gastric gland region.

Externally the end of the middle compartment

was distinguishable from the distal compartment by two features, a
deep fissure on the lesser curvature at the pyloric flexure, and an
obvious thickening of the wall which corresponded to the proper
gastric gland region.
The proper gastric gland region was signet-ring shaped with its
widest portion (3.5 cm) on the greater curvature and smallest (1 cm)
at the deep fissure.

Between 5 and 7 pairs of large tortuous

arteries and veins ran from the greater curvature over the surface
of the proper gastric gland region to the lesser curvature.

A

similar number of slightly smaller vessels ran in the opposite
direction.

This rich blood supply was partly responsible for the

deep burgundy colour of the proper gastric gland region in the
freshly killed animal.

A shallow groove delineated the junction

between the proper gastric gland region and the pyloric region.
thick walled, muscular pyloric region was funnel-shaped.

The

It narrowed

from an outside diameter of 2.5 cm to 1 cm just oral to the pyloric
sphincter. A few superficial bundles of muscle fibres ran over the
surface of the pyloric region from the lesser curvature towards its
greater curvature.
Left and right taeniae took origin from each side of the diverticulum
and ran along each side of the stomach to the aboral part of the middle
compartment (Plates 4 and 5).

Each band ran adjacent the lesser

curvature at the boundary of the haustrated and non-haustrated regions.
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PLATE 5

Ventral view of the stomach. a, diverticulum; b, blind sac;
c, haustrum on the proximal compartment; d, haustrum on the
caudal gastric flexure; e, haustrum on the middle compartment;
f, proper gastric gland region; h, fat depot; g, left taenia.
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Bundles of longitudinal fibres from each of the taeniae diverged
over the surface of the diverticulum.

For the most of their remaining

length the left and right taeniae which had a mean width of 0.4 cm
were glistening white and appeared to consist of bundles of longitudinal
fibres.

Over the aboral half of the middle compartment the bundles

of fibres comprising the taeniae spread out over 0.7 - 0.8 cm.

They

gradually ran obliquely dorsal to terminate within 1 cm of the greater
curvature at the junction of the middle compartment and the proper
gastric gland region (Plate 5).
A small, third taenia ran between the other two from the blind sac
over the.greater curvature of the proximal and middle compartments
to terminate at the proper gastric gland region and pyloric antrum
junction.

This middle taenia was the site of attachment of a fat

filled, greater omentum which conveyed the gastrosplenic and the
gastroepiploic blood vessels to the greater curvature of the stomach.
The proximal and middle compartment both had two rows of haustra.
The left row ran between the left and the middle taeniae, while the.
right row ran between the right and the middle taeniae.

Grossly,

small bundles of transversely oriented fibres could be seen to run
from both the left and right taeniae towards the middle taenia.
sizes of haustra on each side were not equal.

The

At any position the

left row of haustra did not mirror the form or size of those of the
right row.
The fissures which delineated the haustra were up to 2 cm deep over
the proximal compartment but were much shallower over the middle
compartment.

Towards the aboral portion of the middle compartment

the fissures disappeared so that the region just oral to the pyloric
flexure was non-haustrated.

Between the left and right taeniae on

the lesser curvature over the proximal compartment and oral half of

!

I

40.
the middle compartment, was a non-haustrated region where fibre
bundles appeared to run transversely.
A fourth taenia ran on the lesser curvature of the aboral third of
the middle compartment across the deep pyloric flexure to terminate
at the junction of the proper gastric gland and pyloric regions.
was about 0.4 cm wide and 3.5 cm long.

It

A few small longitudinal

bundles of fibres ran parallel to the fourth taenia.

A row of small

pouches, each about 1 cm wide and 1 cm long, lay between the left
and fourth taeniae and another row lay between the right and fourth
taeniae.
Externally two pairs of lymphoid aggregations were seen in the stomach
wall.

The first pair lay in the non-haustrated region adjacent to

the left and right taeniae.

The aggregations which were up to 1 cm

wide, began about half way along the main chamber of the proximal
compartment. From here keeping adjacent to their respective taenia,
they ran around the caudal gastric flexure to terminate about 4 cm
from the proper gastric gland region.

The second pair lay on each

side of the stomach just oral to the proper gastric gland region.
Each aggregation was 1.2 cm wide by 2 cm long and ran obliquely to
terminate adjacent to the middle taenia (Fig. 4).
Internal Anatomy of the Stomach
The most striking features of the internal anatomy of the stomach were
the sulcus ventriculi (ventricular groove) and the baffle-like luminal
projections of the haustra (Plate 6).

The musculature of the cardia

formed a cone of radiating muscle fibre bundles.

Within the stomach

and oral to the cardia running over the lesser curvature were 7 - 8
longitudinally oriented ridges which ran towards the diverticulum.
These ridges were about 1 mm wide and ran over a large transverse
ridge which was located approximately 1 cm oral to the cardia.

This
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FIGURE 4
Schematic representation of lymphoid aggregations of the stomach.
a� lesser curvature aggregations; b� middle compartment nodule; c�
taenia.
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internal ridge (Plate 6) corresponded externally to a deep fissure on
the lesser curvature at the cranial gastric flexure which delineated
the blind sac from the main compartment of the proximal stomach.
The blind sac had many crescent-shaped luminal baffles and at its
apex a continuous internal baffle which partitioned the diverticulum
off from the body of the blind sac.

A few convoluted folds within

the diverticulum nearly obliterated its lumen (Plate 6).
A caudally directed ventricular groove was located aboral to the
cardia on the non-haustrated portion of the proximal stomach (Plate 7).
It ran for 5 cm along the lesser curvature.
by muscular lips.

The groove was flanked

In the adults the left lip was 0.3 cm high along

most of its length and the right was 0.7 cm close to the cardia,
but gradually tapered to 0.2 cm at the caudal gastric flexure.
lips terminated just after the caudal gastric flexure.

Both

At the cardiac

orifice the lips were 0.4 cm apart and at the caudal gastric flexure
they were 1.2 cm apart.

In the juvenile animals, scanning electron

microscopy showed the lips of the ventricular groove were close
together (Plate 8).
Numerous semilunar folds projected mainly from the greater curvature
into the lumen of the proximal and middle compartments.

These folds

were in two rows corresponding to the external fissures of the
haustra.

Each fold originated at either the left or the right taenia

and terminated at the middle taenia.

The folds were smallest or

absent in the terminal middle compartment.
The aboral end of the middle compartment was delineated from the proper
gastric gland region and from the pylorus by a dorsally projecting
ridge which corresponded with the deep fissure at the pyloric flexure.
A second ridge, also originating from the lesser curvature, ran
obliquely and caudodorsally to delineate the proper gastric gland

PLATE 6

Line drawing and photograph of a longitudinal section of stomach where the
distal compartment has been turned cranially. a, diverticulum; b, blind sac;
c, proximal compartment; d, middle compartment; e, proper gastric gland
region; f, pyloric antrum; g, duodenal bulb; h, transverse ridge of the blind
sac; i, ventricular groove; k, ridge separating middle compartment and the
proper gastric gland region; m, ridge separating proper gastric gland region
and the pyloric antrum; n, "pyloric sphincter"; o, descending duodenum;
p, spleen; q, gastrosplenic mesentery.
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PLATE 7

Dorsal view of the Zwnenal surface of the proximal compartment of the
stomach. a, oesophagus; b, medial Zip of ventricular groove; c, lateral
Zip of ventricular groove; d, floor of ventricular groove; e, cardiac
gland region; arrowed, cardiac orifice.
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PLATE 8

Scanning electron micrograph (x 20) of the ventricular groove region of
a 3f month old wallaby. a, medial lip of the ventricular groove; b,
lateral lip of the ventricular groove; c, ventricular groove; d, aboral
end of the ventricular groove.
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region from the pyloric region (Plate 6).
The pars pylorica (pylorus, pyloric antrum) was of cylindrical form,
into which projected a number of small rounded ridges which were
oriented about the organ's long axis.

A sphincter-like thickening

projected into the lumen forming a narrow pyloric ostium.

This

was pa�ticularly well demonstrated by scanning electron microscopy
observations (Plate 9).
External Anatomy of the Intestine
The 1 cm long duodenal bulb lay immediately aboral to the pylorus.
It was funnel-shaped with its oral portion having an external diameter
of 1.4 cm and its aboral portion having an external diameter of 1 cm.
This led into the duodenum which was divided into two sections, the
first section, the descending duodenum, had a length of 3.8 cm and
was separated from the second section, the ascending duodenum, by
the proximal duodenal flexure.

The ascending duodenum had a length of

7.6 cm and terminated at the distal duodenal flexure, which led
insensibly into the jejunum.

The muscular bile duct penetrated the

muscular tunic of the ascending duodenum about 4 cm oral to the
distal duodenal flexure.
The jejunum was held loosely in the extensive mesojejunoileum.

The

jejunum had a length of 248 cm and a diameter which varied from
0.5 cm in the contracted segments to 1.5 cm in the dilated segments.
The ileum was delineated by the attachment of the ileocaecal
mesentery, and formed the terminal 5 cm of the small intestine.

The

external merger of the ileum with the caecum and ascending colon was
unremarkable.

The caecum was a blind ending tubular structure with a

length of 10.5 cm and circumference of 7 cm. Whilst it had -some
longitudinally directed fibre bundles, none formed taenia.

The

caecum merged indistinguishably with the oral portion of the ascending
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PLATE 9

Scanning electron micrograph (x 20) of the pyloric and duodenal
regions in a juvenile aged 3i months. a, pyloric gland mucosa;
pyloric musculature on lesser curvature; c, pyloric musculature
greater curvature; d, duodenal bulb; e, villi of the descending

bulb
b,
on the
duodenum.
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colon (Plate 3) and structurally they appeared similar.

Other than

mesenteric attachments and blood vessels coursing across it, the
colon appeared as a simple tube along its entire length.

At its

oral end the ascending colon had a diameter of 2.5 cm which then
narrowed to between 1 cm and 0.5 cm at the colonic loops depending on
whether or not faecal pellets had dilated the viscus wall.
Internal Anatomy of the Intestine

·1

There were few gross anatomical features on the internal walls of
the intestine.

The lumen size mirrored the external size of the organ

along most of its length.

A notable exception was the duodenal bulb

where the lumen was narrow but the viscus wide (Plate 9).

Histological

examination showed that the mucosa and submucosa were distended by
glandular cells (Plates 10 and 11).

A further 4 - 5 cm aborally the

bile duct opened through a small duodenal papilla.

At the

ileocaecocolic junction the ileal papilla protruded quite markedly into
the lumen of the confluent ascending colon and caecum.

The other

regions of the intestine were unremarkable.
Topographical Anatomy
The abdominal cavity was delineated dorsally by the hypaxial muscles.
The smooth roof of the abdomen was interrupted at the level of the
lumbar vertebrae 1 - 3 by the retroperitoneal kidneys protruding
downwards for 1 cm.

The lateral and ventral walls of the abdomen

were thin and formed by broad sheets of abdominal muscles.

The

pelvis and its contents constituted the caudal boundary of the abdomen.
The bladder, when dilated, occasionally extended into the ventral part
of the caudal abdom8n.
from the thorax.

The diaphragm separated the cranial abdomen

It curved cranially from the xiphoid cartilage,

then dorsally and caudally to merge with the hypaxial musculature in
the region of the bodies of the 12th and 13th thoracic vertebrae.

The

. I
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PLATE 10

Longitudinal section of the pylorus-duodenal bulb junction on the greater
curoature (x 13). a, tunica mucosae; b, tunica rrruscularis, circular
layer; c, tunica rrruscularis, longitudinal layer; d, duodenal bulb glands;
e, tunica rrruscularis of the duodenal bulb; f, lymphoid aggregation;
g, duodenal villi.
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PLATE 11
Longitudinal section of the pylorus-duodenal bulb junction on the lesser
curvature (x 13). a, tunica rrrucosae; b, tunica rrruscularis, circular
layer; c, tunica rrruscularis, longitudinal layer; d, duodenal bulb glands;
e, tunica rrruscularis of the duodenal bulb; f, lymphoid aggregation;
g, duodenal villi.
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left crus was about 0.5 cm caudal to the right crus with the aortic
hiatus lying between the two crura.

The oesophageal hiatus lay at the

boundary of the tendonous and muscular regions of the diaphragm about
2.5 cm cranial and about 1 cm ventral to the aorta.

The hiatus was

ventral to the large fan-shaped left diaphragmatic crus and dorsal to
a thin slip of muscle off the right diaphragmatic crus.
The large, multilobed liver abutted the concave abdominal surface of
the diaphragm.

The left and right medial lobes touched most of the

diaphragmatic surface and the left lateral lobe which ran obliquely
across the transverse axis of the abdomen abutted the viscera.

Its

surface had two deep depressions, one on the left, the other on the
right which were separated from each other by a dorsoventrally
oriented central protruberant lobe.

This lobe protruded caudally

from the concave surface for up to 3 cm.

The ventral border of the

left lateral lobe often extended, past the xiphoid cartilage, for
4 - 5 cm caudally along the floor of the abdomen.

The dorsal portions

of the liver lobes were smaller than the ventrally lying lobes.

Those

lying dorsally on the right side extended caudally and formed a
renal impression to accommodate the cranial pole of the right
kidney.

They continued caudolaterally to just beyond the caudal

pole of the right kidney.
The stomach occupied most of the left side of the abdomen (Plate 1)
and a large portion of the right side.

The small intestine lay

primarily in the caudal left sector and in the caudal and central right
sectors dorsal to the ventrally situated loops of the large intestine.
The caecum and oral portion of the ascending colon filled most of
the right dorsal flank (Plate 2).

The colonic coils lay mostly on

the floor of the abdomen but the descending colon ran dorsomedially
towards the pelvic cavity.

Mesenteries of varying dimensions held

the various segments of the alimentary tract close together.

Some
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of these mesenteries had extensive fat depots.
The stomach diverticulum lay on the floor of the abdomen about 5 cm
caudal to the xiphoid cartilage and slightly to the left of the
midline.

From here the blind sac curved to the left of the

protruberant liver lobe to run dorsally abutting the left concavity
of the liver.

The more cranial portion of the blind sac, the cranial

gastric flexure, was in contact laterally with the left abdominal wall.
Dorsally the blind sac merged into the caudally directed main chamber
of the proximal compartment of the stomach.

The haustrated greater

curvature of this region abutted the abdominal hypaxial musculature.
Midway along its length the main chamber was displaced 1 cm ventrally
by the left kidney.
The oesophagus ran an oblique course from the dorsally located
oesophageal hiatus to enter the medial side of the main chamber below
the right taenia about 1.5 cm caudal to the cranial gastric flexure.
During its oblique course it was held firmly in position between the
proximal compartment on the left and the middle and distal compartment
on the right by short oesophageal mesenteries (Fig. 5).

The dorsal

oesophageal mesentery took origin cranial to the left kidney and
attached along the length of the dorsal midline of the oesophagus.
A ventral oesophageal mesentery took origin from the length of the
ventral midline of the oesophagus and ran cranially to attach to
the right surface of the protruberant lobe of the liver.

These two

mesenteries keep the oesophagus fixed in a relatively constant
position allowing only slight movements.
The elongated bilobed spleen lay on the dorsolateral surface of the
proximal compartment.

Its body was attached by a short gastrosplenic

ligament to the most oral portion of the proximal compartment.

The

body ran about half way along this compartment, before it bifurcated
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FIGURE 5
Schematic representation of mesenteries to the alimentary tract.
a ., proximal compartment of the stomach; b ., middle compartment of the
stomach; c ., proper gastric gland region of the stomach; f ., oesophagus;
h, proximal duodenal flexure; i ., colon; k ., protruberant lobe of liver;
m ., diaphragm; v ., ventral oesophageal mesentery; w ., dorsal oesophageal
mesentery; x ., mesocolon; y., mesoduodenum; z ., duodena-duodenal mesentery.
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into dorsal and ventral lobes which terminated about 1 cm caudal to
the caudal gastric flexure of the stomach.
The gastrosplenic ligament was 1.5 cm long and tightly connected
the body and ventral lobe of the spleen to the taenia of the greater
curvature of the stomach (Fig. 6).

A smaller, separate portion of

the ligament attached the dorsal lobe of the spleen to the stomach.
The caudal gastric flexure usually lay below the body of the fifth
or sixth lumbar vertebrae.
gastric flexure.

Coils of jejunum lay adjacent the caudal

At the ventral limit of the caudal gastric flexure

the colonic coils were loosely attached by a leaf of mesentery
splitting off the greater omentum (Fig. 6).

The proximal compartment

curved down onto the ventral abdominal floor on the left side and
ran obliquely cranially and dorsally as the middle compartment.

This

region was dorsal and medial to the blind sac and the diverticulum.
The middle compartment lay to the right of the proximal compartment
and passed cranially to touch the right concavity of the liver.

At

this point the middle compartment ended and the proper gastric gland
region commenced.

A short, 1 cm long, gastrocolic ligament tightly

bound the aboral portion of the ascending colon to the lateral
aspect of the middle compartment (Fig. 7).
The distal compartment of the stomach lay medial to and touched the
caudal pole of the right kidney.

Much of the proper gastric gland

region and the pyloric region was enshrouded in mesenteric attachments.
These arose from the midline below the hypaxial musculature.

A

short mesentery ran to the dorsum of the pylorus. A longer mesentery
ran over the right face of the pylorus to attach to the pylorus
ventrally as well as continuing on to firmly attach the fixed
portion of the ascending colon to the pylorus.

The pylorus led

directly into the duodenal bulb which led into the caudally directed
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FIGURE 6

Schematic representation of mesenteries to the gastrointestinal tract.
a� spleen; b� proximal compartment of the stomach; c� middle compartment
of the stomach; d� proper gastric gland region of the stomach; e�
duodenal bulb; f� descending duodenum; g� colonic loops; h� descending
colon; w� dorsal splenic mesentery; x� mesenteric leaf to mesocolon;
Y� mesenteric leaf to colonic loops; z� mesocolon.
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FIGURE 7
Schematic representation of mesenteries to the gastrointestinal tract.
a ., proximal compartment of the stomach; b ., middle compartment of the
stomach; c ., pyloric region of the stomach; d ., duodenal bulb; e .,
descending duodenum; f., jejwium; g ., ileum; h ., caecum; i ., ascending
colon; k., colonic coils; m ., protruberant lobe of liver; x ., mesojejuno
ileum; y ., ileocaecal mesentery; z ., lesser omentum; lines between stomach
and colon ., gastrocoZic ligament.
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descending duodenum.

After 3.8 cm the duodenum turned medially at

the proximal duodenal flexure to run cranially for 7.6 cm where, near
the root of the mesojejunoileum, at the distal duodenal flexure,
it turned ventromedially to become the jejunum.

The duodenal loop

formed by the ascending and descending arms of the duodenum was
constant in position.
quite mobile.

Jejunal coils were variable in position and

Blood vessels, lymph vessels and nodes as well as

splanchnic nerves were visible in the mesojejunoileum.
Branches from the mesojejunoileum ran to attach to; the pylorus,
duodenum and ascending colon, holding these structures close together
(Fig. 7).

Even though most of the small intestine was highly mobile,

being only loosely held by long mesenteries, the ileum was relatively
constant in position.

The ileum ran across the abdomen, at the level

of the 6th lumbar vertebrae, to enter the large intestine at the
ileocaecocolic junction.

An elongate mesojejunoileum was attached

to the mesenteric side of the ileum and a short triangular ileocaecal
mesentery was attached to the antimesenteric side (Fig. 7).
latter mesentery tightly bound the ileum to the caecum.

The

The ileo

caecocolic junction, when visible, was on the right flank and about
2 - 3 cm ventral to the level of the fourth to fifth lumbar vertebrae.
The caecum and ascending colon were both situated in the dorsal right
flank.

The body of the caecum lay in the caudal sector of the abdomen

and was caudally directed while its apex was often coiled medially and
ventrally.

The ascending colon lay against the right abdominal wall

in the dorsal and cranial sectors of the abdomen.

The first 6 - 7 cm

of ascending colon was held loosely in a leaf of the mesojejunoileum
and it was only when it became attached to the pylorus that it was
held in a relatively constant position, just below the right k idney.
From here the ascending colon was tightly bound by the gastrocolic
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ligament to the middle compartment of the stomach.

At the level of

the caudal gastric flexure of the stomach, the colonic coils became
suspended in an elongated, fat-filled mesenteric leaf, off the greater
omentum, originating from the vicinity of the caudal gastric flexure.
The colonic coils were mobile but most were usually found in a double
loop on the floor of the abdomen.

These loops were sandwiched between

the middle compartment of the stomach on the left and the ascending
colon on the right.

The colon continued as the descending colon.

The oral portion of the descending colon lay at the level of the
cranial pole of the right kidney.

From here it ran to the dorsal

left of the abdomen and then caudally to the pelvic cavity.

The

mesocolon associated with the oral descending colon, took origin
medial to the right kidney (Fig. 5).

It was elongate which allowed

the oral descending colon to be relatively mobile.

The mesocolon

shortened as it approached the pelvic inlet binding the colon more
firmly.

Within the pelvis the mesorectum was short and barely

allowed the rectum to move.
Microscopic Anatomy
The abdominal portion of the alimentary tract consisted of similar
layers throughout its entire length.

The outer most layer, the tunica

serosa, invested varying amounts of loose connective tissue containing
large nerves and blood vessels.

Inside this the tunica muscularis

consisted of an outer longitudinal smooth muscle layer with a circular
smooth muscle layer beneath it.

Adjacent to this, the submucosa

occupied varying depths and was composed of loose connective tissue,
adipose tissue, nerve plexuses and blood vessels.

The innermost

layer of the tunica mucosa consisted of a lamina muscularis
(muscularis mucosa), a lamina propria (glandular) and finally an
epithelial layer.

The lamina muscularis appeared to consist of an
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outer longitudinal and an inner circul�r layer of smooth muscle.
The lamina propria consisted of a network of collagen and elastic
fibres in a reticular framework which held blood and lymph vessels,
nerves and leucocytes in its matrix.

The glandular and epithelial

layers were the most variable of all the layers of the alimentary
tract in depth, cell types and cellular arrangement (Fig. 8).
Differences in these layers were used to identify the regions of the
alimentary tract.

All the depths quoted are mean values and are

summarised in Fig. 9 and Table 2.

Oesopha,gus
The mesothelium was a distinct single layer of simple squamous
epithelial cells which was separated from the underlying tunica
muscularis by a deep layer of loose connective tissue.

