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THE PREPARATION OF GASTRIC POUCHES IN 
THE RUMINANT

BY

K. J. HILL AND R. A. GREGORY,
The Physiological Laboratory, Department of 

Physiology and Histology, University of Liverpool

Although a number of workers have carried out investiga
tions on gastric secretion in the ruminant very few of them 
have described the operative technique they have used in 
preparing their animals. Belgowski (1912) provides, in fact, 
the only account of the actual preparation of an abomasal 
pouch (Pavlov) that we have been able to find in the literature. 
The purpose of this paper is to describe certain methods 
which have been developed and used in this laboratory for 
the preparation of abomasal pouches in goats and which may 
be of interest to other workers in this field. •

Preparation of the Animal.—Adult female goats have been 
used throughout, food being withheld from the evening of 
the day preceding operation.

Anaesthesia.—The animal is anaesthetised by the Nembutal- 
Cyclopropane method described by Gregory (1947). As 
Phillipson and Innes (1989) point out, ruminants secrete 
large quantities of saliva and it is necessary, during anaes-^ 
thesia, to keep the head of the animal inclined downwards to 
prevent saliva entering the respiratory tract. Regurgitation 
of ruminal ingesta, if it occurs, can be rectified by lifting the 
chest, leaving the head to hang dowm. When completely 
anaesthetised the animal is placed on its left side and the 
operation site clipped, shaved and swabbed with alcoholic 
i<»dine. Sterile drapes are placed so as to cover the animal 
completely except for the operation site and the head.

Post-operatwe Care.—During recovery from the anaesthetic 
the cannula should be protected with several swabs held in 
position by a body belt or by passing the cannula through a 
large rubber bung held up against the body wall. A prophy
lactic dose of polyvalent gas-gangrene antitoxin is given on 
completion of the operation. The cannula must be examined 
several times daily after the operation and the pouch carefully 
washed out with warm saline until gastric juice is being 
secreted. This prevents blood clots and cellular debris from 
blocking the cannula for long periods.

Regional Anatomy.—The abomasum of the goat resembles 
the stomach of the non-ruminant in shape, possessing a com
paratively short, wide body region and a longer narrow 
pyloric region. Its blood supply is derived from the superior 
omaso-abomasal artery which passes along the lesser curvature 
in the omental fat and from the inferior omaso-abomasal 
artery which passes along the greater curvature. Numerous 
small branches are given off these arteries to both surfaces 
ot the abomasum. The Right and Left Vagi pass over the 
surface of the omasum and on to the lesser curvature of the 
abomasum. Here they run in parallel, each giving off branches 
to the appropriate surface of the abomasum.

OPERATIVE TECHNIQUE 
1. Innervated Pouches

(a) Orthodox Pavlov Pouch
A 6-inch to 7-inch incision, parallel with, and 2 inches behind, 

the costal margin of the right side, is made through the skin, 
panniculus, external oblique m., transverse abdominal m. and 
peritoneum. The omentum, usually containing masses of fat,

occupies the incision and by gentle traction on this the 
pyloric region of the abomasum can be exposed. This 
portion of the abomasum is carefully lifted out of the incision 
followed by as much as possible of the main body of the 
abomasum. The extent to which this can be done varies in 
different animals and is facilitated by cutting the thin muscular 
slips between the omasum and abomasum. After packing 
off the abomasum two small incisions some distance apart 
along the line of the greater curvature are made in the greater 
omentum and one arm of a large bowel clamp is introduced 
through one incision, passed along the inner aspect of the 
abomasum and out again through the other incision. The 
clamp is tightened and the inferior omaso-abomasal artery 
lying in the omental fat ligated. An incision approximately 
4 inches long (Text-Fig. 1, Figs. 1 and 2) is made through both 
walls of the abomasum and the ingesta removed. Bleeding 
is rather troublesome at this stage and it is advisable to place 
additional clamps on the abomasal arteries. The flap of 
abomasum is then everted (Fig. 8) and the mucous membrane 
cut through from side to side and resected ■ n '•iliicr tide of 
the incision for about | inch (Fig. 4). This procedure is rather 
difficult because of the large folds of mucous membrane w hich 
are present in the body of the abomasum. A large isthmus 
is thus prepared and the upper flap of mucosa sutured to the 
mucosal edge of the main stomach using an infolding thread 
suture, so closing the main body of the stomach (Text-Fig. 1, 
Fig. 5). The muscle coats of the isthmus, exposed when the 
mucosa is resected, are sutured to the cut edge of the wall 
of the stomach, covering and strengthening the mucosal 
junction. The small dependent portion of abomasum is 
everted and gradually closed with an infolding suture to form 
the pouch (Text-Fig. 1, Fig. 6). The cannula can be placed 
in position before the pouch is completely closed or a small 
stab incision may be made in the pouch after closing and the 
cannula placed in here. After passing stay sutures (nylon) 
from the cannula through the body wall the end of the 
cannula is brought out through the lower end of the initial 
incision and anchored with nylon sutures. The peritoneum 
and muscle layers are closed with continuous nylon sutures 
and the skin with a continuous Halstead suture.