The tunica

muscularis consisted of a longitudinal layer 200 µ deep outside a
circular layer 1200 µ deep.

A thin submucosal layer separated the

tunica muscularis from the lamina muscularis (120

µ).

muscularis was comprised of longitudinal fibres.

A circular muscle

layer of the lamina muscularis was not evident.

The lamina

The tunica mucosa

layer consisted of stratified squamous epithelium which was 1000 µ
deep.

Keratohyalin granules were seen in the cells of the stratum

granulosum.

Further towards the lumen the cell nuclei were pycnotic.

The innermost layer of the tunica mucosa was up to 800 µ deep and
consisted of dead cells without nuclei.
and loosely arranged.
layer.

This layer was keratinised

No mucous glands were present in the mucosal

The layers of the oesophagus merged with those of the stomach

at the cardia.

The cardia was in the non-glandular portion of the

proximal compartment of the stomach.

Stomach

General

The outer three tunics of the stomach were relatively uniform in
structure but the innermost layer, the tunica mucosa, differed
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5cm

FIGURE 8

Schematic representation of the mucosal regions of the stomach.
a 3 transverse ridge of the blind sac; b3 lateral lip of the ventricular
groove; c 3 medial lip of the ventricular groove; X3 cardiac gland mucosa;
Y� proper gastric gland mucosa; z 3 pyloric gland mucosa; V 3 duodenal
bulb; non-hatched region� non-glandular mucosa.
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.FIGURE 9
Histogram of depths of the longitudinal muscle (vertical lines) and
circular muscle (cross hatched) of the tunica muscularis along the
length of the alimentary tract. Vertical axis in micrometres,
horizontal axis; a, oesophagus; b, dorsal to the ventricular groove;
c, cardiac gland region; d, pars pylorica; e, jejunum; f, ileum; g,
caecum; h, rectum.

TABLE 2
DEPTHS(µ) OF THE MICROSCOPIC LAYERS OF THE ALIMENTARY TRACT
Means ± Standard Errors of the Means

Region
Oeosophagus

Stomach

n

Tunica muscularis
Longitudinal m.

Tunica muscularis
Circular m.

Submucosa

Lamina
muscularis

Glandular
mucosa
1000 ± 61.7

4

200 ±

8.2

1200 ± 70.7

20 ±

2.0

120 ± 4.1

6

300 ± 13 .9

350 ± 23.3

250 ±

6.9

20 ± 1.3

250 ±

6

0

350 ± 15.3

400 ± 20.2

95 ± 4.3

250 ± 14.8

8

80 ±

400 ±

100 ±

4.3

30 ± 1.6

300 ±

5.3

90 ± 2.4

4.0

20 ± 1.1

1050 ± 25.8

1.8

20 ± 1.8

700 ± 12.6

80 ±

2.9

35 ± 1.2

100 ±

3.6

Non-glandular
(a)

(b)

dorsal to the ventricular
groove
floor of the ventricular
groove

Cardiac gland

Proper gastric gland region

6

Pylorus-duodenal bulb junction

6

Pars pylorica

6

2.7

160 ±

2.6

80 ±

1.3

750 ± 28.9

260 ±

9.4

7.3

lOOQ ± 24.3
80 ±

1.8

70 ±

1.3

200 ±

4.5

6

160 ±

2.2

250 ±

8.0

Ascending colon

6

120 ±

Rectum

6

100 ±

Duodenum

6

Jejunum

6

Caecum

6

Ileum

Descending colon

6

so±

20 ±

100 ±

1.4

100 ±

1.1

140 ±

2.8

280 ±

4.6

3.0

170 ±

200 ±

7.9

3000 ± 119.4
100 ±

2.8

100 ±

2.2

3.0

60 ±

2.6

260 ±

8.9

250 ±

2.9

2.6

50 ±

100 ±

3.6

so ± 1.8

so± 1.4

10 ± 1.3

10 ± 1.6

50 ± 1.8

50 ± 1. 2

5.8
6.4

1050 ± 59.7

500 ± 15.6
300 ±

5.8

1000 ± 89
130 ±

4.1

200 ±

9.0

250 ±

2.2

250 ±

4.5

0\
N
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from region to region.

About one fifth of the stomach was a non

glandular region characterised by a stratified squamous epithelial
lining.

The remaining four fifths was lined by cardiac, proper

gastric or pyloric glands (Fig. 8).

Stomach

Non-Glandular Region

The non-glandular region occupied much of the lesser curvature of the
proximal compartment of the stomach and continued just into the middle
compartment (Fig. 8).

It also occupied most of the blind sac except

for a strip of cardiac glands between 1 and 2 cm wide along the
greater curvature.

The layers of the non-glandular region were all

relatively deep (Table 2).

Beneath the ventricular groove the

longitudinal muscle of the muscularis was absent and the submucosal
layer was 400 µ deep (Plate 12).

The ventricular groove had a large

right lip which at its oral end was 0.7 cm high and was separated by
a 0.4 cm width of the floor of the groove from a smaller left lip
of 0.3 cm height.

The groove ran from the cardiac ostium to just

beyond the caudal gastric flexure (Fig. 8).

Both lips were covered

with squamous epithelium and their lamina muscularis and submucosa
were continuous with those of the rest of the adjacent stomach.
Originating from the circular muscle layer of the tunica muscularis
in the vicinity of the left and right taeniae, two series of ventrally
directed muscle blocks ran within the submucosa.

The fibres of

these muscle blocks were longitudinally oriented shortly after they
had split off from the circular layer.

The muscle blocks were about

100 µ deep in the vicinity of the taeniae but increased to about
· 300 µ as they entered the substance of the lips of the ventricular
groove (Plate 13).

The lamina muscularis of the lip was similar in

size and orientation to that adjacent to the more dorsal taenial region.
As the lamina muscularis was traced from within the lip to the floor
of the ventricular groove its longitudinal layer expanded from about
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PLATE 12

Transverse section of the stomach through the ventricular groove of a
juvenile aged Jj months (x 13). a, left Zip of the ventricular groove;
b, right Zip of the ventricular groove; c, lymphoid aggregation; d,
taeniae; e, cardiac gland mucosal surface; f, squamous epithelial layer.
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PLATE 13
Transverse section of the stomach, through the medial lip of the
ventricular groove (x 32). a, longitudinal smooth muscle of the
ventricular lip; b, circular muscle of the tunica muscularis; c, squamous
epithelium; d, right gastric taenia; e, lymphoid aggregation; f, cardiac
gland mucosa ; g, lumen of the proximal compartment; h, tip of the lateral
lip of the ventricular groove.
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10 µ to 95 µ.

This effectively formed a sling of longitudinally

oriented smooth muscle fibres between the left and right taeniae
across the lesser curvature (Plate 12).

Over the lesser curvature,

between the left and right taeniae the longitudinal muscle component
of the tunica muscularis was absent but the circular muscle layer
was present.

The connective tissue layer of the serosa was very

deep in this region of the lesser curvature of the forestomach.

Stomach

Cardiac Gland Region

There was a sharp transition zone from the squamous epithelium of
the non-glandular region to the glandular mucosa of the cardiac zone
(Plate 14).

At this site there was often a large lymphatic aggregation

in the submucosal layer (Plate 12).
250

µ

The cardiac submucosa was about

at the transition zone but narrowed to 100

in the cardiac gland region.

µ

deep elsewhere

In transverse section the cardiac

zone dorsal to the ventricular groove was the region where haustra
were found.

The haustra formed between the left taenia and the greater

curvature (middle taenia) and between the right taenia and the greater
curvature.

The haustra had a longitudinal layer of the tunica

muscularis which was only 80 µ deep compared to the circular muscle
layer which was 400 µ deep.

Measurements of the other layers are

laid out in Table 2.
The left and right taeniae were 410 µ deep.

They contained some

longitudinal muscle fibres but were mostly made up of an extensive
reticular and collagen network plus extensive amounts of elastic
tissue (Plate 15).

Stomach

Proper Gastric Gland Region and Pyloric Region

The depths of the muscle layers of the proper gastric gland region
are given in Table 2.
relatively deep.

The muscle layers of the pyloric antrum were

Over most of tne length of the pyloris, the
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PLATE 14

Transverse section of the stomach at the junction of the non-glandular
and cardiac glandular regions (x 52). a, cardiac gland mucosa; b,
stratified squamous epithelium; c, tunica muscularis, longitudinal muscle;
d, tunica muscularis, circular muscle; arrowed is the lamina muscularis.
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PLATE 15
Transverse section of the stomach through the right gastric taenia
(x 32). a, taenia; b, tunica muscularis, circular muscle; c, tunica
muscularis, longitudinal muscle; d, lamina propria blending with the
submucosa; e, cardiac gland mucosa; f, squamous epithelium .

69.
longitudinal layer of the tunica muscularis was 750 µ deep and the
circular layer 1000 µ deep.

The mucosa was loosely attached via

the 200 µ deep submucosa to the tunica muscularis.
500 µ deep.

The mucosa was

The tunica muscularis of the terminal portion of the

pylorus was expanded and appeared to form a pyloric sphincter around
the pyloric canal.

The muscular expansion was greatest on the

greater curvature, where the protruberance was up to 6000

µ

deep on

the side of the greater curvature (Plate 10) and between 1500 and
2000 µ deep on the lesser curvature (Plate 11).

Both the longitudinal

and circular muscle layers were involved in the formation of the
sphincter (Plate 9).

The circular layer continued aborally to be

continuous with its counterpart in the duodenal bulb.

The longitudinal

layer at the base of the sphincter split unevenly into a thin portion
which ran aborally and was continuous with its fellow in the duodenal
bulb.

The second segment was broad and curved towards the pyloric

ostium (Plate 10).
sphincter.

This segment occupied the aboral half of the

Orientation of the muscle blocks within the pyloric

sphincter was difficult to determine.
was found between the two layers.

Very little connective tissue

On the lesser curvature of the

pylorus the pyloric sphincter was much less evident (Plate 11).
Here the circular layer was the main contributor to the bulk of the
sphincter whilst the contribution by the longitudinal layer was
small.

Even so both layers were continuous with their fellow of the

duodenal bulb.

Often much adipose and connective tissue filled the

submucosal layer of the lesser curvature of the pyloric sphincter.

Small Intestine
The layers of the small intestine remained uniform throughout its
length apart from differences in the extent and types of glands of
the mucosa and submucosa.

The longitudinal layer of the tunica

muscularis was thin (50 - 160 µ), while the circular layer was a
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little thicker (100 - 200 µ) and tightly bound by a narrow submucosa
to the mucosa which was of variable depth (Plate 16).
size of the villi varied from region to region.
length was 900 µ.

The form and

Their maximum

Where the villi were absent, the depth of the mucosa

was between 80 - 100 µ.

The thickening of the duodenal bulb was due

to a large local accumulation of submucosal glands (Plates 10 and 11).
Here the submucosal layer ballooned out to 3000 µ.

After 1 cm the

duodenal bulb gave rise to the descending duodenum where submucosal
glands were absent and the submucosa was about 15 µ thick.

The

junction of the duodenal bulb and the descending duodenum was marked
by a dense lymphatic accumulation within the submucosal layer (Plate 10).
Throughout the small intestine the lamina muscularis was between 10
and 20 µ deep.

In the ileum all the tunics were reduced in depth.

The ileocaecocolic junction (Plate 17) consisted of an inwardly
directed flange of intestinal wall, the ileal papilla.

The ileal

mucosal layer was continuous with the adjacent mucosal layers of
the caecum and ascending colon.
continuous.

Likewise the serosal layers were

The tunica muscularis was modified.

The ileal circular

layer of the tunica muscularis passed into the substance of the ileal
papilla and doubled back upon itself to form the circular layer of
the caecum and ascending colon (Plate 17).

The ileal tunica

muscularis longitudinal layer divided at the junction.

One portion

was continuous with the tunica muscularis of adjacent caecal or
ascending colon longitudinal layer.

The other thin portion ran

into the papilla and to its extremity.

Thus the finger-like

projection of the tunica muscularis longitudinal layer was encased
.by circular layers of the tunica muscularis.

On scanning .electron

microscopy the lips of the papilla were seen to protrude markedly
into the lumen of the confluent caecum and ascending colon.
lips surrounded a narrow ostium (Plate 18).

The
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PLATE 16

Transverse section of the jejunum (x 52). a, tunica rrrucosae (villi);
b, tunica subrrrucosae; c, tunica rrruscularis, circular layer; d, tunica
rrruscularis, longitudinal layer.
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C·

PLATE 17

Longitudinal section of the ileocaecocolic region (x 13). a, lwnen of
the ilewn; b, lwnen of the ascending colon; c, lumen of the caecwn.
Arrow is the orifice of the ileal papilla.
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PLATE 18

Scan ning electron micrograph (x 20) of the ileal papilla viewed from the
lumen of the caecum and ascending colon. a, ileal orifice; b, elevated
mound of musculature of the papilla.
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Large Intestine
The depths of the tunics of the caecum were smaller than those of the
colon and rectum (Table 2).
longitudinal layer was 20

µ

rest of the large intestine.

The depth of the caecal tunica muscularis
compared to between 100 - 200

for the

The depth of the caecal tunica

muscularis circular layer was 140
regions.

µ

µ

compared to 250 - 280

µ

in other

The submucosa was 60 µ in the caecum and between 80 and

100 µ in the rest of the large intestine.

The lamina muscularis

consisted of an outer longitudinal layer 15 - 25 µ deep and a circular
layer of a similar depth along the length of the large intestine.
They were shallower in the caecum (5 µ
120

µ

+

5 µ).

in the caecum and between 200 - 250

µ

segments of the large intestine (Plate 19).

The mucosal layer was

along the remaining
No taenia were evident.

Mesenteries
Determination of the position of the mesenteries in the abdomen
required manipulation of the viscera.

The schematic representations

described here do not pretend to·be more than close approximations.
The entire abdominal and pelvic portions of the alimentary tract
were supported within their respective cavities by mesenteries taking
origin from the dorsum of the cavities.

The origins of these

mesenteries were midline, from beneath and between the hypaxial
musculature mostly to the left of the caudal vena cava.

The ligaments

and mesenterial branches between regions of the alimentary tract
held the entire tract in a compact and closely inter-related unit.
The greater omentum took its origin from most of the greater curvature
of the proximal, middle and distal compartments of the stomach.
most oral origin was from just cranial to the spleen.

Its

From here it

became continuous with the gastrosplenic ligament along the length
of the proximal compartment of the stomach.

From the end of the ventral

lobe of the spleen the greater omentum followed the greater curvature

75.

PLATE 19

Transverse section of the descending colon (x 52). a, rrrucosa; b, subrrrucosa;
c, circ-ular m. layer of tunica rrruscularis; d, longitudinal m. layer of
tunica rrruscularis.
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to the junction of the proper gastric gland region and the pyloric
region.

Here the greater omentum followed the junction medially to the

left to end ventrally at the pyloric fissure.

Over the length of

the proximal stomach the greater omentum fused medially with the dorsal
leaf of the splenic mesentery (Fig. 6).
mesentery was cranial to the left kidney.

The root of the splenic
The dorsal leaf of the

splenic mesentery was about 2 - 3 cm long at its cranial region and
5 - 6 cm long more caudally.

It ran out laterally to the spleen

where it fused with the greater omentum.

From the greater curvature

of the main chamber of the proximal stomach the greater omentum ran
medially and ventrally to cover the medial aspect of the stomach.

The

greater omentum originating from the caudal gastric flexure and middle
chamber was also directed medially.

In the mid-abdomen the greater

omentwn fused with the elongate distal portions of the mesocolon.
Aborally over the middle compartment and the proper gastric gland
region the greater omentum attached to the distal portion of the
ascending colon by a 1 cm wide mesenteric leaf, the gastrocolic
ligament.

By the level of the pylorus the greater omentum became

continuous with the elongate 3 cm mesentery of the pylorus and
ascending colon.

This mesentery in turn became continuous with

the mesojejunoilewn which was attached to the proximal 5 cm of the
ascending colon.
A ligament which ran from the ventral splenic lobe and fanned out
caudoventrally, originated from the dorsal leaf of the splenic
mesentery.

This ligament was about 7 cm long and attached to the

colonic loops (Fig. 6)

Another short slip of mesentery attached to

the sublumbar region adjacent to the origin of the cranial most
portion of the mesocolon (Fig. 6).

I

I
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The root of the lesser omentum arose immediately cranial to the left
kidney.

From here it ran ventrally to attach to the right taenia

thus connecting the proximal to the middle compartment of the
stomach (Fig. 7).

The lesser omentum continued forward to attach

the blind sac to the left surface of the protruberant lobe of the
liver (Fig. 7).

The lesser omentum was short and bound its attached

regions firmly together.
An extensive and elongated mesojejunoileum originated from cranial to
the left kidneys as well as from between the kidneys.

This complex

mesentery primarily suspended the jejunum and ileum but also had
plicae to the caecum, ascending colon, ascending duodenum, descending
duodenum, the duodenal bulb and the pylorus (Fig. 7).

The main part

which attached to the jejunum and ileum was elongate, up to 12 cm
long, often fat-filled and carried large blood vessels.

Near its

origin it contained at least one elongate, 2.5 cm x 0.8 cm mesenteric
Over most of its distribution it was greatly folded

lymph node.
upon itself.

Near the ileocaecocolic junction a small short plica

of mesentery ran to insert along the lesser curvature of the caecum.
A separate, small, triangular ileocaecal mesentery attached the lesser
curvature of the caecum to the antimesenteric side of the ileum
(Fig. 7).

A 5 - 7 cm continuation of the mesojejunoileum supplied

the proximal 5 cm of the ascending colon (Fig. 7).
The ascending colon became firmly attached to the pylorus, the proper
gastric gland region and then the middle compartment of the stomach
by a short gastrocolic ligament (Fig. 7).

An elongate, short leaf of

mesentery, a branch off the mesojejunoileum

inserted onto the ascend

ing colon on the side opposite to the insertion of the gastrocolic
ligament.

Short plicae from the pylorus, duodenal bulb, descending

duodenum and the ascending duodenum all fused with the mesojejunoileum
near its sublumbar origins (Fig. 7).

A 3 cm mesoduodenum extended
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from the dorsal midline, level with the hilus of the right kidney to
the pelvic brim, attached along the length of the ascending duodenum
(Fig. 5).

The ascending duodenum was tightly bound to the descending

duodenum by a separate short 1 cm duodenoduodenal mesentery (Fig. 5).
The mesocolon ran from cranial to the right kidney to the pelvic brim
suspending the descending colon and the colonic loops.

This mesentery

lay medial to both the proximal and the distal compartments of the
stomach.

The mesocolon was 7 cm long at the level of the right kidney,

shortening to 1.5 cm at the pelvic brim and was continued as the
mesorectum.

The mesorectum was 0.5 cm long.

The intra-abdominal oesophagus was held firmly in place by two
mesenteries.

A dorsal oesophageal mesentery ran from cranial to the

left kidney to insert onto the dorsum of the entire intra-abdominal
oesophagus.

A ventral oesophageal mesentery ran from the ventral

surface of the intra-abdominal oesophagus to cover the medial aspect
of the protruberant lobe of the liver (Fig. 7).
Arterial Vasculature
Originating from the abdominal aorta was the coeliac artery which
supplied the stomach, spleen and liver, and the cranial mesenteric
artery which supplied the small and large intestine.

The coeliac

artery arose from the aorta immediately caudal to the diaphragm about
2 - 3 cm in cranial to the kidneys.
in diameter

At this level it was 2 - 3 mm

It ran caudally at an angle of 60 ° to the vertebral

column, and after 1 cm it split into three branches; the splenic,
hepatic and left gastric arteries (Figs. 10 and 11).

The splenic

artery had a short common trunk with the hepatic artery before they
parted.
The splenic artery ran caudoventrally in the midline for about 1 cm then
it turned to the left side to run obliquely a further 2 cm where it
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split into cranial and caudal branches which entered the gastrosplenic
ligament.

There the cranial splenic artery ran cranially and the caudal

splenic artery ran caudally beneath the spleen.

Both arteries, whilst

in the ligament, gave off many direct splenic branches each about
0.8 cm long which entered the spleen.

They also gave off direct

gastric branches each about 1.2 cm long which ran onto the greater
curvature of the adjacent area of the stomach.

The cranial splenic

artery supplied the body of the spleen and the oral half of the
proximal compartment of the stomach including the dorsum of the blind
sac.

The caudal splenic artery supplied the dorsal and ventral lobes

of the spleen before continuing as the left gastroepiploic artery
aborally along the greater curvature of the stomach.

The left gastro

epiploic artery ran within the greater omentum about 3 - 5 mm from
the greater curvature of the stomach.

Over the distal half of the

middle compartment of the stomach the left gastroepiploic artery
anastomosed with the right gastroepiploic.

While running in the greater

omentum the epiploics gave off pairs of arteries about 0.1 cm in diameter
which ran 3 - 4 cm over each surface of the stomach from the greater
curvature towards the lesser curvature.
The hepatic artery ran caudoventrally for 2 cm and then it gave off
the proper hepatic artery which ran craniodorsally to enter the hepatic
porta and supply the lobes ofthe liver.

The main arterial trunk

continued a further 2 - 3 cm caudally to the region of the pyloric
fissure where it gave off a group of 5 - 6 arteries which ran dorsally
to supply the ventrolateral aspects of the proper gastric gland region.
From within the pyloric flexure a major branch, the right gastric
artery, ran caudally to supply the middle of the non-haustrated portion
of the aboral portion of the middle compartment of the stomach (Fig. 10).
Another large branch of the hepatic artery, the right gastroepiploic
artery, ran around the junction between the proper gastric gland
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FIGURE 10
Schematic representation of a dorsal view of the arterial supply to the
stomach. x, abdomi�.a,l aorta; a 3 coeliac; b, left gastric; C 3 hepatic;
d 3 splenic; d 3 left gastroepiploic; e, lateral left gastric; f 3 blind
sac and diverticular; g, medial left gastric; h, right gastric; k 3 right
gastroepiploic; m, proper hepatic a.; n, pyloric sphincter branch;
o, pyloric branches; P� proper gastric gland branches.
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region and the pyloric region and gave off about 8 descending pyloric
arteries.

These ran over the stomach to supply the pylorus and

terminate at the pyloric sphincter.

The main trunk of the right

gastroepiploic artery continued onto the greater curvature of the proper
gastric gland region where it gave off about 7 parallel, elongate and
tortuous arteries which ran towards the lesser curvature of, and
supplied most of, the proper gastric gland region.

After this the right

gastroepiploic artery ran further around the stomach, within the
greater omentum, to anastomose with the left gastroepiploic artery
(Figs. 10 and 11).
The left gastric artery (Fig. 10), after leaving the coeliac artery,
ran about 2 cm cranioventrally in the dorsal oesophageal mesentery
before it gave off the first of a series of arteries to supply the
stomach, the first of which continued down the oesophagus to supply
the cardia.

The main branch of the artery ran ventrally over the

lateral side of the oesophagus adjacent to the medial aspect of
the cardia where it gave off several branches which ran within the
lesser omentum to the cardia and adjacent regions of the stomach.
A small branch at the junction of the diverticulum and blind sac
passed through the lesser curvature of the flexure in that region
to supply the lateral surface of the diverticulum.

A second small

branch, the lateral left gastric artery, ran within the lesser
omentum below the left taenia and gave off branches to the proximal
and middle compartments.

A large artery, the medial left gastric

artery, ran caudolaterally below but adjacent to the right taenia.
It gave off branches to supply the right of the non-haustrated and
the adjacent haustrated regions of the proximal and middle compartments.
Both lateral and medial, left gastric arteries sent branches which
passed from the non-haustrated area beneath the taeniae and onto the
haustrated area.
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FIGURE 11
Schematic representation of a left lateral view of the arterial supply
to the stomach. x, abdominal aorta; a, coeliac; b, left gastric; c,
hepatic; d, splenic to left gastroepiploic; e, lateral left gastric;
f, blind sac and diverticular; h, right gastric; k, right gastroepiploic;
n, pyloric sphincter branches; o, pyloric branches; p, proper gastric
gland branches.
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In one animal the primary divisions of the coeliac artery varied.
first branch off the aorta was the hepatic artery.
artery was given off 1 cm caudally.

The

The splenic

The right gastroepiploic arose

from the proximal end of the cranial mesenteric artery.

The subsequent

distribution of the arteries was the same as described above.
The cranial mesenteric artery arose from the aorta about 1 cm caudal
to the coeliac artery (Fig. 12).

The cranial mesenteric artery was

about 0.3 cm in diameter and had the following main branches; duodenal,
jejunals, right, middle and left colic arteries (Fig. 12).

It ran

caudoventrally and within the first centimetre it gave off its first
branch, the duodenal artery, which ran caudally to the right to
supply the duodenum.

This narrow artery ran in the mesentery caudally

along the ascending duodenum then followed the descending duodenum
until it ended at the duodenal bulb/pyloric sphincter junction.
The small left colic artery was given off 0.2 cm distal to the duodenal
artery and ran caudally, slightly to the left, of the midline inthe
mesocolon.

It gave off small branches which ran through the mesocolon

to the colonic loops. After about 5 cm the left colic artery bifurcated.
The main branch of the left colic artery ran along the descending
colon and ended within the pelvic cavity.

The other smaller branch

supplied the oral portion of the descending colon as well as continuing
on to the colonic loops where ultimately it anastomosed with the middle
colic artery.
Originating from the proximal portion of the cranial mesenteric
artery were the middle colic, ileocolic and jejunal arteries.

All

of these were about 0.2 cm in diameter and 12 cm long and ran in
the mesojejunoileum or one of its leaves.
The middle colic artery supplied the aboral ascending colon and the
oral colonic loops.

.I

Its cranial branch anastomosed with the left
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FIGURE 12
Schematic representation of a dorsal view of the arterial supply to the
intestine. a, jejunum; b, caecum; c > ileum; d, ascending colon; e,
colonic loops; f, descending colon; r, cranial mesenteric a.; s > duodenal
a.; t, jejunal a.; u� ileocolic a.; v, ileal a.; w > caecal a.; x, right
colic a.; y, middle colic a.; z� left colic a.; dotted lines indicate
anastomoses between adjacent arteries.
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colic artery and its caudal branch anastomosed with the right colic
artery.

The ileocolic artery ran beneath the large main mesenteric

lymph node to the ileocaecocolic region where distally it gave off
two major and two minor branches.

The first major branch was the

right colic artery which after giving off a small branch to the
ileocaecocolic junction ran caudally along the mesenteric side of the
ascending colon to ultimately anastomose with the middle colic artery
(Fig. 12).

The second major branch, the caecal branch, ran over the

ileocaecocolic junction where it gave off a small branch to that
region and then entered the ileocaecal mesentery.
within 2 mm of the lesser curvature of the caecum.

This artery ran
From here it gave

off numerous parallel branches which supplied the caecum.

From the

distal region of the caecal branch, 2 - 3 arteries ran within the
ileocaecal mesentery towards the ileum (Fig. 12).

These formed one

or two arcades of arteries in the mesentery which ultimately gave off
numerous small direct arteries to supply the antimesenteric side of
the ileum.

A minor branch from the right colic artery, the mesenteric

ileal artery� supplied the mesenteric border of the ileum.
When supplying their respective parts of the large intestine, the
colic and caecal vessels did not form complex mesenteric arcades.
Those arcades which were present were large and gave off straight
arteries which often ran considerable distances over the region which
they supplied.
arteries.

The small intestine was primarily supplied by jejunal

There were up to five major jejunal arteries which, as

they traversed further within the mesojejunoileum, gave off smaller
branches.

Jejunal arterial arcades were large and complex.

Ultimately they gave off pairs of straight arteries which ran from
the mesenteric to the antimesenteric border.
artery was found.

i

i

No caudal mesenteric
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Venous Vasculature
The venous drainage was similar in general plan to the arterial
supply (Fig. 13).

Veins of similar, if not of slighty larger

dimension, followed the same course as the arterial supplies.

The

cranial mesenteric vein and the coeliac vein coalesced to become the
portal vein ventral to their respective arteries.

The portal vein

ran obliquely forward whilst still below and to the left of the caudal
vena cava.

The portal vein accompanied the bile duct and the hepatic

artery proper into the hepatic porta.

The porta lay to the dorsal

right side of the protruberant lobe of the liver.
Nerve Supply
Dissections were confined to the larger, grossly visible branches.
The main bifurcations of the left and right thoracic vagal trunks
were identified in the thoracic inlet and cardiac region.

These

subsequently anastomosed into dorsal and ventral trunks approximately
2 cm cranial to the diaphragm.

Both tunks followed the oesophagus

through the oesophageal hiatus into the abdomen and down to the stomach.
At the oesophageal hiatus a small nerve left the dorsal vagus nerve
and appeared to run caudally to enter the complex of the coeliac and
adrenal ganglia.

The main trunk of the dorsal vagus nerve followed

the medial left gastric artery to supply the cardia and blind sac and
continued on to the right side of the proximal and middle compartments.
The ventral vagus also supplied a branch to the cardia.

Its main trunk

followed the lateral left gastric artery and supplied the left side
of the proximal and middle compartments (Fig. 14).
The thoracic sympathetic nerve chain lay in the roof of the thorax
adjacent to the vertebral bodies.

The chain continued caudally into

the abdominal cavity where it gave off fine branches which passed
to the coeliac and adrenal ganglia and their associated nerve plexuses.

·!

I
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FIGURE 13
Schematic representation of a dorsal view of the venous drainage of the
gastrointestinal tract. a� portal v.; b� coeliac v.; c� cranial
mesenteric v.; d� blind sac br.; e� lateral left gastric v.; f� right
gastroepiploic v.; g� left gastroepiploic v.; h� duodenal v.; i� left
colic v ; k� middle colic v.; m� ileocolic v.; n� right colic v.;
o� caecal v.; P� jejunal veins; u� colonic coils; v� ascending colon;
w� ileum; x� caecum; Y > jejunum; z� stomach.
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FIGURE 14

Schematic representation of the innewation of gastrointestinal tract.
a, oesophagus; b, blind sac of the stomach; c, diverticulum of the
stomach; d, proximal compartment of the stomach; e, middle compartment
of the stomach; f, colonic loops; g, diaphragm; q, sympathetic chain;
r, ventral vagus n.; s, dorsal vagus n.; t, corrorrunicating br.; u,
splanchnic n.; v, branches of the coeliac plexus; w, coeliac ganglion;
x, communication br.; y, caudal mesenteric ganglion; z, pelvic nerves.
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This complex of ganglia and plexuses lay medial to the cranial pole
of the left kidney, ventral to the caudal vena cava and the aorta.
The nerve plexuses were wrapped around the bases of coeliac and cranial
mesenteric arteries and fine nerves followed these vessels.

A

relatively large nerve left the complex and ran caudally in the
mesocolon to join the mesenteric ganglia.

This ganglion was single, lying

at the level of the ovarian/testicular vessels.

Small nerves radiated

through the mesentery from this ganglion.
DISCUSSION
When attempting to interpret the literature on the general anatomy of
the Tammar wallaby's alimentary tract it was apparent that the
various nomenclatures used were often confusing and inadequate.
Understandably the nomenclature suggested by the Nomina Anatomica

Veterinaria (1973) for the descriptions of domesticated species and
that recommended by the Nomina Anatomica (1983) for the descriptions
of man were also inadequate, often ponderous and sometimes inapplicable
to descriptions of the macropodine alimentary tract.
A number of nomenclature schemes were considered to describe the
Tammar wallaby's stomach, each had strengths and weaknesses.

In the

scheme adopted the stomach was divided into three regions; proximal,
middle, and distal compartments, which was most satisfactory for
radiological descriptions but less so for morphological descriptions.
It has the weakness pointed out by Hume (1982), than when the stomach
is removed from the animal it is difficult to determine where the
caudal gastric flexure divides the proximal and middle compartments.
However, the scheme is satisfactory in the intact live animal.

The

proximal compartment was subdivided into a diverticulum, blind sac
and a main chamber.

Whilst there is no real dispute over the presence
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and naming of the diverticulum, the blind sac has been referred to as
the "left cul-de-sac" (Owen, 1868), the "cardiac fundus" (Schafer and
Williams

1876)" "blind sacs of the stomach" (Wilckens, 1872),

"conical fundus" (Flower, 1872), "cul-de-sac" (Moir et al., 1956),
"forestornach" (Hume, 1978; Kennedy and Hume, 1978), as well as
sacciforrn forestornach (Dellow, 1979; Langer, 1979a; Hurne, 1982).

The

blind sac could be considered as equivalent to the fundus of the
canine and porcine stomach, or the saccus caecus of the equine stomach.
It could even be described as "caecal-like" because of its close
resemblance to the haustrated appearance of the equine caecum.
Likewise it could be described as "colon-like" in appearance as its
haustrated appearance resembles that of the colon of most mammalian
species.

For similar reasons the main chamber of the proximal compart

ment and the middle compartment of the stomach could both be considered
as "caecal" or "colon" like in appearance.

A histological classification

of the macropodid stomach based on the distribution of the types of
mucosal linings as described by Schafer and Williams (1876), Oppel
(1896), Griffiths and Barton (1966), Gemmel and Engelhardt (1977) and
Langer (1980) do not describe adequately, the many macroscopic
variations found in stomach morphology of different macropodine species
(Langer et al., 1980).
For most purposes the simple nomenclature used by the New England
group of Dellow, Hume and Langer over the last 8 years is well suited.
They describe the region of the stomach oral to the cardia as the
"sacciform forestomach" ., and the region aboral to the cardia as the
"tubiform forestomach".

The "forestomach" ceases at the commencement

of the "hindstornach" i.e , the region of hydrochloric acid production
plus the pyloric region
Because much of this study has been morphological in nature, the
nomenclature adhered to is sometimes ponderous and pedantic.

The
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"hindstomach" described by the New England group is here referred to
as the distal compartment of the stomach only to be in keeping with
the use of distal as the antonym of proximal.

The region of hydro

chloric acid secretion (gastric pouch, fundic gland) is referred to
as the proper gastric gland region as suggested in the Nomina

Histologica (1983).
Instead of referring to the "pylorus" as the complete segment of the
stomach aboral to the proper gastric gland region and oral to the
duodenal bulb this region is named as suggested in the Nomina

Anatomica (1983).

The pyloric region in its most specific sense

comprises the pars pylorica, and the pylorus which enclose the pyloric
antrum and the pyloric ostium respectively.

The pylorus incorporates

all histological layers over the pyloric ostium.

The pyloric sphincter

comprises the tunica muscularis over the pyloric ostium.

The pars

pylorica is the organ's wall between the proper gastric gland region
and the pylorus, this region encloses the pyloric antrum.

The pyloric

antrum leads into the pyloric canal which then terminates at the pyloric
ostium.

Within the stomach the term ventricular groove is used to

describe the structure referred to as the "oesophageal groove"
(Moir et al., 1956) and "gastric sulcus" (Hume, 1982).
In the description of the intestine

a transverse colon as described

in other species could not be determined.

The division of the colon

into ascending colon, colonic loops and descending colon was done
by referring to fixed land marks.

The ascending colon was considered

to extend from the ileal papilla to where the colon ceased to be held
by the gastrocolic ligament to the middle compartment of the stomach.
The loosely arranged loops which followed, were referred to as colonic
loops

They showed no tendency to coil as occurs in the spiral colon

of the pig and ruminants (Nickel et al.

1973).

The colonic loops

ceased at the oral insertion of the mesocolon onto the descending colon.
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The description of the internal anatomy of the stomach confirms the
presence of an inwardly projecting fold corresponding to the external
fissure of the cranial gastric flexure, as described by Langer et al.
Langer et al. used this fold to delineate the blind sac

(1980).

(sacciform forestomach) from the main chamber of the proximal
compartment (tubiform forestomach).

In this study the fold is used

to determine the commencement of the blind sac.
The luminal projections of the haustral walls, semi-lunar folds,
running between the taenia are discrete and usually substantial
entities.

These anatomical studies did not determine whether or

not these structures are permanent.

Langer (1979a,c) reported that

the semi-lunar folds are not permanent and may functionally either
inhibit or facilitate the aboral transport of digesta along the
proximal and middle compartments of the stomach.

Whilst this is

plausible, no evidence was presented to substantiate the claim.
This study suggests that the ventricular groove is relatively more
prominent in the suckling animals during the first 6 months of life.
The ventricular lips are closer together and form a more distinct
groove in the pouch young (Plate 8) than in the adult (Plate 7).
Whilst detailed examinations were not undertaken, some suggestions on
structure and function of the ventricular groove can be made.

In

adults it is suggested that the groove facilitates the movement of
fluids from the cardia towards the caudal gastric flexure (Langer

et al., 1980).

This process could be responsible for the differential

flow of fluids relative to particulate matter.

Ruminants have

a forestomach complex comprising reticulum, rumen and omasum, which
is not able to break down milk but they have a prominent ventricular
groove which preferentially and rapidly passes milk to abomasum
where peptidergic regimes suitable for the degradation of milk
occur

However, not all macropods have a ventricular groove (Hume
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ventricular groove (Hume and Dellow,

1980), which compounds the

problem of suggesting the function of this structure within the
Macropodidae.

If the Tammar wallaby is like the Red Kangaroo

(Megaleia rufa) in having the mucosal surface of the glandular regions
of the stomach lined by bipotent cells until weaning (Griffiths and
Barton, 1966) then the differential passage of milk along a
ventricular groove would appear to be unnecessary.

Maybe some

macropodine species do not have a stage in the very young where bipotent
It has not been determined if the

gastric cells are present.

ventricular groove acts as a differential channel for fluids in the
Red Kangaroo.

Further histological work on juveniles and radiographic

studies on pouch young and adults of a number of macropodine species
are needed to clarify the role of the ventricular groove.
The finding of lymphoid aggregations adjacent the left and right taenia
confirms the earlier reports by Schafer and Williams (1876).

The

large oval lymphoid areas on each side of the aboral middle compartment
of the stomach have not been described previously.
The study of the microscopic anatomy of the stomach wall concentrated
on the tunica muscularis.

The relative thickness of the two layers

of the tunica muscularis are, as expected, thicker where they would
functionally be most needed.

This is asswning that the contractile

strength of smooth muscle is related to the number of nexuses between
the muscle cells (Gabella, 1981) and that the nwnber of nexuses are
constant throughout the depth and extent of the tunica muscularis.
The circular layer is deepest over the cardiac gland region which is
consistent with the continuous movement of the haustra.

The main

movement of each haustrwn is presumably a sequential contraction and
relaxation of the circular muscle.

Both layers of the tunica rnuscularis

are extremely well developed over the length of the pyloric region
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which probably reflects its contractile nature.
The histological structure of the gastric taeniae is surprising.
Whilst the estimate of the structural contributions by the longitudinal
muscle, reticular tissue and connective tissue is subjective, it
reflects a difference to the taenia coli and taenia caeci described
for the horse and pig (Dellman and Brown, 1976).

In these species

the taeniae consist primarily of longitudinal muscle fibres plus a
substantial elastic fibre content.

In the Tammar wallaby the gastric

taenia has a contractile ability which while still considerable is
modified by its admixture with the reticular/collagen framework.

The

reticular/collagen framework probably increases the strength of the
taenia which allows the stomach to hold a large volume of contents.
In the region delineated by the non-glandular epithelium occurring
between the left and right taeniae, across the lesser curvature of the
stomach, the longitudinal layer of the tunica muscularis is absent.
The circular layer of the tunica muscularis is thicker in this region
and so is the longitudinal layer of the lamina muscularis.

Thus

there is effectively a reversal of muscle layers i.e., an outer
circular and an inner longitudinal layer.

Arising from the circular

muscle of the tunica muscularis adjacent to the taenia, on each side,
a separate muscle branch runs towards the lesser curvature and then
into the lips of the ventricular groove.

This muscle layer is

longitudinally oriented and is quite discrete from the layers of the
lamina muscularis.

In contrast to this, in the ruminant, the

longitudinal muscle of the lips of the ventricular groove arises
from the lamina muscularis (Trautmann and Fiebiger, 1949).

It is

suggested that in the Tammar wallaby when fluid enters the cardia, the
extensive circular muscle layer beneath the ventricular groove probably
contracts.

The individual muscle cells would thicken in their cross

sectional area, so that the sum of this activity results in the
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elongation of the groove.

If the musculature within the lips of the

groove also contracts, the lips will be elevated off the floor of
the organ to form a distinct groove (Plates 7 and 8) and possibly
a closed tube as occurs in young ruminants.

The dimensions of the

lips in the young animal make this a more likely occurrence in them
than in adults.
The arterial supply to the stomach of the Tammar wallaby differs from
that reported by Langer (1979b) in the red-legged and red-necked
pademelons, Thylogale stigmatica and T. thetis.

In the Tammar only

branches originating from the coeliac artery supply the stomach i.e.,
splenic, common hepatic and left gastric arteries.

The pancreaticoduo

denal and gastroduodenal arteries described by Langer (1979b) were
absent in the Tammar wallaby.

The unique structure and arrangement

of the macropodid stomach has resulted in a correspondingly specialised
vascular distribution.

The left gastric artery is large, and

bifurcates early resulting in separate branches supplying each side
of the proximal and middle compartments of the stomach.

Special

branches arise off the left gastric to supply to diverticulum and
the blind sac. The right gastric is a smaller and relatively
insignificant vessel.

The epiploic vessels are large, obvious, and

run along the greater curvature as seen in most mammalian species.
A common hepatic artery is present in the Tammar wallaby, but absent
in the pademelons (Langer, 1979b)

The extensive vasculature of the

proper gastric gland region is probably related to its high metabolic
demands.

Unlike the pademelons, the duodenal artery of the Tammar

wallaby arises as the first branch off the cranial mesenteric artery.
The arrangement of the vagal nerve branches to the stomach is
interesting

The main vagal branches follow the gastric taeniae; with

the dorsal vagus supplying the right and the ventral vagus supplying
the left sides of the proximal and middle compartments.

Assuming

96.

each vagal branch supplies the regions adjacent it, then it is quite
possible that the dorsal vagus modifies the contractile cycles of the
right row of haustra and the ventral vagus, the left row of haustra.
The anatomy of the intestine is unremarkable.

The protruberant ileal

papilla suggests its role is to prevent the reflux of digesta when
the luminal pressures of the adjacent caecum and ascending colon are
greatest during contraction cycles of those regions.

The attachment

of the ascending colon to the stomach is unusual but its significance
is unknown.

The remaining portions of the colon are loosely held in

mesentery as a series of simple loops.

These loops are not closely

related to each other as are the centripetal and centrifugal coils of
the pig and ruminants (Getty, 1975).

The extensive nature of the

intestinal mesenteric attachments is surprising.

Other than holding

various sections of the alimentary tract relatively close together,
little explanation can be given for the occurrence of the numerous
mesenteric leaves which occur.

Possibly these are a by-product of

the richochetal mode of locomotion that these animals use.

Possibly

the elongate intra-abdominal oesophagus plus the mesenteric arrange
ments allows a degree of movement flexibility of the abdominal contents
while retaining a close binding of most of the individual portions
of the alimentary tract to each other.

97.

CHAPTER 3
RADIOLOGY
INTRODUCTION
Roentgen reported his discovery of X-rays in 1895 and shortly after
wards they were used to investigate the structure and movement of the
internal organs of living animals.

The most notable of these

investigations was carried out by Cannon (1898; 1902) who studied the
motility of the stomach and intestine of the cat using small quantities
of subnitrate of bismuth mixed with food as a contrast agent.

His

report which described the radiographic appearance associated with
the contractions and relaxations of the stomach and intestine still
holds true.

He described the fundus of the stomach as a reservoir

for food and constrictions of the stomach wall as corresponding to
a contractile ring moving towards the pylorus.

He reported that

"food in the fundus is not moved by peristalsis" and that "the
constriction waves of the pylorus had three functions:
trituration and expulsion of the food".

the mixing,

Interestingly he also

observed that states of "anxiety, rage or distress" could result in
the inhibition of stomach movements.
In recent years there have been many advances in X-ray technology
with the most significant being the development of the image
intensifier (Wenham, 1974).

Significant advances have been made

towards the understanding of alimentary tract physiology as a result
of radiographic observations of movements of the alimentary tract
particularly in the dog, cat, man and ruminants (Czepa and Stigler,
1926, 1929; Magee, 1932; Dougherty and Meredith, 1955; Benzie and
Phillipson, 1957; Akester and Titchen, 1969; Wyburn, 1980, 1981).
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Ride (1959) and Dellow (1978, 1979) reported on the use of radiography
to study alimentary tract function of marsupials.

Ride used X-ray

cinematography of Bennett's wallabies (Macropus rufogriseus) to
determine the movement of the incisors during prehension and of the
molars during mastication. Dellow (1978, 1979) used fluoroscopy
with image intensification to determine the "primary" and "secondary"
dispersion of orally administered barium sulphate in the stomachs
of Macropus eugenii, M. giganteus and Thylogale thetis.