(b) Modified Pavlov Pouch
This method was first described by Boldyreff (1925) and 

later independently by Neuwelt, Olson and Necheles (1940). 
These workers were concerned about the small vagal supply 
received by the orthodox Pavlov pouch unless a large 
isthmus is made and evolved this method, where the posterior 
wall of the pouch has a complete vagal supply.

The procedure is similar to that of the orthodox Pavlov 
pouch but the initial incision of the abomasum is made across 
the anterior surface and the posterior surface left intact. A 
flap of abomasum is thus formed whu h is turned down and 
the mucosa incised as in the orthodox Pavlov pouch. The 
upper portion of resected mucosa is sutured to the mucosa 
df the main abomasum and the stomach so closed The 
mucosa of the small flap is sutured with an inturning suture, 
followed by the muscle coats, forming the pouch. A cannula 
may be inserted in the pouch before closure is complete or 
through a separate stab incision.

• (c) A Methttd of Transection and A naif'mu a is
The abomasum is exposed as in the pre\H»us methods and 

two small apertures, about 8 inches apart, are made in the lesser 
omentum, dorsal to the abomasum, and an*«ther pair in the 
greater omentum, ventral t>> the abomasum. Two large bowel 
clamp* are placed acroa* the abomasum thr**ugh these aper
tures and the superior and inferior >maso-ab ><nasal arterw-*
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ligated and, along with the abomasum, are completely 
transected between the clamps (Text-Fig. 2, Fig. 1). At this 
stage the pyloric end of the abomasum is wrapped in damp 
sterile gauze and partially returned to the abdominal cavity.

Clamp B is gently released and the abomasal contents 
allowed to escape into a suitable receptacle. After swabbing 
out the interior of the abomasum the clamp is moved cranially 
about 8 inches and the tube of abomasum everted (Text-Fig. 2, 
Fig. 2). A circular incision is made through the mucous 
membrane which is then resected about | inch from the incision 
in both directions (Text-Fig. 2, Fig. 8). lTsing an inturning 
suture (thread) the edges of the inner ring of mucosa arc 
sutured together and the main stomach closed off (Text-Fig. 2, 
Figs. 4 and 5), the partition being strengthened by suturing 
the exposed muscle coats together. Following this procedure 
the inner edges of the outer ring of mucosa are brought 
together in a similar fashion (Text-Fig. 2, Fig. 8) so forming 
one side of the pouch Th« pomh is completely closed by 
suturing the mucosa and trms«.U layers of the edge of the 
rtap together with an inhaling suture (Text-Fig. 2, Figs. 7 and 
S). A suitable > annuls may be introduced into the pouch 
before it is completely closed or a separate incision may be 
made through the wall of the pouch and the cannula sutured 
m position (nylon) through here.

Following completion of the pouch the pyloric region is 
xposed again and anastomosed to the main body of the 

abomasum on its p«t*trrior surface (Text-Fig. 2, Fig. 8). The 
lamps are rm»«>\«d a< ,k « ib-.masum and pouch replaced in 

the abdominal cavity ‘ *n . « trapped around the
pouch and the anastomosis aiul annola brought out
fhrough the lower end of the incision \\lon anchoring 
'Utures are placed through the cannula and body wall. The 
ncision is closed with continuous nylon sutures through the 
•critoneum and transverse abdominis, and through the 
emaining muscle coats and with interrupted Halstead sutures 
(trough the skin.