He related

the different patterns of dispersal of barium sulphate to the
morphological differences in stomach form, particularly the presence
or absence of a ventricular groove and the position of the cardia
relative to the "sacciform" forestomach in the species. He noted that
a second dose of barium sulphate given several hours after the first,
did not mix with the first.

Dellow (1979) described two patterns

of haustral movement, one a localised contraction and the other a
propulsive contraction. He concluded that the semilunar folds
associated with the stomach haustrations were not permanent
structures.
Radioisotope studies reported by Dellow (1979) suggest that the
stomach is responsible for the retention of digesta for considerable
periods and that the separation of fluid and particulate phases of
the digesta occurs there. Dellow was able to demonstrate virtually
no separation of fluid and particulate markers in the intestine and
that the excretion times were short for digesta held in the intestine.
MATERIALS AND METHODS
Animals and Husbandry
Thirty adult male and female wallabies weighing between 3.5 and 6 kg
were used in the radiographic studies. They were caught from the
Murdoch University Native Fauna Research Area (NFRA) and transferred
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to individual cages in quiet air-conditioned ro0ms of the Murdoch
University Animal House.

Each cage was 100 cm square and the sides

and top of each cage were made from a 6 cm square, 3 mm diameter
galvanised wire mesh.

The floor was made from 2 cm square,

1.5 mm diameter galvanised wire mesh.

A flat tray covered with a

layer of sawdust, 2 cm deep, was placed below the floor of each
cage to collect faeces and absorb urine.
holding racks two high.

The cages were placed in

Animals generally had ad Zibitum access

to a pelleted diet (Kangaroo Pellets, Milne Feeds Pty. Ltd.,
Western Australia) from constant delivery storage hoppers on the side
of each cage.

Twice a week each animal was given¼ of a cabbage and

occasionally oat grains. Animals in experiments 1, 2 and 4 were all
kept on this feeding regime.

In experiment 3, four animals were

kept on the normal feeding regime and four were fed only lucerne
hay.

All animals were acclimated to their particular diet for at

least 2 weeks before any investigation was commenced. Water was
available at all times in gravity feed bottles.
Wallabies were kept caged for up to 4 weeks then they were either
returned to the NFRA or to outside enclosures.

In the enclosures

the animals were fed ad Zibitwn lucerne hay and kangaroo pellets.
Water was by a nozzle dispenser from the mains supply.
Radiographic Technique
A condenser discharge, mobile X-ray apparatus (Shimadzu Model M.C. 100
L-10) was used for the first half of the radiographic studies.

With

this machine the exposure factors used were 4 mAs and 54 kV (lateral
view) and 57 kV (dorsoventral view).

High-speed intensifying screens

(High Speed Dupont) and fast films (Rapid R Type S, Ilford) processed
manually were used to record the image.

For the second half of the

radiographic studies the X-ray apparatus used was a rotating anode
tube with a focal spot size 0.6 mm (Bi 150/30/101 R Siemens, West
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Germany)

The power for this tube was supplied from a 3 phase

generator with a maximal output of 1,000 mA and 150 kV (Gigantos
Optimatic Siemens).

With this machine the exposure factors used

were 10 mAs at 55 kV (lateral view) and 57 kV (dorso-ventral view).
The radiographs were also taken on fast films (Rapid R Type S,
Dupont) using high speed intensifying screens (High Speed, Dupont).
The focus-film distance was 1 m and scattered radiation was
controlled by a Bucky Grid.

The film was processed automatically.

Fluoroscopy was carried out using the Siemens X-ray machine where
its image was processed through an image intensifier (Dualfield
25/15 Sirecon 2, Siemens, West Germany) with automatic dose control
which restricted the received dose to about 1 Rem each half hour
exposure.

The image was displayed by closed circuit television and

recorded on videotape (Sony, KCA 6).

A total of about 1,200 plain

radiographs and 20 hours of videotape were taken.

Every radiograph

had a time marker included, while each fluoroscopic segment was
marked on the audio channel of the videotape.
Radiographic Procedures
Before any procedures, two plain radiographs were taken of each
animal while it was held on the X-ray table.

The first view was

one of the animal in left lateral recumbency and the second when
it was held in ventral recumbency.

In each position, care was

taken to pull the femora caudally to prevent their superimposition
upon the abdomen.

Animals were positioned so that their vertebral

column was straight.

Tranquillization was not used.

After the

plain radiographs, 10 - 15 ml of an ultrafine 65% w/w suspension of
barium sulphate (Medebar by Medicon, Aust.) was introduced by
syringe into the oral vestibule or via the diastema into the oral
cavity

Then pairs of radiographs

with animals in left lateral
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andventral recumbency, were taken at intervals of 5 min for the
first 30 min, every 10 min for the next 30 min, every 15 min for
the next hour and hourly thereafter, until the eighth hour. Thereafter
radiographs were taken daily, until no barium sulphate was evident
in the digestive tract.

Occasional radiographs were taken with the

wallaby held in a standing position.

Between radiographs, the

animals were kept in a light-proof bag to minimize struggling.

At

the end of each recording session the animals were returned to their
cages and food.
For fluoroscopic studies, a round-ended, soft polyethylene gastric
lavage tube (Nelaton Catheter, F.G. 22, Pharma-Plast [Aust.] Pty. Ltd.)
with an outside diameter of 0.8 cm was manipulated through the
diastema into the oral cavity.

From here the tube was gently

threaded caudally between the dental arcades into the pharynx.
was taken not to force the tube.

Care

Once past the epiglottis, the

tube was readily passed down the oesophagus to the level of the
thoracic inlet or to the cardia.

About 20 ml of the ultrafine 65%

w/w suspension of barium sulphate was syringed down the tubing.
The tube was flushed with 5 ml of saline before it was withdrawn.
The wallaby was put in an open weave hessian sac and placed in a
restraining perspex crush.

It was thus held in a normal squatting

position but prevented from lying down.

Fluoroscopy was commenced.

Initially, survey films were recorded on the videotape.

Once the

distribution of barium sulphate had been confirmed, recording stopped.
The animal was monitored over the next four hours and video recordings
taken when haustral movements or other alimentary tract motility
patterns were visible

For reference, radiographs were taken at

intervals during the experimental procedures.

!

I
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Experimental Design and Analysis
Experiment 1

-

Radiographic Anatomy

Thirty animals were kept on the normal maintenance feeding regime.
Each was radiographed and then dosed with barium sulphate and
radiographed again.

The subsequent series of radiographs was

viewed on a X-ray viewing box for interpretation of the radiographic
anatomy of the alimentary tract.

Linear measurements of organs

outlined by the barium sulphate were taken directly off the radiographs.
The anatomical zones of the abdomen as defined by O'Brien (1978) and
the nomenclature to describe the organs of the region as suggested by
the International Committee on Veterinary Anatomical Nomenclature
(1973) were adhered to as closely as possible.

The Distribution of Barium Sulphate in the Stomach

Experiment 2

Twenty animals were used to examine the distribution of barium
sulphate through the macropodine stomach.

Ten animals had been

kept on the normal maintenance feeding regime up until the period of
experimentation.

The other ten were not fed for 24 hr prior to

the period of experimentation.

Each sequence of radiographs was

examined to determine the progressive distribution of barium
sulphate through the stomach.

Direct tracings of the shadow of the

barium sulphate, the adjacent organs and skeletal elements were
made from each radiograph.

Ultimately, schematic plans of the

sequential distributions were drawn.

A representative time sequence

for the non-fasted animals was determined.

The times at which

digesta mixed with barium sulphate (1) began to pass through the
pyloric orifice, and (2) when barium sulphate was no longer
detectable in the stomach, were noted.
Experiment 3

-

Effect of Diet on Passage Time

Eight animals were used to compare the effect of two diets on the
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passage times of digesta through the stomach and entire alimentary
Four animals had been on the normal maintenance feeding

tract.
regime.

Another four animals were fed lucerne hay.

The times at

which digesta, mixed with barium sulphate, (1) began to pass
through the pyloric orifice, (2) when barium sulphate was no longer
detectable in the stomach, (3) when barium sulphate was no longer
detectable in the alimentary tract, were noted.

The level of

statistical significance was determined by an analysis of variance.
Experiment 4

-

Alimentary Tract Motility

Twenty animals were viewed fluoroscopically to determine the types
and patterns of visible movement of their stomach and intestine.
Each videotape was repeatedly viewed on television monitors and
the duration of events, such as the individual haustral contractions,
timed by a stop watch.

The patterns of haustral movement, other

movements of the stomach wall (pylorus) and movements of the
intestine were all drawn and described.

Detailed observations of

the movements of the large intestine were not undertaken.
RESULTS
Experiment 1

-

Radiographic Anatomy

Plain Radiographs
The most striking feature was the small size of the thorax compared
to the size of the abdominal cavity.

The abdominal boundaries were

distinct, but the enclosed organs appeared either amorphous or
as irregularly black regions on a granular background (Plates 20 and
21).

The abdominal cavity was bounded by the shadows of:

the

diaphragm, cranially; the abdominal wall, ventrally; the pelvis,
caudally; and the vertebral column with its associated musculature,
dorsally.

On the lateral projection (Plate 21), the diaphragm

curved cranially from the xiphoid cartilage then turned dorsally

PLATE 20

Line drawing and dorsoventral radiograph of a wallaby's abdomen prior to
a barium sulphate drench. A, femur; B� pelvis; C� tibia; D, epipubic
bone; E, sacrum; F, lumbar vertebra 4; G, rib; K, digesta in stomach;
L, gas in intestine; M, flank skin fold. Scale line, 1 cm.
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PLATE 21

Line drawing and left lateral radiograph of a wallaby's abdomen prior
to a barium sulphate drench. A, femur; B, pelvis; C, tibia; D, epipubic
bone; E, sacrum; F, lumbar vertebra 4; L, gas in stomach; M, gas in
intestine; N, abdominal wall; P, testes. Scale line, 1 cm.
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and caudally to merge with the shadow of the abdominal hypaxial
musculature in the region of the 12th and 13th thoracic vertebrae.
The dorsal third to half of the silhouette appeared as a double line.
Radiographs taken of animals held in dorsal recumbency show the
left diaphragmatic crus to be about 0.5 cm caudal to the right
diaphragmatic crus.

The abdominal surface of the left crus had some

liver lobes and the greater curvature of the blind sac abutting it.
The right crus had the bulk of the liver lying on its abdominal
surface.
The ventral abdominal wall appeared radiographically as a thick white
line joining the region of the xiphoid cartilage to the pubic
syrnphysis.

Female wallabies had the smooth curve of the abdominal

floor interrupted caudally by a deep forward-opening marsupial
pouch.

Lateral views showed this to be narrow at its depths in

the epipubic region, but wide at its entrance which was level with
the caudal lumbar vertebrae.

The pouch was usually 7 - 8 cm deep.

Nulliparous females had small pouches compared to the voluminous
pouches of the multiparous females.

Both sexes had cranially

directed, paired, epipubic bones which appeared to be loosely
articulated with the epipubic processes of the ilium.

Each bone

was angled ventrally and laterally, at about 45 ° to the vertebral
axis and consistently appeared to be in the same plane as the
musculature of the caudal abdominal wall.

The epipubic bones did

not appear to support the pouch in the females.
The wings of the ilia were widely separated, with their shafts
converging towards the caudally sited sacroiliac joints (Plate 20).
Caudal to this junction, the shafts continued to converge slightly
to the acetabulum.

From here the ischia ran caudally, parallel

to each other maintaining the same pelvic width as it was at the
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acetabular region.

The angle between the pelvis and the sacrum was

acute, resulting in a long narrow pelvic entrance and a small pelvic
cavity.

On the lateral radiographs, large epaxial muscles were

seen to extend along the entire lumbar and sacral region.

The lumbar

hypaxial musculature projected into the abdominal cavity forming a
smooth convex silhouette, particularly prominent in the mid-lumbar
region.

Other sublumbar structures, such as the aorta, caudal

vena cava, lymph nodes, etc, were not visible.

The stomach was

not delineated from surrounding structures and without the aid of
contrast media the stomach showed as uniformly coarse and granular
in appearance.

Wallabies that had not fed for 24 hr had gas in

the dorsal portion of the proximal compartment of the stomach and
in the small intestine; this gas acted as a radiographic contrast
but was irregularly distributed and of little aid in interpretation
(Plates 20 and 21).

Contrast Radiography
Radiographs taken immediately after barium sulphate was administered,
showed the course of the oesophagus through the thorax, diaphragm
and abdomen, to its entry into the stomach.

On some radiographs, a

bolus of barium was seen in the oesophagus (Plates 22 and 23) and
frequently a small amount was retained for periods of up to 15 min
on the thoracic side of the diaphragm.
The appearance of the stomach was interpreted from left lateral
(Plates 23 and 25) and dorsoventral views of recumbent animals
(Plates 22 and 24) taken after the barium had become uniformly
· mixed with the gastric contents.

The left lateral radiographs

(Plate 23) showed the intrathoracic oesophagus coursed a short
distance ventral to the thoracic vertebral bodies.

After it passed

through the diaphragm some 0.5 - 1 cm ventral to the 11th thoracic

PLATE 22
Line drawing and dorsoventral radiograph of a wallaby's abdomen immediately
after a barium sulphate drench. A, oesophagus; B, barium sulphate bolus in
the intra-abdominal oesophagus; C, cardia; D, blind sac; E, proximal compart
ment of the stomach; F, lumbar vertebra 6; G, ilium.
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PLATE 23

Line drawing and left lateral radiograph of a wallaby's abdomen irronediate
ly after a barium sulphate drench. A, cardia; B, proximal corrrpartment of
the stomach; C, blind sac; D, oesophagus; E, lwribar vertebra 4; F, ilium;
G, femur; H, epipubic bone; J, xiphoid cartilage; K, ribs.

PLATE 24

Line drawing and dorsoventral radiograph of a wallaby's abdomen 4 hours
after a barium sulphate drench. A, blind sac; B, proximal compartment
of the stomach; C, caudal gastric flexure; D, middle compartment of the
stomach; E, pyloric antrum; F, jejunum; G, ascending colon; H, caecum;
I, lumbar vertebra 5; J, ileal papilla; K, head of the femur.
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PLATE 25

Line drawing and left lateral radiograph of a wallaby's abdomen 4 hours
after a barium sulphate drench. A ., blind sac; B ., proximal compartment
of the stomach; C., caudal gastric flexure; D ., middle compartment of the
stomach; E., kidney; F., lumbar vertebra; G., ilium; H., femur; J., epipubic
bones; K., intestinal gas.
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vertebrae, it ran caudoventrally for 7.4 cm to enter the ventro
medial aspect of the proximal compartment of the stomach.

The

point of entry of the oesophagus at the cardia was visible only in
the early stages of distribution of the barium; in the later stages
it was obscured by the overlying shadows of the barium filled
regions of the stomach.

On the left lateral projection (Plate 25)

the outline of the barium filled stomach appeared roughly oval, with
the haustra showing clearly round the periphery.

The shadow of the

stomach occupied approximately two-thirds of the abdominal cavity
extending from the vertebral column to the abdominal floor, and
from the diaphragm and liver, caudally to the pelvis.

The limits

of the blind sac and diverticulum were difficult to see because
of the sigmoid shape of the stomach; the regions on the right were
overlaid by those on the left.

The dorsal border of the stomach

silhouette was indented by the left kidney.

Pockets of gas

contained in other regions of the alimentary tract frequently overlay
the shadow of the stomach.
The dorsoventral radiographs (Plate 22) showed the intrathoracic
oesophagus either to the left of, or overlaid by the shadow of
the vertebral column.

After passing through the diaphragm, the

oesophagus ran towards the left to enter the medial aspect of that
part of the stomach lying against the left flank.

The outline of

the gastric lumen appeared as a sigmoid curve which began immediately
caudal to the left side of the diaphragm and ran caudally along
the left wall of the abdomen, occupying most of the left side.

At

the level of the 6th lumbar vertebra it turned on itself and ran
cranially as far as the right caudal border of the liver, where it
again turned and ran a short distance caudally before terminating
at the pyloric orifice situated dorsally at the level of the 2nd
and 3rd lumbar vertebrae.

The lumen of the stomach appeared to be
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widest on its left side and tapered round the curves towards its
termination on the right side.
Well developed haustra were a prominent feature in the dorsoventral
radiographs (Plates 24 and 26).

Large haustra could be seen over

the entire length of the proximal stomach and much of the middle
compartment of the stomach.

The haustra were small and shallow

on the middle compartment of the stomach and absent after the pyloric
flexure.

The limits of the proper gastric gland region were not

visible radiographically.

The pyloric region was funnel shaped with

its narrowest dimension being at the pyloric ostium.

This ostium

opened into the duodenal bulb at the level of lumbar vertebrae 2-3.
The descending duodenum ran caudally for 3.8 cm before it turned
cranially to become the ascending duodenum and ran towards the
hepatic porta.

Much of the duodenum and most of the jejunum were

not seen because they were overlaid by contrast agent in the stomach.
The distal coils of jejunum and ileum lay caudal to the proximal
compartment of the stomach (Plates 26 and 27).

The terminal ileum

at the level of the 5th lumbar vertebra ran across to the right flank
where it entered the large intestine by the ileal papilla in the
region of the caecum and the ascending colon (Plate 26). The base
of the caecum was constantly on the right side in the vicinity of
the ileal papilla, but the body and apex were seen in many positions
in the abdomen (Plates 28 and 29).

The caecum was observed to

retain contrast agent for periods of up to 60 hr.

From the ileal

papilla the ascending colon ran cranially along the dorsal right
flank, to the level of the pylorus (Plate 29).

Then it turned

medially and caudally maintaining a close association with the
middle compartment of the stomach.

Faecal pellet formation was

first seen in this region of the colon, but faecal pellets were seen
in most regions of the abdomen indicating the mobility of the colonic

PLATE 26

Line drawing and dorsoventral radiograph of a wallaby's abdomen 5 hours
after a barium sulphate drench. A, proximal compartment of the stomach;
B, middle compartment of the stomach; C, proper gastric gland region;
D, jejunum; E, ileum; F, ileal papilla; G, ascending colon; H, rib;
K, thoracic vertebra; L, sacrum; M, pelvis; N, skin folds; P, femoral
trochanter. Scale line, 1 cm.
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PLATE 27

Line drawing and left lateral radiograph of a wallaby's abdomen 5 hours
after a barium sulphate drench. A, proximal compartment of the stomach;
B, middle compartment of the stomach; C, distal compartment of the
stomach; D, jejunum; E, diaphragmatic silhouette; F, ribs; G, lwnbar
vertebra 2; H, ili.um; K, femur; M, ventral abdominal wall. · Scale line,
1 cm.

PLATE 28

Line drawing and dorsoventral radiograph of a wallaby's abdomen 42 hours
after a barium sulphate drench. A, caecum; B, ascending colon; C, faecal
pellets in the colonic loops; D, stomach; E, lumbar vertebra 4; F, rib;
G, ilium; H, femur; K, flank skin fold. Scale line, 1 cm.
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PLATE 29

Line drawing and left lateral radiograph of a wallaby's abdomen 36 hours
after a bariwn sulphate drench. A, caecwn; B, ascending colon; C, faecal
pellets in the colonic loops; D, stomach; E, diaphragmatic silhouette;
F, xiphoid cartilage; G, ribs; H, lwnbar vertebra 3; L, sacrwn; M, iliwn;
N, epipubic bones; P, pouch; Q, mammary; R, femur; S, tibia.

118.
coils.

The first part of the descending colon was seen constantly

at the level of the cranial pole of the right kidney.

From here

it ran to the dorsal left of the abdomen and then caudally to the
pelvic cavity where it was confluent with the rectum which opened
via the anus into the cloaca.
Experiment 2

The Distribution of Barium Sulphate in the Stomach

The sequence of radiographs taken after the entry of barium sulphate
into the stomach showed that within 10 minutes it was distributed
rapidly both cranially and caudally from the cardia.

Barium sulphate

distributed cranial to the cardia, entered the blind sac and was
slowly mixed with the digesta already present.

Initially the barium

mixed with digesta adjacent to the lesser curvature and only later
did it spread out to the greater curvature.

Barium which was

distributed caudal to the cardia appeared to have preferentially
followed the ventricular groove along the lesser curvature of the
proximal compartment of the stomach.

Frequently the ventricular

groove and its lips were outlined clearly by the barium.

With time

the barium spread towards the greater curvature at the caudal gastric
flexure.

The pattern of distribution of the barium in the fed and

non-fed animals were the same (Figs. 15 and 16).

However, the rate

of distribution was significantly different between the two groups
(Table 3).

The barium mixed with digesta and progressed through the

stomach more rapidly in the animals not fed for 24 hr than in those
recently fed.

In the fasted animals contrast media reached the

pylorus within 3 hr of ingestion while in the recently fed animals it
took between 2 and 8 hr (Table 3).

In three animals some barium

was retained in the ventral portion of the blind sac for between
7 and 11 days.

This retained barium was seen in two animals as one

or two discrete oval bodies with dimensions of from 1.5 by 1 cm
to 2 by 1.5 cm and in the third animal as five round and smaller
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FIGURE 15
Schematic representation of a dorsoventral stomach showing barium sulphate
d:Pench distribution with time� in the same animal. P� 5 min; Q, 5-10 min;
R� 10-15 min; S, 15-20 min; T, 20-30 min; U, 30-120+ min.
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FIGURE 16

Schematic representation of a left lateral stomach showing barium sulphate
drench distribution with time 3 in the same animal. P3 5 min; Q 3 5-10 min;
R� 10-15 min; S 3 15-20 min; T3 20-30 min; U� 30-120+ min.
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bodies each with a diameter of 0.5 cm.

The radiographic appearance

of these accumulations suggested that they were composed of barium
sulphate mixed with other material, possibly digesta or hair balls.
Except for retention in oval bodies in the blind sac the barium
had completely passed out of the stomach by a mean time of 30 hr
in fasted animals and 41 hr in fed animals. Once barium had passed
through the pyloric ostium into the duodenum it passed rapidly
through the small intestine into the caecum and large intestine.

Table 3.

Time when barium sulphate passed through the pylorus.

State of
animal

N

Mean ± s.e.m.
(hours)

Range
(hours)

Commencement

Fasted
Fed

10

10

1.2 ± 0.2

0.75-3

Completion

Fasted

10

30.0 ± 0.9

Experiment 3

Fed

-

10

4.0 ± 0.8

41.0 ± 4.3

2-8

27-36

24-60

Effect of Diet on Passage Time

In experiment 3 where the effect of two different diets on alimentary
tract transit times, the results were equivocal.