Denervatpo PoitHi'
Urtdcnkatn I \ f*r I'ntuh i u i

This pouch to all intents and purposes is the same as that 
»riginally described by Heidenhain (inT’.t). The abomasum 
> exposed as for the Pavlov pouch. Two of the abo- 
nasal branches of the inferior omaso-abomasal artery, 
<hout 8 inches apart, are ligated and cut and two large 
lamps placed acroM the abomasum through small apertures 

kn the omentum I « xt Fig 8. Fig. 1). A semi-circular portion 
^•f the abomasum i» c an being taken not to go too
H^>se to the lesser cuivaiui- md to leave the inferior omaso- 
Bnmasal artery intact (Tt \i I * > Fig *2) The cut edges of

mucosa of the main stoma. * *ith an inturning
pjiBire (thread) followed by smulai tnaiment of the muscle 

The edges of the pouch «>l material cut out from the 
^^■nasum are turned in and sutured in a similar fashion and 
^^Hnnula placed in position as usual ('Text-Fig. 8, Fig. 8). 

abdominal wound is closed as before.

■ Heidenhain Tyf>e Pouch (b)
^^■.istead of the semi-circular portion of abomasum cut out 
pV.he previous method, a shallow cap is cut off the greater 
K*vature, the inferior omaso-abomasal artery’ being left 

Vtact (Text-Fig. 8, F'igs. 1 and 2). The abomasum and 
W nich are closed in the usual way (Text-Fig. 8, F'ig. 8).

Heidenhain Type Pouch (c)
The abomasum is exposed and two large clamps placed

across the body region just anterior to the commencement of 
the pyloric region. The abomasal branches from the portion 
of the superior omaso-abomasal artery lying between the 
clamps are ligated and cut and also two of the branches from 
the inferior omaso-abomasal artery, approximately 2 inches 
apart (Text F'ig. 8, F'ig. IV Complete transection of the abom
asum is carried out in two places, about 2 inches apart, and the 
small flap of abomasum turned down (Text-F'ig. 8, F'ig. 2). 
This flap is wrapped in sterile gauze w hilst the two cut ends of 
the abomasum are anastomosed. It may be found necessary 
to move the clamps a little farther away from the cut edge 
to allow an adequate amount of tissue for suturing. After 
the anastomosis is complete the large bowel clamps are 
removed, the inferior omaso-abomasal artery being clamped 
on either side of the future pouch by small haemostats. The 
edges of the small flap of abomasum are closed with an 
inturning suture and a suitable cannula placed in position 
either before the pouch is completely closed or through a 
separate incision.

Difficulties Encountered in Preparing Pouches

A number of difficulties peculiar to the ruminant have been 
encountered during the preparation of abomasal pouches and 
it may be of value if some of these are mentioned hnefly.

Commonly, during the operation, the rumen becomes 
distended with gas and to facilitate matters it is useful to 
puncture the rumen and allow the gas to escape, the aperture 
being closed with a single suture afterwards. During this 
procedure the rumen must be well packed off and, similarly, 
adequate packing off of the abomasum must be carried out 
to prevent gross infection of the operation site when its 
contents are removed.

Occasionally, difficulty is encountered with the small 
abomasal branches of the inferior and superior omaso- 
abomasal arteries. These are often very delicate and tend 
to tear easily when being separated from the omental fat. 
Numerous large folds are found in the mucosa of the body 
region and these often render resection of the mucosa a 
difficult and tedious business. In addition, they tend to fill 
the lumen of the completed pouch and prevent adequate 
drainage. Another difficulty associated with the resection of 
the mucosa is the provision of satisfactory haemostasis. On 
occasion it has been found necessary to supplement the large 
clamps across the abomasum and to place small haemostats 
on the omaso-abomasal arteries.

Some form of dressing held in position by a canvas body 
belt is useful in keeping the wound free from faecal material, 
urine, etc. Digestion of the abdominal wall with gastric juice 
occasionally occurs, usually because of some leakage round 
the outside of the cannula. 'This is a most difficult and 
refractory condition to deal with and invariably the animals 
have ultimately to be destroyed.

Cannulue. A number of different types of cannulae have 
been used during experimental work on goat pouches. Stain
less steel, perspex, rubber and silver have all been used for 
preparing cannulae and although there is no great difference 
in the reaction of goat tissues to these substances, silver 
appeared to cause a minimum of irritation. The most 
suitable cannula has been found to be a silver one of inches 
length and jj inch internal diameter. A small flange is fitted 
at the end w hich is placed in the pouch and .( inch along from 
here is a small ring fitted with two apertures for the attach
ment of the cannula in the pouch. A screw thread is provided 
along most of the length of the cannula so that additional rings 
may be added to hold it in position against the abdominal 
w’all (Text-Fig. 1, Fig. 7).
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An indication of the behaviour of the pouches which I 
been used moat frequently la provided by the follow mg hgu 

^-extracted from the protocol* of actual experiments.

Oust * iNvaavATXO Poich Mithoo 4 (Moon iso Pavi.o

Period Free acid Total acid
tasted.
Hours

Volume ml gramme*
•„ HCI

grammes
HCI

1 11 2 0 IA.5 0 2 OH
3 10 0 O I SM 0 IV2
4 h a 0 113 0 IftH

34 i 3 2 0 0V3 0 122
Ml « 0 0 114 0 12V

Fed cattlr cake and Ka\

1 3 8 o owl o 122
2 7 0 O 120 o IAS
3 7 ^ o | |3 O IH3
4 7 8 0 170 O 236
3 V8 0 237 0 271

(#OAT IV INNKMV A rBl> PotOi. MSTHOI) C
(1'raniiection and anaatomoa>«)

Kree sc id Total acid
Period \ olume ml gramme* grammes
fasted HCI •„ HCI

Hour Mins.

20 IV 4 0 2V6 0 320
40 20 2 0 283 o sov
60 21 0 O 287 o 303

1 20 22 0 o 28 1 o SOI
1 40 IV 2 O 287 o 307
•# 21 4 0 2V8 o 318
2 20 22 4 0 292 o 3ow
2 40 23 6 0 266 o .•Vo

CeOA I 1 7 iMsaavATRo Pm* M. MSTMoll U

Period Free acid Tn*al acid
tasted Volume ml. gramme* gramme*
Hours °u HCI Ha

231 7 2 0 141 o 183
*41 2 2 0 106 0 l«V
231 4 8 0 112 0 14V
261 2 6 o owv 0 164
27| 1 O 0 102 0 161
26) 3 4 O 120 O 161
2V| 4 8 0 120 0 170

Fed cattle cake and ha>

1 3 4 0 113 0 223
2 8 4 0 214 0 238
3 6 2 0 247 0 236
4 8 6 O 266 0 303
3 6 4 0 263 0 327
6 10 0 0 277 0 346
7 » 4 0 276 0 323

*

Summary

Six different techniques for preparing innervated and 
denervated abomasa! pouches in the goat are described.

Details of anaesthesia, post-operative care, type of cannula 
used and the difficulties encountered in the preparation of 
abomasa! pouches are also provided.

AckmneleJgmmU —The expenses of this investigation were 
partly defrayed by a grant from the Agricultural Research 

(Corns!ud*d ml foml of ntxl coJ+~m)
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THE GLANDS OF THE MUCOUS MEMBRANE OF 
THE GOAT ABOMASUM

By K. J. HILL
Department of Physiology and Histology, The University of Liverpool

During the course of physiological investigations on gastric secretion in the goat, it 
became necessary to have more detailed knowledge of the distribution of the various 
glands and cell types than was available from the literature. A detailed histological 
examination was therefore made of the abomasum of the adult goat, and the 
following account deals with the three main types of gland found in the mucous 
membrane.

MATERIALS AND METHODS

Three adult goats were used for this study. In each case the abomasum was removed 
immediately after death, incised along the greater curvature and washed free of blood 
and food material with normal saline. After pinning out under slight tension it was 
placed in neutral 5 % formol saline for 48 hr. A narrow strip from the lesser curvature, 
extending from near the omaso-abomasal junction to the pylorus, was then taken 
and divided into one inch lengths. The ends of the pointers in PI. 1, fig. 1 indicate the 
level at which the strip was taken. Paraffin sections were cut longitudinally at 6 
and stained with haematoxylin and eosin and by Masson’s Trichrome (Light Green) 
method.

Variation in the number of parietal cells in the glands along the lesser curvature 
was investigated by the following method. Three sections taken at random from each 
block were examined and ten glands spaced throughout each section were selected. 
Only glands extending through the complete thickness of the mucosa were chosen. 
In these glands the parietal cells were counted and an average figure per gland was 
taken from the three sections examined. This was done for six blocks and thus the 
parietal cell content of 180 glands was counted. The total number of parietal cells 
per gland was not, of course, obtained, as only sections through the glands were 
examined. Peptic cells were similarly counted. In addition, sections were taken 
from other regions of the abomasum and were found to be similar in structure to 
those taken from the lesser curvature.

OBSERVATIONS

Seen by the naked eye (PI. 1, fig. 1) the abomasum is separated from the omasum 
by a prominent ridge running at right angles to the long axis of the stomach. The 
abomasum itself is clearly divided into two parts, a peptic part marked by large folds 
running parallel to the long axis of the stomach, and a pyloric part which is almost 
entirely smooth except for two or three longitudinal folds near the pylorus. The 
abomasum is separated from the duodenum by the pyloric sphincter.