In the 8 animals

studied, the 4 fed kangaroo pellets had a significantly slower rate
of passage of barium mixed with digesta through the length of the
alimentary tract compared with those animals fed lucerne hay (Table 4).
The passage times through the stomach were not significantly different.
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Table 4.

Comparison of the effect of diet on passage time of digesta
through the alimentary tract.
errors.
*P

<

Values are means ± standard

Significance of difference:

NS, not significant;

0.05.

Passage Time (hours)

Kangaroo Pellets
4 animals
Barium sulphate first seen
to pass through pylorus
No barium sulphate visible
in the stomach and pylorus
No Barium sulphate visible
in the entire alimentary
tract

Experiment 4

-

Lucerne hay Signif4 animals
icance

4 ± 1.3

2.7 ± 0.4

NS

41 ± 9.4

18.5 ± 1. 2

NS

± 2.9

*

105 ± 5.7

42

Alimentary Tract Motility

After swallowing, a bolus of barium entered the oesophagus and moved
rapidly towards the stomach.

If the bolus was large enough it moved

by primary peristalsis along the entire length of the oesophagus until
it passed through the cardiac ostium into the proximal compartment
of the stomach.

When a bolus was smaller, secondary peristaltic

movements apparently originating at different sites along the
oesophagus propelled the bolus along.

Secondary boluses coalesced

until a large bolus was formed which travelled along the length of
the oesophagus to enter the stomach.

Secondary boluses remained for

an extended period at the thoracic inlet, 2 - 3 cm oral to the
oesophageal hiatus and 2 - 3 cm oral to the cardia. At the thoracic
inlet and adjacent to the oesophageal hiatus, fluid was seen to move
backwards and forwards particularly when the animal changed its
posture.

Remaining remnants of barium allowed the internal diameter

of the oesophagus to be measured.

The diameter was 0.6 - 0.7 cm
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innnediately adjacent the cardia

When fluid accumulated here, the

oesophageal diameter increased up to 2 cm and the fluid backed up for
about 4 cm.

The outline of the oesophago-cardiac junction at this

stage was an inverted triangle.

When the bolus was large enough,

the cardiac ostium opened allowing the fluid to pass rapidly into
the proximal compartment of the stomach.

Often this was accompanied

by an elongation and straightening of the lesser curvature of the
proximal compartment which in turn was accompanied by movement of
barium towards the caudal gastric flexure.

On some occasions the

lateral and medial lips of the ventricular groove were outlined from
the cardiac ostium along the lesser curvature to end at the caudal
gastric flexure.

The barium gradually mixed with digesta and

outlined the stomach lumen.
The movements of the gastric haustra, particularly those of the blind
sac and of the main chamber of the proximal stomach,adjacent to and
of the caudal gastric flexures, were clearly visible.

Three patterns

of haustral movement were identified; localised contractions,
sequential contractions, and an obliterative cycle.

Localised

contractions occurred randomly at any particular haustrum.

Here

the haustrum narrowed in width and shortened in height over a period
of 1 - 2 seconds.

Then the haustrum stopped narrowing and shortening

and returned to its original size.

Occasionally the haustrurn

lengthened beyond its original size, to balloon out beyond the
silhouettes of adjacent haustra.

Often a particular haustrum

contracted and expanded with a periodicity of 12 seconds for periods
of 10 minutes or more.

Movements of the individual haustra of

the left haustral row appeared to occur independently of those of the
right haustral row.
The second type of movement (Fig. 17) involved an individual haustrurn
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FIGURE 17
Schematic representation of haustral movement over the proximal
compartment of the stomach at the cauda,l gastric flexure. A� quiescence�
particular haustrum in question has a thickened outline; B� contraction
of that haustra; C� rela,xation of that haustra and contraction of the
adjacent aboral haustrum. General direction of movement of the haustra
is indicated by arrows.
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contracting by narrowing its width and shortening its length, and
then slowly expanding by reversing the actions of the contraction
cycle, then the adjacent aboral haustrum commenced contraction.

When

this one had finished contraction and begun to expand the next aboral
haustrum commenced contraction.
at least 10 haustra.

This occurred sequentially over

By the time the 5th or 6th haustrum in a

sequence was beginning its contraction the first was contracting
again.

Often when a particular haustrum was contracting the haustrum

two before it was ballooning beyond the silhouette of the normal
haustral line.
The third form of haustral movement called the "obliterative cycle"
(Fig. 18) was more complex.

Here the two walls forming the luminal

projections of a haustrum moved towards each other.

The movement of

the haustral walls near the greater curvature was faster than the
walls near their taenial origin.

Ultimately the walls appeared to

coalesce with complete loss of that haustrum.

The adjacent haustra

did not appear to dilate to fill the gap created between them by
the abolition of their immediately adjacent haustrum.

Instead the

complete haustral row appeared to accommodate the slow loss of an
individual haustrum by moving to fill the potential gap.

Immediately

the haustrum was obliterated a reverse movement of the walls expanded
the lumen and the haustrum

was reformed.

Often during the fluoroscopic studies, fluid as well as small particles
of digesta, were seen moving over the luminal surface of the haustral
walls in an oral direction (Fig. 19).

This flow is the reverse

of the main direction of digesta passage.

Occasionally, for periods

of up to 20 minutes, there was no visible movement of any haustra
of the stomach.
The pyloric antrum gradually increased its overall dimensions by a
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FIGURE 18
Schematic representation of haustral movements� notably the obliterative
cycle. Direction of movement of the semilunar projections of the haustral
walls' is shown by arrows. A� B, C� a progressive movement of the vertical
walls of the haustrum towards each other. D & E, the progressive movement
of the haustral vertical walls as they return to their original position
as in A.

I,

I
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FIGURE 19

A schematic representation of the movement of digesta through the
proximal compartment of the stomach. A� the majority of the digesta
adjacent the lesser curvature with some movements towa,rds the outer
haustra; B� fluid and some particulate matter may move counter to the
usual flow of digesta. The counterflow is over the lum�nal surface
of the haustra.
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regular pumping action of the pyloric muscular walls.

This pumping

action consisted of a series of contractions of the oral pyloric
region (directed aborally) each of which forced a small volume of
digesta into the aboral part of the pyloric antrurn.

Some of this

digesta refluxed to the more oral portion of the pyloric antrum.
Gradually more and more digesta was added until the antrum was
dilated.

Then either a small volume of digesta was passed through

the pyloric ostiurn into the duodenal bulb or the majority of the
digesta refluxed to the more oral part of the antrurn (Fig. 20).

This

was accompanied by a narrowing of the lumen of the aboral parts of
the pyloric region.

The cycle of accumulation and egress of digesta

from the antrum was repeated up to 10 times before it resulted in
an accumulation of digesta in the descending duodenum which moved
rapidly as a bolus along the duodenum into the jejunum and towards
the ileum.

Small volumes of gas appeared to pass through the pyloric

ostiurn into the duodenum and also to accompany the bolus of digesta
when it moved.

When any bolus moved, it dilated the segment of

intestine in which it was found and was followed by a constriction
of the intestinal lumen immediately behind it.
of a bolus was often rapid.

The aboral movement

At times, in the aboral jejunum, there

was a series of randomly occurring constrictions (contractions) and
dilations (relaxations) resulting in digesta being shuttled backward
and forwards.

It was only when the contractions were co-ordinated that

digesta passed slowly aborally.

Occasionally all the small intestine

appeared to be contracting and relaxing while at other times it was
quiescent.

The caecum was not seen to contract and generally

appeared to be distended.

When barium passed through the ileal

papilla it normally outlined both the caecum and the ascending colon.
Occasionally a radiograph showed that barium had passed into the
ascending colon but not the caecum.

The barium in the ascending

colon did not appear to reflux into the caecum.

In the aboral
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FIGURE 20
Schematic representation of the movements of the pyloric region.
Direction of movement of digesta, small arrow heads, of pyloric region
walls, wide arrow heads. A, pyloric antrwn contracted, small bolus in
the duodenum; B, pyloric antrum relaxed, digesta in, bolus larger;
C, pyloric antrum further relaxed, more digesta in, bolus larger;
D, pyloric antrwn contracting, some digesta into duodenum, most is
retropulsed; E, pyloric antrwn contracted to state it was in A, duodenal
bolus moves along the duodenum.
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portion of fixed ascending colon faecal pellets first appeared
to be formed.

Groups of faecal pellets were moved slowly aborally

through the colonic loops, descending colon, rectum, to exit via the
anus into the cloaca.

The contractions and relaxations associated

with the movement of the faecal pellets were slow and occurred at
regular intervals.

DISCUSSION
The use of radiographic techniques allows the visualization of
internal organs in a live animal without recourse to invasive
techniques.

The radiographic anatomy complements and elaborates

on the macroscopic anatomy and helps clarify the topographical anatomy.
Radiography has not previously been used in any systematic manner
to demonstrate the anatomy of the macropodine alimentary tract apart
from the reports on the use of fluoroscopy by Dellow (1978, 1979).
The stomach is found consistently in the same position with most of
its bulk on the left side of the abdomen and only the distal
compartment on the right side.

The descending duodenum is always

seen adjacent the right kidney but the ascending duodenum and the oral
jejunum are not readily demonstrated.

Most of the jejunal and colonic

loops are mobile and move between the more fixed portions of the
alimentary tract according to the stance and movements of the animal.
The ileum is not very mobile; it runs from the left side beneath the
4th lumbar vertebra, across the top of the abdomen to its papilla
which opens at the confluence of the caecum and ascending colon.
The ileal papilla protrudes for up to 1 cm into the lumen of the large
intestine.

The ileocaecocolic junction is consistently found in

the dorsal right flank.

The apex of the caecum is mobile and often

found towards the entrance to the pelvic cavity.

The oral ascending

colon is only loosely held in mesentery but radiographically it is

!
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not very mobile.

The aboral ascending colon when fixed by the

gastrocolic ligament, is closely related to the position of the middle
compartment of the stomach.

The significance of the unique relation

ship of the ascending colon to the stomach could not be explained on
anatomical or radiographical grounds.

The first large faecal pellets

are visible in the colon at the level of the caudal gastric flexure.
From then until half way along the colonic loops the pellets appear
gradually smaller.

The descending colon is fixed adjacent to the

cranial pole of the right kidney and at the entrance to the pelvis.
The initial distribution of barium sulphate in the stomach confirms
the observations by Dellow (1979) where he reports that after ingestion,
barium is initially distributed both to the blind sac and the region
adjacent to the end of the ventricular groove.

The present study

shows that after oral dosing, some barium spreads oral to the cardia,
over the ventral fold, corresponding to the fissure of the cranial
gastric flexure, and then into the blind sac.

The remainder passes

aboral along the lesser curvature of the stomach to the region of
the caudal gastric flexure where it subsequently disperses.

The

lips of the ventricular groove, which were occasionally outlined
by the barium sulphate, probably preferentially direct fluids
aboral to the cardiac ostium.

The cardiac ostium appears on scanning

electron microscopy to be directed into the ventricular groove.

The

ventricular groove in the young animal (Fig. 8) appears to have its
walls relatively better developed than those of an adult (Fig. 7).
In the young animal, lips of the groove appear to be closely applied
to each other, which would help to contain liquid if the groove is
truly acting to transport liquids preferentially.

Further studies

both in the Tammar wallaby and in other macropodid species are needed
to clarify the function of this structure.

After the initial

dispersion of the barium the contrast agent gradually mixes with

I
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digesta particularly around the oral blind sac and around the lesser
curvature of the stomach near the caudal gastric flexure.

Later

the barium spreads slowly towards the greater curvature of the
stomach as well as moving aborally towards the distal compartment
of the stomach.

Fluoroscopic records suggest that most of the mixing

and movement of digesta occurs closest to the lesser curvature of
the stomach.
Studies by Dellow (1979) and Hume (1982) report the use of radio
isotope markers to determine the flow of the particulate and the fluid
phases of digesta through the alimentary tract of four species of
macropod.
phase and

In their studies they used
103
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CrEDTA to label the fluid

Ru-P as a particulate marker and found that there was

a differential flow of the two phases of digesta in the stomach.
The flow of the two markers through the intestine were similar.
Dellow believes that the differential flow found in the stomach is
due to a higher net flow of the fluid phase.

The water necessary

for this, other than coming from that from ingestion and the food,
probably arises from the salivary glands and the secretions of the
glandular epithelium lining much of the stomach.

This study does

little to clarify these observations especially as the barium may
act in conjunction with both phases, not any particular one to the
exclusion of the other.
The use of barium sulphate for the study of gut dynamics has
advantages and disadvantages.

The main advantages are the clear

differentiation of the lumen of the organs and the ability to view
the moving organs without surgical interference.

Among the

disadvantages is the high specific gravity of the barium which "tends
to sink if mixed with fluid digesta" (Wyburn, 1981).

Ramsbottom et al.

(1977) found that the barium sulphate itself "does not affect the
pattern of motility when compared with the introduction of water".
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Even so the patterns of dispersion of barium may not mirror any
particular phase of the normal digesta flow.
The observation of fluid flowing around the haustra of the proximal
compartment of the stomach against the main flow of digesta is
counter to the overall preferential flow of fluid compared with particles
through the stomach reported by Dellow in 1979.

This oral flow of

fluid is probably of only a small volume but may be significant for
the maintenance of the microbial flora in the more oral segments of
the stomach.

The counterflow did not appear to have any effect on

the main flow of the digesta.
Most of the radiological studies were done on animals which had been
maintained on a finely ground substrate formulated into a pelletised
ration.

Postmortem examination of animals which had been on this

ration showed the entire gastrointestinal tract to be filled with
viscous, pasty digesta.

The contents of those which had been

previously on lucerne hay (Experiment 3) or on a kikkuyu and clover
mixture (wild caught) appeared to have more fluid content in the
digesta.

Kaufman et al. (1980) reported an increase in salivary

secretions in ruminants as a response to an increase in crude fibre
content of the diet.

A similar response in macropods may be a

significant factor in these studies, but was not examined.

Sutton

(1980) in a review of digesta kinetics discussed the complicated
inter-relationships between forage, concentration ratio and the
retention times of digesta within the alimentary tract of ruminants.
He reported that as particle size becomes very small the associated
fluid volume is reduced and retention times within the stomach and
intestine increase.

In Experiment 3 of this study the alimentary

tract transit times as indicated by barium are more rapid when the
animals are fed a diet of lucerne hay than when fed a pelletised diet.
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Warner (1981) found that in Tarnmars fed pelleted lucerne hay, that
99.5% of the fluid phase was passed through the animals in
48.5 ± 2.7 hr (mean ± s.e.m., n = 5) when they were fed once a day
and 35.0 ± 6.0 hr (mean ± s.e.m., n
continuously.

=

12) when they were fed

The particulate phase was 99.5% eliminated in

87.9 ± 6.7 hr (mean ± s.e.m., n = 5) when fed one meal per day and
57.6 ± 5.0 hr (mean ± s.e.m., n = 12) when fed continuously.

In

this study when the Tammars were fed lucerne hay ad Zibitum the
transit time through the entire alimentary tract was 42 ± 2.9 hr
(mean ± s.e.m., n = 4). This is an intermediate result which probably
reflects the barium sulphate being associated with both phases of
digesta.

The comparison of passage times of barium sulphate through

the stomach between animals fed lucerne hay and those fed a pelletised
ration is not statistically significant.

If a greater number of

animals as well as replicates were undertaken then a significant
difference probably would be found.

The significantly longer

retention time of digesta in animals fed a pelletised diet compared
with those fed a lucerne hay ration, suggests that there may be a
greater role for intestinal retention of the digesta in animals on
a concentrate diet than those on a more fibrous diet.

This aspect

of their digestive system warrants further investigation.
The types of movement of an individual haustrum seen by fluoroscopy
may be explained by interpreting the effects of contraction and
relaxation of the individual layers of the tunica muscularis.
The outer longitudinal and inner circular layers of the tunica
rnuscularis both follow the stomach wall contour into and out of the
semilunar projections of the haustra.

Contraction of the circular

layer would cause a haustrum to be pulled in towards the lumen
(Fig. 21).

Relaxation would allow it to return to its normal

dimensions and possibly to extend beyond that level.

This is
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FIGURE 21
Theoretical histological explanation of the haustral movements illustrated
in Figure 1?� A� tunica muscularis circular muscle with moderate tonus;
B� tunica muscularis circular muscle contracted; C� tunica muscularis
circular muscle relaxed beyond the level of A� results in the "ballooning"
of the haustrum. Direction of movement of regions of the haustrum is
indicated by the arrows.
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assuming that the longitudinal muscle only moves to accommodate the
changes which occur as a result of the contractions and relaxations
of the circular muscle layer.
The effects of primary contraction of the longitudinal layer is more
difficult to interpret

Consider an individual haustrum and

arbitrarily divide its perimeter into equal segments.

Allow the outer

most five segments to contract by about 50% of their resting length.
This will pull the two sides of the haustrum towards each other
(Fig. 22). Allow the four vertical segments on each side of the
haustrum to contract by 15% of their resting length. Then there will
be a shortening of these individual segments as well as a sliding
of the outermost 5 segments down to the vertical segments to
accommodate the overall loss in the vertical partition depth.

This

will simultaneously cause the sides of the haustrum to come to lie
close to each other whilst still retaining their overall length.
If the complete sequence occurs simultaneously with synchronous
movements of the outer and innermost segments as well as if the outer
segments contract at a faster rate than the inner segments, the
oblique movement of the haustrum walls will occur.

This obliteration

of a haustrum may be explained by allowing the longitudinal smooth
muscle to contract by a factor approaching its maximum shortening
capacity.

Paul (1981) found that this limit was between 0.1 - 0.3

of the resting length of the fibres at 37 ° C.
Usually the left and right rows of haustra appeared to act
independently of each other. This may be associated with the specific
distribution of the dorsal and ventral branches of the vagus nerve.
The dorsal vagus nerve primarily supplies the right side of the
proximal and middle compartments of the ventral vagus nerve and the
left side of the same compartments.

Whether the two rows of haustra

do function independently and are modulated by the vagus nerve may
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FIGURE 22
Theoretical histological explanation of the "obliterative cycle" of
haustral movement. A, haustrum as frequently seen, left and right
vertical walls with 5 equal segments each. The top of the haustrwn
divided into 5 equal segments, a, b, c, d, e; B, top of the haustrwn
contracted walls remain as in A; C, vertical walls contracted, segments
a, b, d, and e moved to become part of the vertical walls of the haustrwn.
Return of the haustrwn from C to A occurs with a reverse of the steps
described.
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possibly be tested by transecting the dorsal and ventral branches,
separately, as they run along the intra-abdominal oesophagus.
A pharmacological dose of atropine mitis (0.6 mg/kg) given by
intravenous injection did not modify stomach movements in the two
wallabies tested (Richardson and Wyburn, 1983).

This was an

unexpected finding which suggests that the vagus nerve may not have
as great an effect on stomach motility in the macropods at it does
in ruminants (Ruckebusch, 1970).
The absence of the longitudinal muscle layer of the tunica muscularis
between the left and right taeniae over the lesser curvature is
unusual.

If the circular muscle of that region contracts it will

cause the two lips of the ventricular groove to be brought closer
together.

Simultaneously the overall length of the stomach along

the lesser curvature will elongate.

This will occur due to the

increased diameter of the circular muscle fibres as they contract.
The lengthening would cause the ventricular groove to elongate and
probably to straighten.

The result of these events would create

either a closed tube or a groove with high walls.

Either would

facilitate the rapid passage of fluids along the lesser curvature
of the proximal compartment of the stomach to the start of the
middle compartment.
In animals with a simple stomach there is a regular filling and
emptying cycle of the pyloric part which corresponds to co-ordinated
contractions and relaxations.

These activities are responsible

for the propulsion, grinding and retropulsion of components of the
digesta (Kelly, 1981).

The antral peristaltic wave which pushes

the digesta towards the pyloric ostium is visible radiographically
in many species, including the dog and Australian Sea Lion
(Richardson, pers. obs.) as well as in the sheep, human and pig
(Wyburn, pers

comm.) as an indentation of the walls of the pyloric
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region.

This contractile ring moves relatively quickly towards the

region of the pyloric ostium.

In the dog the peristaltic ring pushes

only the digesta where the particles are less than 0.1 mm in diameter
and suspended in the liquid of the gastric chyme (Kelly, 1981)
through the pyloric ostiurn and into the duodenum. The larger
particles, accompanied by some fluid, refluxes orally back into
the pyloric antrum (Wood and Kidder, 1982).
In the wallabies an obvious antral peristaltic wave was not observed.
Instead the complete pyloric antrum appears to undergo a series of
6 - 8 progressive expansions which gradually accommodate an increasing
volume of digesta.

No particular anatomical site appears responsible

for the pumping action.

Once the pyloric antrum has reached what

appears to be its maximal size some digesta passes through to the
duodenum. The remainder is retropulsed as the walls of pyloric
antrum contract to its original dimensions.

This region is most

probably responsible for reducing the digesta into its final consistency.
In animals with a simple stomach, the digesta is accompanied by a
large volume of fluid which allows much of the grinding of the dietary
components to occur in the oral portion of the pyloric antrurn.

In

ruminants large particles are recycled in the rumeno-reticular region
until small, then they are allowed to pass through the reticulo-omasal
orifice.

In this study the Tammars were fed a pelletised ration which

resulted in their digesta usually being thick and pasty with little
fluid.

The haustrated regions allow local mixing but the general flow

of digesta is aboral. Thus the distal compartment of the stomach is
an important site for breaking up the remaining particles because it
appears to have the flexibility of allowing a forwards and backwards
movement of digesta.
Few detailed observations of small intestine and large intestine
motility were made using fluoroscopic techniques.

The descending
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duodenum appears to retain digesta until it is distended and a bolus
of sufficient size has formed.

Often the duodenal distension is

created by a large volume of gas which has passed into it from the
pyloric antrum.

Sometimes the digesta with its accompanying gas

moved back and forth several times over 2 - 5 cm.
moved rapidly along the small intestine.

Then the bolus

At times the entire

small intestine appeared to be continually contracting and relaxing.
There appear to be a number of motility patterns of the small
intestine worthy of further study in the Tammar.

Some large boluses

moved very rapidly along much of the length of the intestine.

Some

boluses, possibly smaller ones, appear to be shuttled backwards and
forwards.

No bolus was seen which moved slowly along most or all

of the length of the small intestine.

Careful monitoring of bolus

formation and movement would be assisted by experimentally fistulating
a wallaby so that barium sulphate could be instilled directly either
into the pyloric antrum or into the duodenum.

These studies had

the problem that barium filled the stomach and obscured early transit
phenomena in the intestine.
Radiographically the ileocaecocolic junction is recognised by the
ileal papilla projecting for up to 1 cm into the common lumen of the
caecum and ascending colon.

Whether radio-opaque material passes

first into the caecum or the ascending colon is thought to be
circumstantial.

The direction of flow, most probably, is associated

with the local contractile events of those regions.

As some radio

graphs show barium in the ascending colon for 5 - 15 minutes before
it enters the caecum, it is thought that much of the digesta
probably never enters the caecum.

Whether there is a discrete

pattern of filling and emptying of the caecum was not determined.
Maybe the filling and emptying is fortuitous so that the caecum is
usually fairly full.
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The regular contractions and relaxations of segments of the large
intestine were the most significant events observed.

The motility

patterns are rhythmic and resemble those seen in other species in
this part of the gut.

The short mesenteric adherence of the distal

ascending colon to the middle compartment of the stomach does not
appear to affect the motility of either organ.

Faecal pellets are

seen being formed in the aboral ascending colon and the completed
pellets fill much of the colonic loops.

Defaecation is a slow

process with 3 - 4 pellets moving aborally through the rectum and
anus and out of the cloaca.
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CHAPTER 4

ELECTROPHYSIOLOGY
INTRODUCTION
Bayliss and Starling (1899), using mainly direct observations,
formulated their n1aw of the intestine" concluding that "excitation at
any point of the gut excites contraction above and inhibition below".
They defined a peristaltic wave but did little to explain the rapid
movement of digesta in the oral segments of the small intestine
and the much slower movement of digesta in the aboral segments as
described by Cannon (1902).

Since this time ''peristalsis",

"peristaltic rushes" and "antiperistalsis" have been the subject of
detailed studies which have still not clearly defined the patterns
of motility of the intestine.
Extracellular electromyographic recordings from most regions of the
alimentary tract of eutherians, that have been examined, indicate
the presence of two types of electrical event.

These events, the

slow wave and the action potentials, have been recorded from a number
of species, primarily domesticated animals; dog, pig, sheep, rabbit,
rat, horse, guinea pig, ferret and human (Bozler, 1945; Bass, Code
and Lambert

1961; Bortoff and Weg, 1965; Armitage and Dean, 1966;,

Daniel and Irwin, 1968; Ruckebusch and Fioramonti, 1975; Ruckebusch and
Bueno ., 197 6; Bueno and Fioramonti ., 1980;

Bueno et al., 1981).

The

slow waves are propagated aborally across the stomach and intestine
at frequencies that are characteristic of the species as well as
of the particular site on the alimentary tract.

Their role is

thought to be to co-ordinate the level of electrical readiness of
sequential groups of muscle cells so that they are cyclically primed
for action potential activity (Kelly, 1981).
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Alvarez (1914) reported that in the cat the maximum rate of contraction
varied along the length of the small intestine.

Alvarez and Mahoney

(1922a,b) reported an aboral gradient in the frequencies of the rhythmic
electrical potentials (slow waves) along the small intestine of
rabbits, dogs and cats.

Since then experimental manipulation of the

small intestine especially of the duodenum, has shown that the slow
wave frequency can be lowered by; physical compression (Milton and
Smith, 1956; Daniel et al., 1959), transection (Bunker and Nelsen,
1964; Bass and Wiley, 1965a), cooling (Milton and Smith, 1956),
anaesthesia (Daniel et al., 1960), deganglionization of the
intestinal segment (Szurszewski, 1966), drugs such as pitressin
(Puestow, 1933), serotonin (Daniel et al., 1960), as well as the
intraluminal introduction of fat or dilute acid (Quigley, 1943;
Quigley and Louckes, 1962).

The small intestinal slow wave frequency

was unchanged following either vagotomy or section of the mesenteric
(abdominal sympathetic) nerves (Castleton, 1934; Ono, 1965;
Weisbrodt et al., 1965).

The slow wave frequency is elevated by

heating (Milton and Smith, 1956), sympathomirnetics (McCoy and Bass,
1963) and some opiates (Daniel and Bogoch, 1958; Daniel et al.,
1959).
In 1932 Berkson et al. reported the existence of bursts of action
potentials which correlated to the contractile activity of the dog's
These action potentials probably originate from

small intestine.

the circular muscle layer (Bass, 1965).

Code et al. (1968) hypo

thesised that the wavelength of the slow wave is a physiological
segment of the bowel and that only one portion of such a segment
can contract at any instant

Action potentials usually only occur

after the peak of depolarization of the slow wave (Bortoff, 1972) i.e.,
in the first half of the following isopotential period

The form and

frequency of action potentials are highly modified by drugs (Bozler,

i
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1940; Holaday et al., 1958; Daniel et al., 1960; Daniel, 1965),
anoxia (Iwamatsu, 1964) as well as to pathophysiological conditions
such as obstruction, torsion and intussuceptions (Nishijima, 1963).
The amplitude and duration of action potentials bear a direct
relationship to the strength of contractions (Bass, 1968).

Even

though action potential characteristics are similar among different
species, the patterns, strength and duration of contractile events
vary considerably (Bass, 1968).

In 1969 Szurszewski described a

cycle of electrical events which commenced on a dog's duodenum and
was generally propagated to its ileum.
60 minutes in the starved animal
fed animal.

This cycle occurred every

and was absent in the recently

Grivel and Ruckebusch in 1972 described three patterns

of action potential on the small intestine in dogs, sheep and rabbits:
1.

Quiescent (Q) patterns, action potentials are absent and only
slow waves are present.

2.

Irregular Spiking Activity (ISA) pattern, bursts of action
potentials occur irregularly, superimposed on some slow waves.

3.

Regular Spiking Activity (RSA) patterns, bursts of action
potentials are superimposed on every slow wave.

Together these three patterns make up the migrating myoelectrical
complex (MMC).

The period between and the duration of the patterns

has been shown to vary greatly between species (Szurszewski, 1969;
Ruckebusch and Bueno., 1976, 1977a,b).

In ruminants fed ad Ubitwn

the MMC occurs approximately every 57.3 minutes in the cow and 88.4
minutes in the sheep (Bueno and Fioramonti, 1980).
is regular and is not affected by feeding patterns.

This occurrence
In animals with

a simple stomach such as the dog, pig and horse, the pattern of
MMC 1 s is abolished by feeding, for periods of up to 8 hours
(Ruckebusch et al., 1981).

Under experimental conditions Ruckebusch and
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Bueno (1976) were able to modify the cycle of MMC activity of the
omnivorous pig to resemble that of either the dog or the sheep by
modifying the feeding routine.

Code and Schlegel (1974) reported

that the intestinal contents were propelled in front of the RSA
phase by the period of ISA.

The continuity of the intestinal wall

is important for normal MMC activity to occur (Bueno et al., 1979)
suggesting that the intrinsic connections are necessary.

Weisbrodt

(1981) in a review of intestinal motility suggests that "intrinsic
factors at each level of the bowel can independently initiate activity
that resembles MMC's.

However, reflexes within the intrinsic and/or

extrinsic nerves are necessary to co-ordinate activity at adjacent
and distant sites".
There is less information on the electromyographic characteristics
of the stomach than there is of the small intestine.

Bozler (1945)

described the slow waves and action potentials of the body and
antrum of the dog's stomach.

The slow wave pacemaker is thought to

originate adjacent the greater curvature in the tunica muscularis near
the junction of the oral and middle third of the gastric corpus
(Weber and Kohatsu, 1970; Kelly and Code, 1971).
Physiologically the canine stomach has been divided into proximal
and distal motor regions (Kelly, 1981).

The proximal motor region

includes the gastric fundus and about the oral one third of the
gastric corpus and the distal motor region is the remainder to and
including the gastroduodenal junction.

The proximal motor region

does not appear to have slow waves and action potentials, whereas
they are both present in the distal motor region.
waves are only found in the distal motor region.

Peristaltic
The general

properties of the slow waves and action potentials of the stomach
distal motor region are similar to those of the small intestine
(Daniel, 1965; Martinson and Muren, 1963; McCoy and Bass, 1963).

:

I

146
In the dog neural transmitters and hormones may modify, but are not
essential to the generation and propagation of the slow wave.
Cholinergic vagal efferent fibres enhance the action potential
activity of the distal stomach of the dog while other vagal efferents
and sympathetic fibres inhibit this activity (Kelly, 1981).

The

vagus nerve initiates regular action potential activity in the rumen
and reticulum of ruminants whilst vagotomy results in electromyographic
quiescence in these animals (Ruckebusch, 1970).
Electromyographic records of the pylorus and areas just oral to it
show the presence of both slow waves and action potentials with a
similar form and frequency as much of the distal stomach (Kelly, 1981).
The level of pyloric action potential activity has some phased relation
ship with electrical events, particularly of the MMC, in the adjacent
duodenum (Bueno and Fioramonti, 1980).
At present there is much controversy over the presence or absence
of a gastric MMC, with most American scientists believing in its
occurrence and that it has its influence immediately across the
gastroduodenal junction on the duodenal MMC.

Most European

scientists believe that there is not a gastric MMC and if there was
that it would be independent of a small intestinal MMC.
In 1971, Christensen recorded slow waves and phase-locked action
potentials from the large intestine of cats.

In 1974 Christensen

et al. reported a slow wave frequency gradient along the colon of
cats with the highest frequency being aboral.

They also reported

bursts of action potentials which appeared to be independent of the
slow waves.

These spike bursts lasted for about 30 seconds at any

one point and were associated with powerful and protracted contractions
of the circular muscle layer.

Studies at Toulouse, France, have

identified both slow waves and action potentials in the large
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intestine of the dog, pig, rat, rabbit, sheep, cow, horse and man
(Fioramonti, Bueno and Ruckebusch, 1980; Ruckebusch and Fioramonti,
1980a).

They identified localised short bursts of spike activity

(SSB) lasting less than 5 seconds, and long spike bursts (LSB)
which lasted for more than 5 seconds and were propagated along that
segment of colon.

They believed that intense SSB activity was

always associated with the formation of dried pellets and that a
lowered SSB activity results in the elimination of soft faeces
(Ruckebusch and Fioramonti, 1980b).

They concluded that the LSB

activity was responsible for most of the aboral transport of faeces.
Whilst there is extensive literature discussing the electromyographic
events which have been recorded from various sites of the gastro
intestinal tract in eutherians, none have been undertaken on a
marsupial.

The only related studies on marsupials have been those

of lower oesophageal sphincter activity (Cobb et al., 1980) and of
colonic activity (Anuras and Christensen, 1975) in Didelphis

viPginialis.
The unusual anatomy of the macropodine stomach suggests that the
kangaroos may have electrophysiological patterns associated with
alimentary tract motility which differ from those found in the
herbivorous eutherians.

The macropods have an elongate haustrated

tubular stomach where microbial digestion of their herbivorous diet
occurs in its oral four fifths (Moir et al., 1956).

This region is

where the mixing, "grinding" and the aboral movement of the digesta
is primarily effected by the haustra (Langer, 1979 a,c).

The

electrical activity of the gastrointestinal tract associated with the
observed motility patterns should reflect the anatomy of the tract
both oral and aboral to the recording sites.

The secretory role

of the proper gastric gland region suggests that mechanically this
region would show little activity which should be mirrored by
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electrical inactivity.

The cyclical motility patterns of the pyloric

region should be accompanied by electrical activity correlated with
the frequency and strength of the contractions.

Like the ruminants,

the macropods probably have a continual flow of digesta into the
pylorus and then the small intestine.

Consequently it would be

expected that the pattern of MMC activity found on the small intestine
would not be affected either by feeding or fasting.
This study describes the individual electromyographical events and
their activity patterns found on the stomach and the intestine of
the Tammar wallaby.

Attempts were made to correlate the electrical

patterns of the stomach with simultaneously viewed contraction and
relaxation cycles of the haustra as visualised fluoroscopically.
The time intervals between the presentation of food to some animals
were manipulated to see if the ad libitwn access to food or fasting
affected the electromyographic activity of the gastrointestinal tract.
Tranquillizers were used in one experiment to see if they affected
gastrointestinal motility and therefore modified the electromyographic
recordings.

The final experiment was to surgically transect the

jejunum and reanastomose the segments to determine if there was a
"step" in the slow wave frequency of the Tammar wallaby's small
intestine.
MATERIALS AND METHODS
Husbandry
The thirty-two wallabies used for electromyographic studies were
caught from the Murdoch University Native Fauna Research Area as
they were required.

They were transferred to individual cages in a

quiet, air-conditioned room of the Murdoch University Animal House.
Animals had ad libitwn access to kangaroo pellets held in constant
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delivery hoppers. Twice a week each animal was supplemented with¼
of a cabbage and occasionally oat grain. Once a fortnight animals
were supplemented with Vitamin E as dl-a-Tocopheryl acetate (Hoffman-La
Roche

&

Co., Switzerland) on bread.

All animals were acclimated to their particular diet for at least 2
weeks before any investigation was commenced. Water was available
at all times in gravity feed bottles.
Electrodes
Bipolar electrodes were made from 28 standard wire gauge stainless
steel orthopaedic wire (Zimmer, U.S.A.), soldered to thin electrical
leads of a colour-coded polyvinyl chloride-coated, multistrand
copper wire. The electrode leads were placed in pairs through holes
about 1 mm apart, in a plastic mould.

They were about 40 cm long and

were passed out at right angles to the electrode wires, through a
separate hole in the mould. Either four corner plugs or two middle
edge plugs were inserted through the mould. When these were removed
at the end of the acrylic pour they left holes suitable for suture
attachment. A self-curing acrylic (DUZ ALL, Coralite Dent.al Products,
U.S.A.) was poured into the mould base to fill the gaps between
the electrodes and the leads. While the acrylic was still soft,
a piece of lead about 1.5 x 1.5 mm was placed in it at a site away
from all other structures.

The acrylic was allowed to harden for a

minimum of 6 hours before the electrode assembly was removed from
the mould. A further 24 hours elapsed then the mould plugs were
removed and the acrylic was smoothed by sand papering. The electrodes
were then trimmed to about 1 mm in length, and the electrode ends
were sand papered smooth until they had a horizontal surface (Fig. 23).
Surgery
Prior to surgery, all the electrodes and their leads were soaked in a

I
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FIGURE 23
Schematic representation of a bipolar electrode assembly. a, stainless
steel electrode wire; b, acrylic cast; c, lead shot; d, electrode lead
wire; e, suture holes; length of the acrylic cast, 0.6 cm.

I

I
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1% aqueous solution of chlorhexidine gluconate (Hibitane, Imperial
Chemical Industries, Aust.) for 20 minutes and then aseptically
transferred to sterile water for a further 30 minutes. Anaesthesia
was induced by thiopentone (Pentothal R. 2½%, Abbott Laboratories, Pty.
Ltd., Aust.) to allow endotracheal intubation and was maintained by
a 2% halothane (Fluothane, Imperial Chemical Industries, Aust.) and
oxygen mixture administered via an Ayer's T-piece non-rebreathing
anaesthetic circuit at a flow rate of 2 litres per minute (Richardson
and Cullen, 1981).

Initially atropine sulphate was given intra

muscularly or subcutaneously to minimise intestinal motility.

This

procedure was abandoned when it was observed that little or no effect
was achieved in a lowering of motility by using that drug. The
animals fur was clipped to skin level from a wide area around the
selected site for the surgical incision.

The complete surgical area

was prepared using neutralized iodine swabs followed by 70% ethyl
alcohol swabs. The animal was then transferred to an aseptic surgical
suite, placed on a thermostatically regulated warming pad kept at
37 ° C and draped ready for surgery.
Three surgical approaches were used as dictated by the anatomy of the
alimentary tract and the sites where electrodes were to be placed
in a particular experiment. A 9 cm paracostal laparotomy was
performed on the left side about 1 cm caudal to the costal arch to
allow electrode implantations onto the proximal and middle compartments
of the stomach. A similar paracostal laparotomy was performed on
the right side for implantations onto the distal compartment of the
stomach, duodenum, aboral jejtmum and ileum.

A mid-ventral laparotomy

was used to allow electrodes to be implanted on the large intestine.
Each bipolar electrode was aligned in a transverse plane to the
stomach or intestine and sutured to the serosal surface using 4-0
polyglycolic acid sutures, (Vicryl, Ethicon, Aust.) a synthetic,

!
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absorbable material (Fig. 24).

All leads were exteriorised dorsally

in the nearest flank through a silicone rubber tube ("Silastic-R",
Dow Corning, U.K.).

During all surgical procedures extreme care was

taken with all animals to keep the manipulation of the stomach and
intestine to a minimum. When exteriorised, the exposed parts of
the alimentary tract were kept moistened with 0.9% saline. Haemorrhage
was minimised by using haemostats and cautery.
At the end of each series of electrode implantations the abdominal
muscle layers were closed with simple interrupted sutures of 2
chromic gut (Ethicon, Aust.).

The skin was closed with simple

interrupted sutures of light non-absorbable nylon (Vetafil, Bengen,
West Germany). The exteriorised electrode wire leads were coiled,
placed in adhesive tape and bound to the animal's skin.

A mixture

of procaine and benzyl penicillins (Aquacaine-G, L/A suspension;
Commonwealth Serum Laboratories, Aust.) was given at a dose rate
of 190 mg/kg intramuscularly to each animal.

During recovery from the

anaesthesia and surgery, each animal received 300 ml of a replacement
electrolyte solution (Normosol-R, Abbott Laboratories, Pty. Ltd.,
Aust.) subcutaneously. This was given in split doses, at different
sites and massaged gently.

All animals recovered in a quiet, warm

room and were transferred to their cages when they could hop .properly.
Three days after surgery a second dose of Aquacaine-G, L/A suspension
was administered to each animal.
Electrode Placement
Experiment 1
(a)

Stomaoh

In three animals three electrodes were sutured 2 - 3 cm apart on
sequential haustra oral of the cardia and four were 2 - 3 cm
apart on sequential haustra aboral of the cardia.

(b)

In a further 4 animals seven electrodes were placed 2 - 3 cm

!

!
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FIGURE 24
Schematic representation of a bipolar electrode assembly sutured to the
serosal surface of the gastrointestinal tract. a 3 electrode wire;
b 3 acrylic cast; c, lead shot; d, electrode lead wire; e, suture holes;
f, suture; g, tunica muscularis; h, tunica mucosae.
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apart on sequential haustra aboral of the cardia, around the
caudal gastric flexure (Fig. 25 and Plate 30).
(c)

In a further 2 animals, three electrodes were placed 2 - 3 cm
apart around the caudal gastric flexure, two about 3 cm apart
on the middle compartment, one on the proper gastric gland
region and one midway along the pyloric region.
In all cases the electrodes were placed 1 cm lateral to the
greater curvature.

(d)

In a further 3 animals the electrodes were confined to a small
region of the proximal compartment.

The first electrode was

positioned on a haustrum 2 - 3 cm aboral to the cardia and 1 cm
lateral to the greater curvature.

Two other electrodes about

2 - 3 cm apart were placed sequentially in the same site on more
aboral haustra.

At each of these two aboral haustra two

additional electrodes were placed, one just above the left
taenia and the other above the right taenia.

Thus there was a

sequence of a single electrode, then two groups of three
sutured onto the left and the right rows of haustra.

Small Intestine

Experiment 2

In eight animals, one electrode was sutured to the pyloric region,
one to the duodenal bulb, another 2 cm aboral to the second and
another 3 cm aboral to the third electrode.

The next electrode was

sutured 5 cm oral to the ileocaecocolic junction.

Four animals

which had both duodenal and ileal electrodes were recorded from
after normal feeding regimes, three days later, after not being fed
for 24 hr, the animals were again recorded from.

This routine was

repeated four times for each animal.
Experiment 3

-

Large Intestine

In four animals, one electrode was placed on the ileum, 2 cm
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FIGURE 25
A schematic representation of electrode positioning on the proximal
and middle compartments of the stomach. a, eosophagus; b, proximal
compartment; c, caudal gastric flexure; d, middle compartment; e,
diverticulum; f, cranial gastric flexure; g, left taenia. 1-7 represent
bipolar electrode recording sites on haustra immediately lateral to the
greater omentum.
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PLATE 30

A left lateral dissection of a wallaby at euthanasia. The electrode
lead wires can be seen passing through the silastic tubing in the
animal's left paralumbar fossa. Most of the leads fan out over the left
side of the proximal and middle compartments of the stomach. Three
electrode assemblages can be seen on the dorsum of the haustra at the
aboral end of the proximal compartment.
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oral to the ileocaecocolic junction.
first.

A second was 10 cm oral to the

Three sequential electrodes were sutured onto the caecum

so that they were equally spaced (�3 cm) from each other.

A sixth

electrode was placed 2 cm aboral to the ileocaecocolic junction, then
2 other electrodes at 5 cm intervals were placed aboral to the sixth.
Experiment 4

Effect of Tranquillizing Agents

Two animals with stomach and small intestinal electrodes and two
with ileal and large intestinal electrodes were used to obtain
preliminary records of the effect of two chemical tranquillizers
on the electromyographic events of the alimentary tract. At each
recording session baseline electrical events were recorded for
one hour and then the animals were given a 25 mg/kg intramuscular
injection of either Xylazine (Rompun, Bayer, Germany) or Ketamine
hydrochloride (Ketalar, Parke-Davis, Australia).
continued for a further two hours.

Recording was

Two days later, using the same

experimental regime, the alternate drug was administered.

The

experiment was repeated twice on each animal.
Experiment 5

Transection and Anastomosis

In four animals, after a midline abdominal incision, a site 30 cm
aboral to the distal duodenal flexure was chosen for transection.
Two electrodes, each 10 cm apart, were sutured onto the jejunum
above and below the proposed transection site.

All the electrode

lead wires were exteriorised through the right flank.

The site

for the transection was re-located and that segment of jejunum was
exteriorised onto drapes.

The transection was made where there were

the least complications with anastomosing jejunal blood vessels.
Care was taken not to cut the mesentery.

The two segments of the

jejunum were realigned and anastomosed by simple interrupted sutures
about 2 mm apart using 3.0 surgical chromic (Ethicon, Aust.).

The
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reanastomosis was checked to confirm that the jejunal lumen was
patent and that leakage of chyme was not occurring.

The intestine

was replaced in its normal position in the abdomen.

One million

units of benzyl penicillin as a 37.5% solution (Commonwealth Serum
Laboratories, Aust.) were instilled into the abdomen, particularly
where the end to end anastomosis had occurred.

Surgical closure of

the four animals and their subsequent post-operative treatment was
identical to that used for all other wallabies in the other
experiments.
Recording Apparatus
The majority of recordings were made on a seven channel recorder,
which had a rectilinear ink writing system (Mingograf EEG, Junior 170,
Siemens Elema, West Germany).

The settings used were; a time constant

of 0.15 seconds, an upper frequency filter of 70 Hz and a paper
speed of 2.5 mm/sec.

Some recordings were made on a six channel linear

heat sensitive writing system (Neurolog System, Neomedix, Aust.) fitted
with alternating current preamplifiers (NT 114).

The settings used

were; a low frequency cut-off of 8 Hz, a high frequency cut-off of
100 Hz, a chart paper speed of 0.5 mm/sec.
Recording usually commenced ten days post-operatively and continued
intermittently for up to six months.

At each recording session

the wallaby was placed in a hessian sac for the entire recording
period of 5 - 8 hours.

Recording sessions were routinely made from

animals which had ad libitum access to kangaroo pellets until the
recordings commenced at 8.30 am.

At some recording sessions of the

wallabies with stomach electrodes, they were given 10 ml of an
ultrafine 65% w/w suspension of barium sulphate (Medebar by Medicon,
Aust.) orally (Plate 31).

The movement of the barium sulphate and

the adjacent electrodes were observed radiographically using an image
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PLATE 31

A left lateral radiograph of a wallaby with eight bipolar electrode
assemblages sutured onto the stomach. The electrode lead wires run
dorsally and out through the muscle and skin of the left paralunibar
fossa. The animal has barium sulphate outlining the cardia, and much
of the blind sac.
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intensifier (Dual Field 25/15 Sirecon 2, Siemens, West Germany)
linked to a closed circuit television chain (Wenham, 1974).
Electrical signals were recorded simultaneously and time linked with
the radiographic image which was stored on videotape.
Analysis of Recordings
The characteristics of the slow waves from the stomach and intestine
of each animal were measured.

The frequency was taken as the number

of slow waves counted per minute.

In each animal at each electrode,

counts were made from more than ten randomly selected intervals of
one minute and repeated on every record taken from an animal (up to 10).
From the same records the amplitude of SO randomly selected individual
slow waves were measured against a standard SO µV input signal.

The

rate of propagation of the slow wave on the stomach was determined
by careful measurement of the time interval between successive slow
waves.

Any unusual elongated or shortened interval was noted and

monitored from one electrode to the next and so on, thus giving the
velocity when related to the known distance between the electrodes.
The frequency and amplitude of action potentials at the pyloric
and intestinal electrodes were measured in the same manner as the
slow waves.

Analysis of variances of slow wave frequency data for

the stomach and small intestine were calculated; between animals,
between recording sessions and between observations within a recording
session.

In Experiment 2, analysis of variance was calculated on the

intestinal slow wave frequencies between fed and fasted conditions.
The characteristic electrical patterns of the migrating myoelectric
complex (MMC) i.e., quiescence, irregular spike activity (ISA) and
regular spike activity (RSA), were identified.

The definite ends of

the RSA phases were used as the markers between consecutive RSA
phases to determine the time intervals between MMC's.

The change

from the quiescent pattern to the irregular spike activity pattern
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was taken as when the first definite burst of action potentials of the
ISA phase was recorded.

Eighty-three RSA phases from 5 animals were

measured and the time intervals between consecutive patterns measured.
The velocity of the RSA was determined by the time to travel the known
distance between electrodes.

The duration (t) was the time over which

a RSA phase was recorded at any particular electrode.

The length (L)

of gut involved in each RSA phase was determined from its velocity
(v) and duration, i.e. v x t

=

L.

In Experiment 5, the patterns of

electrical activity were viewed to determine if there were any
differences between those recorded oral to the transection and
those aboral to it.

Slow wave frequencies were analysed.

MMC

activity was analysed to determine the effect of the transection on
its propagation.

Experiment 4 was analysed to determine if the

administered tranquillizer had altered the electrical patterns or
the basic characteristics of the slow wave and action potentials.
RESULTS
Electrical Events in the Stomach
Slow waves were recorded from all gastric recording sites (Fig. 26).
Each slow wave had an initial, often triphasic, complex of potential
changes lasting about two seconds followed by an isopotential period
lasting approximately 9 seconds.

The slow wave over most of the

stomach had an amplitude of 120 ± 5.3 µV (mean ± s.e.m., n
a range of 50 - 240 µV.

=

1000) with

Its frequency was 5.5 ± 0.1 cpm (mean ± s.e.m.,

between animals, n = 12) with a range of 4.5 - 6.

Analysis of

variance of the slow wave frequency showed no significant differences;
between animals, between recording sessions, or between observations
within recording sessions.

Over most of the stomach the slow waves

were propagated aborally at a velocity of 3 ± 0.07 mm/sec (mean ±
s.e.m., between animals, n = 12) (Plate 32).

In the blind sac and
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PLATE 32

Electrical recordings from electrodes placed 2-3 cm apa11t and 1-2 cm lateral to the greater
curvature of the proximal and middle compartment of the stomach. Numerals 1-7 represent
sequential electrode sites. The oblique line represents the sequence of oral to aboral
propagation of the slow wave.
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the diverticulum the direction of propagation could not be determined.
At the proper gastric gland region (Fig. 26) the slow waves were
difficult to detect.

Immediately aboral to this region at the

pyloric region, the slow wave amplitude was 160 ± 9.8 µV (mean ± s.e.m.,
n = 1000) and had a range of 80 - 400 µV.
In the experiments with three electrodes at the same cross sectional
level of the proximal stomach, the electrical relationships between
each were difficult to define.

At any one level the slow wave on

the greater curvature preceded that adjacent the left taenia by
between 100 - 200 m.sec.

The slow wave on the greater curvature

preceded that adjacent to the right taenia by up to 3 seconds.

In

all cases the electrical patterns recorded from any particular
electrode maintained a constant relationship with the others at
the same level.
On the proximal and middle compartments of the stomach there were
no superimposed action potentials.

However, radiographic observation

of the proximal compartment showed haustral contractions occurring
at the same frequency as the slow wave.

The haustra to which

electrodes were attached were seen to contract but there were no
associated action potentials.
On the pyloric antrum a burst of action potentials lasting 2.2 - 3.0
seconds occurred approximately 0.5 seconds after the initial triphasic
complex of the slow waves.

Each burst consisted of between 6 and 14

consecutive action potentials of varying amplitude and duration
(Fig. 26 and Plate 33.1).

This electrical pattern occurred throughout

the recording periods except for short intervals either during or
just after a RSA phase was recorded on the proximal duodenum.
Within one to three minutes of the RSA phase being recorded from
the proximal duodenum the pyloric action potentials became reduced
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FIGURE 26
A schematic representation of a dorsal view of the stomach with
representative electrical recordings from sites 1-?. Sites 1, 2� 3,
proximal compartment; 4� middle compartment; 5, proper gastric gland
region; 6, pyloric region; ?, descending duodenwn.
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PLATE. 33

A sequence of simultaneously recorded electrical signals from the pyloPUs
and the proximal duodenum. Records 1., 2., 3 and 4 were obtained approx
imately 10 min apart. In each set (i) is from the pyloPUs and (ii) is
from the duodenum. Recording 1: (i) shows the pyloric slow wave plus
bursts of action potentials and (ii) shows the irregular spiking activity
pattern of the MMC. Recording 2: (i) shows only the pyloric slow wave
and (ii) the regular spiking activity patterns of the MMC. Recording 3:
(i) shows only the pyloric slow wave and (ii) the duodenal slow wave.
Recording 4: (i) shows the pyloric slow wave plus re-established bursts
of action potentials and (iiJprimarily duodenal slow u)ClVes .
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in number and amplitude and then they disappeared completely leaving
only slow waves (Plate 33.2).

Then pyloric quiescence simultaneous

with duodenal quiescence occurred for about 18 minutes (Plate 33.3).
Subsequently the pyloric action potentials of the ISA phase re
appeared.

Generally about ten minutes later the ISA phase of the

duodenum returned (Plate 33.4).

During this study when the wallabies

were either fed ad libitwn or fasted for 24 hours there was no
alteration to the electrical patterns of gastroduodenal activity.
Electrical Events in the Small Intestine
Both slow waves and action potentials were recorded from all
recording sites on the small intestine (Plate 34).

The Slow Wave
The slow wave frequency recorded from the duodenum was 26 ± 0.15 cpm
and from the ileum was 25 ± 0.14 cpm (mean ± s.e.m., between animals,
n

=

12).

Analysis of variance of the slow wave frequency showed no

significant differences; between animals, between recording sessions
or between observations within recording sessions.

There was no

significant difference in the frequency between the fed and fasted
states.

The amplitude of the duodenal slow wave was 85 ± 8.4 µV

(mean ± s.e.m., n

=

500) with a range of 38 to 276 µV.

No detailed

analysis of slow wave amplitude variation over long periods of time,
particularly when the intestine was in its different phases of MMC
activity, were undertaken.

Along the small intestine during the RSA

phase, there appeared to be less variation in the slow wave amplitude,
for example, at the duodenal bulb the mean amplitude of the slow wave
.was 64 ± 3 µV (mean ± s.e.m., n

=

200), at the jejunum it was

108 ± 3.7 µV (mean ± s.e.m., n = 100).

Action Potential Activity
The most commonly recorded sequence of electrical events recorded at
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PLATE 34

Recordings of electrical events comprising a migrating myoelectric complex at a duodenal
bipolar electrode. 1, slow waves only, the quiescent pattern. 2, occasional bursts of
action potentials associated with some slow waves, the pattern of irregular spike activity
(ISA). 3, bursts of action potentials associated with each slow wave, the pattern of
regular spike activity (RSA).
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individual electrodes could be divided into three distinct phases;
for approximately 30 minutes only slow waves were present, the
quiescent phase (Q), this was followed by a phase of irregular spiking
activity (ISA) which lasted approximately 40 minutes, this was
followed by a phase of regular spiking activity (RSA) lasting
approximately 5 minutes (Plate 34).

There was considerable variation

in the duration of these three phases, particularly of the Q and ISA
phases (Fig. 27).
The RSA phase was first detected at the electrodes implanted one
centimetre aboral to the duodenal bulb (Plate 34).

The duodenal

bulb never had this type of activity but had periods of increased
activity when a RSA phase commenced in the adjacent duodenum.

The

phase of ISA consisted of sporadic bursts of action potentials
(Plate 34) some of which had only 3 low amplitude action potentials
but more commonly had up to 12 action potentials that varied in
amplitude from 60 to 260 µV.

The action potential bursts generally

occurred midway between consecutive slow waves but as their frequency
increased, they shifted so that most occurred shortly after the
termination of the triphasic complex.

During the gradual transition

from ISA to RSA, the number and amplitude of individual action
potentials increased.

The RSA phase was considered to have started

when bursts of action potential activity occurred on each slow wave
cycle (Plate 34).

However, the point of transition from one phase to

another was often difficult to determine.

The RSA phase was a

period of greatly increased electrical activity.

The mean amplitude

of action potentials was 248 ± 14 µV (mean ± s.e.m., n = 100) which
was consistently greater than the slow wave amplitude, 108 ± 3.7 µV
(mean ± s.e.m., n = 100).

The mean duration of each burst of action

potentials during the RSA phase was 0.86 ± 0.11 seconds (mean ± s.e.m.,
n = 50).

The termination of each RSA phase was distinct from the
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FIGURE 27

Variations in the sequence of electrical activity comprising the
migrating myoelectrical complex recorded on the small intestine. Q i s
the quiescent phase; ISA is the irregular spiking activity phase; RSA
is the regular spiking activity phase. Upper designation represents
the sequence for 80% of the time. Middle designation represents the
sequence for 10% of the time. Lower designation represents the sequence
for the remaining 10% of the time.
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subsequent quiescence phase.

The RSA phase migrated along the

duodenum at an estimated velocity of 5.5 cm/minute and along the
ileum at 1 cm/minute.

The mean duration of the RSA phase at any

electrode on the duodenum was 5.1 ± 0.08 minutes (mean ± s.e.m.,
n = 100) with a range of 3 - 6 minutes and on the ileum the duration
was 5.8 ± 0.1 minutes (mean ± s.e.m., n = 100) with a range of 4 - 8
minutes.

There was no significant difference in the duration of the

RSA phase between fasted and fed animals.

The calculated average

length of small intestine involved with the RSA phase was 27.5 cm
in the duodenum and 5.8 cm in the ileum.

The interval between

successive patterns of RSA activity ranged from 42 - 172 minutes at
the duodenum and from 74 - 258 minutes at the ileum.

The mean

interval between occurrences of the RSA phase at the duodenum was
95.5 minutes when fed and 83 minutes when fasted.

The mean interval

between RSA phases detected at the ileum was 104.6 minutes when fed
and 123 minutes when fasted.

In the fed animal about 60% of RSA

phases initiated in the duodenum reached the last 10 cm of the ileum
but this dropped to about 44% in fasted animals.
Electrical Events in the Large Intestine
Both slow waves and action potentials were recorded from the large
intestine.

The electrical activity recorded from this region was

complex and confusing.
rarely recorded.

A clear pattern of slow wave activity was

The slow wave had a frequency. of about 26 cpm and

an amplitude of 25 - 80 µV (Plate 35).

An additional slow wave

pattern with a frequency of 12 - 14 cpm and an amplitude between
50 - 100 µV was clearly recorded in one animal on
the ascending colon.

one occasion from

At other times this pattern could be seen partly

masked by a conglomerate of action potential activity and base line
shifts.

Short bursts (2 - 3 seconds) of action potentials were

usually associated with this slower frequency of the slow wave.

Often
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PLATE 35

Electrical recordings from an electrode placed on the ascending colon.
Tracing 1 illustrates a slow wave frequency recorded at one particular
period in a recording session. Tracing 2, illustrates a different slow
wave frequency from the same electrode but at a different time in the
recording session.
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the slow wave could not be identified but the regular occurrence of
bursts of action potentials had the same frequency.

Presumably the

slow wave either had a very small amplitude or the bursts of action
potential activity was superimposed upon it, thus obscuring it.
On the caecum, bursts of action potential activity lasting 5 - 15
seconds and ranging in amplitude from 50 - 120 µV were a regular
occurrence.

Sometimes a single long burst occurred each minute but

more often bursts lasting 4 - 6 seconds, with an amplitude of about
100 µV, occurred every 30 seconds.
On the ascending colon bursts of spike activity lasting 2 - 3 seconds
each occurred 6 - 7 times a minute.

Records from the aboral

ascending colon where from morphological studies

faecal pellet

formation was presumed to have occurred, were complex.

The

interaction of slow wave and action potential activity made records
from this region difficult to interpret.

Electrical activity of the

colonic coils appeared to differ to that recorded from the caecum
and ascending colon.

Here bursts of action potentials occurred

about every 30 seconds but with a shorter duration and lower
amplitudes of action potential activity.

Each action potential burst

occurred over a longer period when compared with those recorded from
more oral regions.

At times no pattern of electrical activity was

discernable.
Effect of Tranquillizing Agents
Ten minutes after an intramuscular injection of xylazine at 25 mg/kg,
action potential activity of the intestine was reduced.

For the

· following ten minutes all action potential activity of pylorus,
small intestine and large intestine was reduced and in some cases
absent (Plate 36).
The mean slow wave frequency of the stomach dropped from 6 to 4 cpm
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PLATE 36

Electrical recording from electrodes placed on the gastrointestinal tract before and after
intramuscular rompun was used on the animal. Tracing 1 is the pylorus before using rompun.
Tracing 2 is a recording from the same site following rompun administration. Tracing 3 is
jejunal activity before using rompun. Tracing 4 is a recording from the same site following
rorrrpun administration.
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and of the small intestine from 26 to 22 cpm.

On the large intestine

the lowered action potential activity made the slow wave appear
This was particularly so on the caecum and ascending

more prominent.

colon, where the mean slow wave frequency was 25 cpm.

On the aboral

ascending colon a second slow wave with a mean frequency of 7 - 9 cpm
was detected.
In recordings from the pylorus and small intestine action potential
activity began to resume 20 minutes after the administration of
xylazine.

In all animals the slow wave frequency of both the pylorus

and small intestine was still reduced after 120 minutes.
Ketamine hydrochloride given at 20 - 25 mg/kg by intravenous or
intramuscular routes did not modify the slow wave or the action
potential activity of the stomach or small intestine.
Transection and Anastomosis Experiments
There was a marked reduction in the slow wave frequency aboral to the
site of transection of the jejunum.

Whilst animals were lightly

anaesthetised the slow wave frequencies oral and aboral to the
transection site were about 18 and 12 cpm respectively.

Three days

after the operation, the respective frequencies were about 22 and 15
cpm respectively.

Seven days post-operatively the mean frequencies

were 26 ± 0.240 cpm (mean ± s.e.m., between animals, n

=

4) oral

and 18 ± 0.176 cpm (mean ± s.e.m., between animals, n = 4) aboral
(Plate 37) to the transection site.
Some action potential activity was registered when the animal was
anaesthetised.

During recordings in the first week post-operatively

bursts of up to 20 action potentials were recorded on all electrodes.
The velocity of propagation between two electrodes oral to the
transection site could not be determined.

The velocity of propagation

between the two electrodes aboral to the transection site ranged from
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PLATE 37

Electrical recordings from electrodes placed oral to and aboral to a
jejunal transection and reanastomosis. Electrode 1 is 20 cm oral and
electrode 2 is 10 cm oral to the surgical site. Electrode 3 is 10 cm
aboral to and electrode 4 is 20 cm aboral to the surgical site.
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1.4 to 2.5 cm/sec.

The RSA phase was usually re-established after

7 days following the surgery.

The RSA activity lasted about 3 minutes

in this immediate post-operative period but it became more prolonged
as the number of days post-operatively passed.

After 14 days the

RSA at any one electrode lasted for about 5 minutes.
RSA phases were recorded from electrode sites oral and aboral to the
transection site.

They travelled with a velocity of about 5 cm per

minute and recurred at an interval of about 85 minutes.

Some RSA

phases appeared to cross the surgical site, others did not.
phases were initiated aboral to the surgical site.

Some RSA

A greater number

of RSA phases were recorded aboral to the surgical site than oral to it.
DISCUSSION
The electromyographic events i.e., slow waves and action potentials
recorded from the stomach and intestine of the Tammar wallaby were
similar to those recorded in all mammalian species examined so far.
The slow waves and action potentials had similar configurations and
comparable magnitudes and chronological relationships with those
recorded from the alimentary tract of eutherians.

Even so, the

patterns of electromyography, especially the unexpected absence of a
slow wave frequency gradient in the small intestine, suggest that the
macropodine alimentary tract, as illustrated in the Tammar wallaby,
shows a unique suite of electromyographic events associated with
motility.
Stomach
The configuration of the gastric slow wave in the Tammar wallaby was
consistent with that described for the canine stomach and ruminant
abomasum (Bolton et al., 1976; Kelly, 1981).

In the canine proximal

stomach (fundus and oral corpus) there is no rhythmic electrical or
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mechanical activity (Hasselbrack and Thomas, 1961; Sarna et al., 1972).
With extracellular electrodes, the triphasic portion of the slow
waves (referred to as "the slow wave") are detected no further oral
than the greater curvature at the junction of the proximal and distal
motor regions (Kelly, 1981).

Intracellular recordings from fundus

muscle cells show them to have action potentials but no slow waves
(Morgan et al., 1981) while those from the middle corpus region do
exhibit electrical changes in membrane potential about 5 times per
minute (Weber and Kohatsu, 1970).

This latter region is the pacemaker

region from which the cyclical electrical activity (slow waves) are
propagated towards the pyloric region (Szurszewski, 1981).
A slow wave is absent from the rumen, reticulum, omasum and oral one
third of the abomasum of the sheep (Ruckebusch, 1970; Ruckebusch et al.,
1981).

Whilst detailed intracellular electrophysiological recordings

have not been conducted on those regions in the sheep, the absence of
slow wave recordings from extracellular electrodes suggests t hat
electrophysiologically the forestomach may be a diverticulum of the
fundus region of the abomasum.

Embryologically, the forestomachs

arise as diverticulae off the oral and middle portion of the stomach
spindle and the abomasum arises from the aboral portion of the
spindle (Pernkopf, 1931).

Unfortunately, no studies have investigated

the electrophysiological properties of the musculature of the embryonic
stomach spindle to see if the oral portion is quiescent and if the
aboral end has regular slow wave activity.
In the Tammar wallaby the slow wave is propagated aborally at about
3 mm per second from the region of the cardia, over the main chamber
of the proximal and onto the middle compartment of the stomach.

While

the slow wave is present oral to the cardia and has the same mean
frequency as the rest of the stomach (5.5 cpm), no direction of
propagation could be determined.

Slow waves occurring at the same
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level but recorded from electrodes adjacent to the left, middle and
right taenia, appear to be phase-locked.

The regularity and repeat

ability of the slow wave at any particular electrode over periods of
up to 6 months was remarkable.
Action potentials are absent over most of the stomach.

It is

possible that very low amplitude action potentials may have occurred
over the stomach and that the sensitivity and the filter systems
of the recording apparatus used in this study was not suited to
recording these events.

However, the apparatus can receive and

display low amplitude action potentials generated in the small
intestinal musculature.

Simultaneous fluoroscopy of the proximal

stomach showed that a haustrum or series of haustra may be contracting
and relaxing with a frequency of about 5.5 cpm.

The similar frequencies

of observed contractions and of the occurrence of slow waves suggests
that the two are related events.

The apparent correlation between

the two events needs clarification by detailed experimentation.
Electromyographic recordings from the proper gastric gland region
indicate that this region always has low amplitude slow waves.
from the adjacent pylorus were very different.

Those

Slow waves as well

as bursts of action potentials were routinely recorded from here.
The frequency of the pyloric slow wave was the same as it was in
other regions of the stomach but its amplitude was usually much
greater.

The regular waxing and waning of the slow wave and the

action potential amplitudes over extended time periods were obvious
in this region of the stomach.

No attempt was made to quantify these

oscillations because that type of analysis was beyond the scope of
the available apparatus.

Recording equipment linked to a dedicated

minicomputer is more suited to the detailed analysis of the huge
amount of data generated in these types of studies (Wingate et al.,
1977; Latour, 1978).
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The pyloric region had a 90 minute cycle of increased and then
decreased electrical activity which was superimposed on the daily
cyclical rhythms.

At times the amplitudes of the slow wave and

action potentials were elevated.

Sometimes there was an increase

in the number of action potentials per burst as well as an increase
in the time over which the individual bursts occurred.

At other

times the slow wave decreased in amplitude for periods of up to 15
minutes and simultaneously the action potential activity became
minimal or absent.

These cycles do not comprise a :MMC but are related

to the occurrence of the complex RSA phases in the adjacent duodenum.
Bueno and Ruckebusch (1978) and later Bueno and Fioramonti (1980)
reported a similar occurrence in ruminants.

A similar gastric

inhibition linked to the occurrence of the duodenal RSA phase
probably occurs in carnivores (Allen et aZ., 1964) but because the
patterns of alimentary tract are dramatically modified by feeding,
such electrical linkages are more difficult to identify and quantify.
How the co-ordination is achieved is still subject to speculation
partly because of the apparent differences in anatomy of the pylorus
duodenal junction.

In man a fibrous septum isolates the circular

muscle of the stomach from that of the duodenum; only a few longitudinal
muscle fibres bridge the gap (Horton, 1928).

Bass et aZ. (1961)

thought the two regions were electrically insulated.

Recently when

studying the anatomy of the pyloric/duodenal junction in the cow
(Lauwers et aZ., 1979) could not find the fibrous septum.

The

anatomical continuity between the two regions supports the reports
of abomasal motility inducing contractions in the proximal part of
the ruminant's duodenum reported by Ooms and Oyaert

(1978).

This

also supports the earlier speculation by Bedi and Code (1972) that
in dogs "the correlation between the electric activities of the
antrum and duodenum is accomplished by messages transmitted via the
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neural or muscular elements in the wall of the gastroduodenal junction".
Even so the evidence that the slow wave and/or the action potentials
of a MMC originating on the stomach can pass the gastroduodenal
junction to the duodenum is tenuous and conflicting.

The present

results in the Tamrnar wallaby support the studies which link duodenal
myoelectrical activity with the activity of the pylorus but do not
add to the information on whether a pyloric electrical event can cross
the gastroduodenal junction.
Small Intestine
A frequency gradient has been assumed essential for the aboral
transit of digesta since Alvarez and Mahoney (1922a,b) reported the
existence of a frequency gradient of contractile activity along the
small intestine of the cat and rabbit.

A slow wave frequency gradient

has also been reported in the dog, sheep and human (Armstrong et al.,
1956; Christensen et al., 1964).

Macagno and Christensen (1981) argue

that the accepted dogma "that in the presence of a gradient of
contraction frequency along the intestine the flow is directly
related to such a gradient.

Flow would happen from a region of high

frequency towards one of low frequency" is a misconception.

They

maintain that when a contractile unit is propagated, then a volume
of digesta will be propagated along the intestine in the direction
that the contractile unit passes.

They also maintain that this is

independent of differences of the frequency of contraction between
adjacent segments.

Even if "there is twice the frequency of

contraction in one segment as in the other, the net volume flux is
the same".
The absence of an obvious slow wave frequency gradient in the Tammar
wallaby is unusual.

How digesta is propelled along the small

intestine in the absence of a slow wave frequency gradient and
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presumably in the absence of a gradient in the frequencies of
contractions has not been determined.

To date a hypothesis to

explain this phenomenon has not been suggested.
The regularly occurring fvtMC is a normal physiological feature of
the Tammar's small intestine.

This phenomenon has an easily

identifiable RSA phase lasting about 5.5 minutes which is followed
by an indeterminant period when the action potentials are absent i.e.,
quiescent phase.

After the quiescent phase the period of irregular

spike activity occurs and is presumed to correspond to the times
when much of the small intestine is moving vigorously.

The action

potential bursts coincide with local contractions and cause
radiographically visible segmentation (Bass et al., 1961).

Only when

a burst of action potentials are propagated does a unit of digesta
move along any significant length of the intestine (Rayner et al.,
1980).

The RSA phase pushes digesta in front of it and virtually

leaves the small intestine empty behind it (Rayner et al., 1980).
The pattern of electrical events in the small intestine of the Tammar
appears similar to the sheep in that they are little affected by
feeding.

Bueno and Fioramonti (1980) report that the jejunal fvtMC i.e.,

Q, ISA and RSA phases occurs every 88.4 minutes in the sheep, 78.6
minutes in the goat and 57.3 minutes in the cow.

These authors

relate the species variations in timing of this electrical sequence
to the distance between the pylorus and the opening of the ductus
choledochus, and to the diameter

of the small bowel.

Weisbrodt

(1981) implied that there is a close relationship between the length
of the small intestine and the velocity of the RSA phase.

Sheep,

with a long small intestine, have a velocity up to 10 times that
found in species with a short small intestine.

Thus the RSA phase

takes approximately the same time to traverse the length of the small
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intestine in most species. The dimensions of the small intestine of
the Tammar (as described in the second chapter of this thesis) would
suggest that the RSA phase should be propagated at a velocity similar
to that of the dog because the dimensions of the small intestine of
these two species are similar.

This was found to be the case with

the velocity of propagation of the RSA and the duration of the RSA
in the duodenum and ileum (Table 5) being similar.
Table 5.

Comparison of regular spiking activity (RSA) of different
species.

Velocity at
duod. (cm/min)

Velocity at
ileum (c/min)

Mean duration Mean duration
at duod. (min) at ileum (min)

Dog

5.3

1.5

6.1

Rabbit

5.8

3.8

4

1

5

Sheep

Tammar

1.5

6.6

34.4

103

5.5

S = Szurszewski, 1969;

5.9

s

7.8

6.0

G&R

3.7

7

G&R
*

G&R = Grivel and Ruckebusch, 1972;

8.8

5.8

G&R

* = This study.

The close relationship of the initiation of the RSA in the duodenum
immediately aboral to the duodenal bulb and the electrical quiescence
of the pylorus is logical.

When the descending duodenum is contracting

for about 5 minutes during one of its RSA phases it would not be logical
for the pylorus to be continually contracting in an attempt to force
digesta into the proximal duodenum.

The signal from the duodenum to the

pylorus may be hormonally mediated because it takes about 2 minutes from
the commencement of a RSA phase in the duodenum before the pylorus becomes
quiescent.

Once the RSA phase has ceased at the duodenum, the following

electrical quiescence of the duodenum is also logical. Radiographic
observations of the proximal duodenum show that once a bolus moves from
there, it may do so with great rapidity.

Therefore, it is an advantage
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for the duodenum and the oral third of the jejunum to be electrically
inactive with respect to the occurrence of action potentials.
Otherwise, a bolus recently propelled from the pyloric antrum into the
duodenum and then along the small intestine could conceivably overtake
the migrating contractile unit i.e., the RSA phase.
Large Intestine
The large intestine was studied in less detail than the stomach and
small intestine.

Two slow wave frequencies were identified i.e.,

26 and 12 - 14 cpm. These findings were consistent with those in
humans and cats.

Duthie (1975) reported the presence of two slow

wave frequencies 2.5 - 4 and 6.9 - 12 cpm in the colon of man.
Christensen et al. (1969) and Christensen and Hauser (1971a,b) in
studies of the muscular layers of the cat's colon found at least four
pacemakers operating in the proximal colon but one was always dominant.
In contrast to the studies where two basic frequency levels were found,
Weinbeck (1972) and Weinbeck et al. (1972) found a narrow range of
slow wave frequencies in the cat (5.3 - 5.5 cpm).

This must be the

effect of the dominance of one pacemaker as reported by Christensen
and Hauser (1971a,b).

The one major difference exhibited by the colon

of the Tarnmar wallaby is that the upper level of slow wave frequency
is virtually a multiple of the lower frequency level.

The upper

level slow wave frequency is identical with that of the small intestine.
Even though this study was only a preliminary to a more detailed
study in the future, the presence of both short spike bursts (SSB)
and long spike bursts (LSB) supports the findings by Ruckebusch and
Fioramonti (1980a) where they report the presence of those patterns
in the colon of the horse, pig, rabbit, man, sheep and dog.

Like

these species the SSB last about 1.5 - 3.5 seconds and the LSB about
14 - 20 seconds.

The SSB in particular appeared to be closely
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related to the low frequency slow wave which is as reported for man
and rabbit by Couturier et aZ. (1969) and Caprilli et aZ. (1975).
This part of the study was primarily exploratory and thus needs to
be expanded into a full investigation.

The different frequencies

of the slow waves need to be more closely evaluated.

No attempt was

made to determine the electromyographic patterns of the colonic loops
or descending colon.

One would expect differences in frequencies and

patterns of the SSB and LSB activity along the colon to mirror its
differing functions from the ascending colon to the rectum.

One

could predict a dominance of antiperistaltic activity and a complexity
of movements in the ascending colon and caecum.

Segmentation should

be a feature of the distal ascending colon and SSB activity should
be greatest in the more oral colonic loops and progressively lessen
further aborally.

The descending colon and rectum should exhibit

quiescent periods followed by LSB activity associated with the
movement of groups of faecal pellets either into the pelvic canal or
to eliminate the pellets.
Effects of Tranquillizing Agents
When the wallabies were tranquillized by rompun, the slow wave
frequency of the stomach dropped from 6 to 4 cpm for longer than
120 minutes.

Rompun also considerably reduced the amplitude and

frequency of the pyloric action potentials.

Ketamine, like its effect

on the canine gastrointestinal system (Healy et aZ., 1981), caused no
change in either the slow wave or the action potential.
The effects of rompun on the small intestine were similar to those
recorded from the stomach.
from 26 to 22 cpm.

There was a drop in slow wave frequency

Spike activity was diminished for up to two hours.

In one case the RSA phase of the MMC occurred about 40 minutes after
the administration of the drug.

This suggests that rompun suppresses

i
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intestinal activity but that a strong �timulus such as the RSA is
such an inherent characteristic of the small intestine that it over
rides the suppressive effect of this drug.

Ketamine did not alter the

intestine myoelectrical activity.
Transection and Anastomosis Experiments
Following a jejunal transection and anastomosis in the Tammar wallaby,
there was a distinct step between the slow wave frequencies oral to
and aboral to the surgical site.

A similar frequency drop occurs in

dogs and cats but three months post-surgically the frequency aboral
to the transection has begun to approach the frequency above the
transection (Grivel and Ruckebusch, 1971).

In the dog, following

a proximal jejunal or duodenal transection, there is a large drop in
the slow wave frequency.

The frequency below the surgical site

approaches that of the ileum.

When a transection is made in the distal

jejunum the percentage drop in frequency is smaller but the final
frequency again approaches that of the ileum (Grivel and Ruckebusch,
1971).

Thus the French workers believe there is a graded change along

the small intestine while most American workers believe the gradient
consists of a number of distinct steps (Diamant and Bortoff, 1969;
Szurszewski et al., 1970; Bortoff, 1976).

This frequency gradient

plus the frequency drop following transection experiments both suggest
the presence of a series of relaxation oscillators with a slight
difference in frequency between each, along the length of the small
intestine (Sarna et al., 1977).

Weisbrodt (1981) proposed that "even

though all areas of the small bowel can generate slow waves, in the
intact

bowel the slow waves at any one locus influence the slow waves

at other loci".

The Tammar wallaby with a fall in slow wave frequency

aboral to a mid small intestinal transection but not having a frequency
gradient along the length of the small intestine is unique and
perplexing.

This does not fit the theory of slight uncoupling of

I
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relaxation oscillators.

The apparent crossing of the surgical site by

the RSA phase of the :MMC supports the theories by Carlson et al. (1972),
and by Grivel and Ruckebusch (1972) where they suggest that the
continuity of the bowel musculature and intrinsic nerves are not
needed for the co-ordinated progression of the :MMC.

Even so in the

Tammar wallaby many RSA complexes fail to cross the site of transection
and anastomosis.

Also, there are many more RSA complexes below the

transection site than above.

This supports the theory of Bueno et al.

(1979) that the advancing RSA complex dies out oral to the transection
and that a new one reforms below.

187.
CHAPTER 5

DISCUSSION

The elongate stomach of the kangaroo is a unique structural adaptation
which facilitates microbial degradation of plant cell wall material.
Externally the stomach can be seen to be arranged in a sigrnoidal
form and to be haustrated over the oral four fifths.

Langer (1979a,c)

suggested that the haustra with their inwardly projecting semilunar
folds act principally to slow the aboral transport of digesta.
Dellow (1979) used radioisotope labels on the fluid and particulate
phases of the ingesta and was able to show that the stomach is the
main site where food is retained during its transit through the
alimentary tract.

He was also able to show that digesta given at

four hourly intervals did not mix with each other, as occurs in the
ruminants rumen and reticulum, but progressed along the stomach as
separate entities.

This thesis demonstrated a mixing of digesta by

the lurninal projections of the haustra but was unable to substantiate
Langer's hypothesis that these semilunar projections act to .slow the
passage of digesta.

Likewise no further comment can be made on

whether or not the semilunar folds are permanent.

The simple

contraction and relaxation of an individual haustrurn generally
occurred as described by Dellow (1979).

He reported that after a

haustrum contracted it relaxed and returned to its normal form
whilst the haustra immediately on either side contracted and relaxed.
This study found that most contractions moved sequentially from
haustrurn to haustrurn in an aboral direction.

Usually the haustrum

undergoing relaxation did not return immediately to its original size,
rather it "ballooned out" beyond the normal profile of adjacent
haustra.

The "displacement and reformation of the semilunar folds" as

illustrated and reported by Dellow (1979) was not seen.

The "obliterative
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cycles" of haustral wall movement seen in this study have not been
reported previously. The significance of this movement has not been
determined.

An antiperistaltic flow of fluid plus some particulate

matter did move across the haustra during these movements. This may
tend to counteract the aboral flow of microbes away from the sites of
plant cell wall breakdown.

The antiperistaltic fluid flow appears

to be of small volumes and is unlikely to significantly alter the
fluid dynamics of the bulk of the digesta in the stomach.
Instead of a peristaltic wave of contraction moving oral to aboral
over the pyloric region as occurs in the dog and cat (O'Brien, 1978),
the Tamrnar wallaby's pyloric region functions as an entire unit which
gradually expands with digesta until it collapses back to its original
size when most or all of its contents are retropulsed.

Digesta slowly

fills the pyloric antrum during its expanding phase due to a rhythmic
series of relaxations and incomplete contractions. Occasionally
during such a sequence, a small volume of digesta passes through the
pyloric ostiurn into the duodenal bulb. Only when the duodenal bulb
and oral duodenum appear to be adequately distended by a bolus of
digesta or a bolus of digesta plus air, does the duodenal bolus move
aborally quickly along the duodenum and jejunum.

This intricate

series of movements has not been reported in other species.
The electrophysiological studies demonstrate the presence of a slow
wave from the entire gastrointestinal system and action potentials from
the pylorus and intestine.

The suite of electromyographic patterns

found along the gastrointestinal tract appear to be unique to the
macropod but the individual electrical events are each basic vertebrate
phenomena.
Electromyographic recordings from the haustrated regions of the
stomach have a slow wave with a frequency of 5.5 cpm which appear to

!
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be related to the haustral movements seen on fluoroscopy.

The total

absence of action potentials from this region suggests that the
slow wave may be associated with the contractions.

Whilst this has

not definitely been shown to be the case, further detailed experiment
ation should clarify whether there is such a link.

In species such as

the dog, there are no action potentials on the fundus and the adjacent
portion of the stomach but there is a definite tonic contraction
responsible for the elevated luminal pressure of their stomach
(Kelly, 1981).

In the dog, action potentials occur from the pacesetter

region in the mid corpus, aborally to the pylorus.
with phasic contractions (Kelly, 1981).

They are associated

By contrast the haustrated

region of the macropodine stomach exhibits phasic contractions without
any action potentials.

This is the first report of this phenomenon.

Both oral to and aboral to the cardia, the haustra appear to contract
regularly in either a localised contraction and relaxation cycle or
an obliterative pattern.

Both regions have the same slow wave

activity at 5.5 cpm but the blind sac must fill and empty its contents.
No change in electrical events from the blind sac were recorded, yet
one would predict that occasionally the motility cycles should reverse
to facilitate its emptying.

Only long term, at least 24 hour, record

ings could answer this question.
Electromyographic activity of the pyloric antrum had a regular cycle
of activity which appeared to be related to the electromyographic
activity of the duodenum.

When a phase of irregular spike activity

occurs on the duodenum, the associated muscular contraction probably
constricts and even closes the duodenal lumen creating a high
resistance to digesta from the stomach being forced through the pyloric
ostium.

By the time a regular spike activity phase occurs on the

duodenum the lumenal resistance must be considerably elevated.

The

change in electrical activity of the pylorus, to a period of quiescence
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when the duodenum is most probably fully contracted could be an
energy saving mechanism.

Whether this is due to an enteric neural

reflex or is a hormonal or a paracrine response has yet to be
determined.

Extrinsic innervation is unlikely to be a major feature

in determining the inter-relationships because thoracic and abdominal
sympathectomy plus bilateral removal of the vagus nerves does not
alter the pylorus/duodenal activity (Szurszewski, pers. comm.).
Whether the periodic change in pyloric action potential activity
represents the occurrence of a gastric myoelectric complex has not been
determined.

In a review of gastric motility, Kelly (1981) subscribes

to the view that there is a gastric :MMC which does pass across the
gastroduodenal junction and onto the duodenum.

How an event with a

slow wave frequency of 5.5 cpm and associated bursts of action
potentials can change to a slow wave frequency of 26 cpm is unexplained.
European scientists such as Ruckebusch, Bueno and Fioramonti dispute
the existence of a gastric :MMC.
This study supports the hypothesis of the two regions being linked
in their electrical activity but does not support the crossing of the
gastroduodenal region by any individual electrical event.

This is

further supported by the absence of the RSA phase from the duodenal
bulb.

Routinely the duodenal RSA phase is recorded initially from a

site 1 cm aboral to the duodenal bulb.

There doesn't appear to be a

continuity of electrical activity between the pyloric region and the
duodenum.
A linear relationship of the slow wave frequency from the duodenum
to the ileum has not been reported previously.

This unusual

occurrence is counter to the presence of a slow wave frequency
gradient along the small intestine of other species (Armstrong et al.,
1956; Daniel et al.1960; Bunker and Nelsen, 1964; Bass and Wiley,
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1965b).

These studies report that in the dog and cat the gradient

consists of a number of discrete steps in frequency.

Grivel and

Ruckebusch (1971) believe that the slow wave gradient is a linear
drop.

This belief fits the basic theory of the frequency gradient,

as reviewed by Wiesbrodt (1981), where it is suggested that the
musculature of the small intestine exhibits a regular change in
electrotonic potentials which are likened to a series of condenser
discharge oscillators.

Those in the oral regions have a more rapid

frequency than those further aboral.

Those which are close to each

other may be slightly out of phase but entrain to the more oral and
faster oscillator.

Even so there is always a degree of uncoupling

which allows a gradient to develop.

This study on the Tammar wallaby

found no drop in slow wave frequency between the duodenum and ileum
but, following transection and anastomosis of the jejunum, the region
aboral to the surgical site had a much lower slow wave frequency than
the region oral to the surgical site.

This enigma suggests that there

is a dominant pacemaker in the duodenum and that this entrains the
entire small intestine to its frequency level.

Alternately the

extrinsic innervation of the small intestine is responsible for
the linear relationship of slow wave frequencies.

This latter

explanation is less likely as experiments on the dog by Aeberhard

et ai. (1980) indicate that many electrical events of the small
intestine occur in the absence of an extrinsic innervation.

Even

so the complex studies conducted by Aeberhard et ai. (1980) should be
repeated on the macropod to be sure that the governing controls of
the slow wave in the macropod are not different to those of the canid.
A migrating myoelectrical pattern of activity has been recorded from
the small intestine of all species examined to date.

Whether the

MMC is a basic biological phenomenon of the gut is still in dispute.
In the dog and horse, feeding disrupts their MMC pattern for periods

�
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of up to 8 hours (Ruckebusch et al., 1981).

The pig may have a

continuous series of MMC patterns or they may be disrupted according
to the feeding regime being used (Ruckebusch et al., 1981).

In the

ruminants, the MMC occurs with a species specific regularity and is not
modified by normal feeding regimes or fasting.

Bueno and Ruckebusch

(1978) found that by altering the amount of hay fed to a sheep
from 1200 g/day to 1500 g/day the duodenal flow rate would change
from greater than 400 ml per hour to greater than 500 ml per hour.
This abolished the RSA phase and a period of increased ISA occurred.
Whilst they claim that this was a situation of "overfeeding" their
upper ration is similar to many "normal" rations used in experimental
conditions in Australia.

Whether the RSA phase of the sheep is truly

being overridden requires further experimental investigation.
The disruption of the MMC pattern in carnivores following feeding
may possibly be an adaptive response to produce a more suitable
activity pattern associated with the rapid digestion of their highly
nutritious diet.

Alternatively, it may simply be a response to

gastric distention.

Herbivores with a pregastric fermentation of

their diet may have a more basic electrophysiological pattern of their
small intestine as a reflection of a continuous flow.of digesta past
the pylorus into the duodenum.

Animals with a simple stomach

probably have a discontinuous flow of digesta through their stomach
and small intestine.

As a consequence of this ) the RSA phase of

their MMC pattern is probably interrupted to allow the rapid digestion
and assimilation of digesta associated with the ISA phase of the small
intestine.

When the small intestinal ISA phase occurs there is a

great deal of movement of digesta to and fro probably exposing
greater volumes of digesta to the maximal villus surface area possible.
Only later would the RSA phase be needed to push the remnants of
digesta from the duodenum along the jejunum and into the large

193.

intestine.

This hypothesis could be readily tested by an investigation

of MMC activity in selected simple-stomached marsupials such as the
common wombat, Vombatus ursinus, the koala, Phascolarctos cinereus
and the Tasmanian Devil, Sarcophilis harrisii.
If the principal feature is having a simple stomach and rapid
absorption of digesta in the small intestine then the MMC pattern
should be disrupted by feeding.

The first two are herbivores, the

wombat having a rudimentary caecum and the koala with a highly
modified caecum.

The influence of a post-gastric fermentation region

on gastrointestinal electromyographic patterns in a colonic and
caecal fermenter could also be examined.

Likewise the influence of

carnivory vs herbivory may also give answers to this perplexing area
of physiology.
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