Histologically the mucous membrane of the omasum shows, to within about 5 mm. 
of the abomasum, a modified type of stratified squamous epithelium which is heavily
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keratinized. The remainder of the omasal epithelium is not keratinized and ter
minates abruptly on the small lip separating the omasum from the abomasum 
(PI. 2, fig. 2).

The simple columnar surface epithelium of the abomasum commences abruptly at 
the omaso-abomasal junction and continues to the pylorus. Three main types of 
glands are present in the mucosa, each forming a distinct region with some gradation 
into the other types. It is convenient, therefore, to describe the abomasal mucosa 
as possessing three regions—cardiac, peptic, and pyloric.

The cardiac region

There is some variation in the extent of this region, but in all three specimens 
compound tubular mucous glands are present at the omaso-abomasal junction 
(PI. 2, tigs. 2, 3). In one abomasum (goat 1) they extend for about 10 mm. from the 
omaso-abomasal junction, but in the other two only a few mucous glands are present, 
occupying a distance of 1-3 mm. An occasional parietal cell is present in the mucous 
glands nearer the peptic gland region. The presence of mucin was confirmed by 
staining sections with Southgate’s mucicarmine (Carleton & Leach, 1947).

The peptic region
This is the true gastric gland region and it extends for about 10-12 cm. from the 

cardiac region. Peptic and parietal cells are present in the glands, and the parietal 
cells tend to be more numerous in the middle third of the gland (PI. 2, ligs. 4, 5). 
Compared with the glands of the simple stomach there is a tendency for the individual 
glands to be separated by a greater amount of interglandular connective tissue.

After counting the peptic and parietal cells by the technique already described, 
graphs were constructed showing the distribution of these cells throughout this 
region (Text-figs. 1, 2). The text-figures show that both parietal and peptic cells are 
most numerous at al>out 1 in. from the cardiac region and that there is then a gradual 
fall towards the pyloric region.

The pyloric region
This is of about the same length as the peptic region and it contains typical 

pyloric glands (PI. 2, fig. 6). These terminate just beyond the pyloric sphincter at 
the commencement of the duodenal mucosa.

The abomasum from goat 1 shows an intermediate zone of approximately 1 cm. 
between the peptic and pyloric regions, consisting of mucous glands containing a few 
parietal cells. In the other two goats small islets of peptic glands are present in the 
pyloric gland region for a short distance after its commencement.

A characteristic feature of the whole of the abomasal mucosa is the presence of 
considerable accumulations of lymphoid tissue, extending, in some areas, from the 
muscularis to the surface epithelium.

Some sections were stained by the Bodian protargol method (Dawson & Barnett, 
1944) to determine the distribution of argentaffine cells. These are numerous in the 
cardiac region and in the first 3-4 cm. of the peptic region. In the remainder of the
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Goat 1Goat 3

Goat 2

Peptic zone in inches

Text-fig. 1. Distribution of parietal cells in abomasa! mucosa.
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Text-fig. 2. Distribution of peptic cells in abomasal mucosa.
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peptic region only a few scattered cells occur, but they are again numerous in the 
pyloric region. The argentaffine cells are found chiefly in the deeper regions of the 
mucosa and the individual cells occupy a peripheral position in the gastric glands.

Another constituent of the mucosa is a rounded cell containing a varying number 
of eosinophil granules. These cells are found between the columnar cells of the 
surface epithelium and in the glandular epithelium of the gastric glands.

DISCUSSION

The glandular nature of the abomasa! mucous membrane and its division into peptic 
and pyloric regions has long been recognized, but the existence of a cardiac region has 
been disputed.

Some of the older workers could not find cardiac glands (see Oppel, 1896), and 
Haane (1905) states that the glands occurring at the omaso-abomasal junction were 
different in the three species he examined, resembling pyloric glands in the ox and 
cardiac glands in the sheep and goat. Hensley (1910) refutes this statement and 
considers that all these glands are cardiac glands, pointing out that Frohlich (1907) 
had confirmed the existence of cardiac glands in all the domestic animals. Ellen- 
berger (1911) describes the presence of true cardiac glands at the omaso-abomasal 
junction in the goat, and mentions the variation in width of the cardiac region and 
the presence of occasional parietal cells in the mucous glands. Both these observa
tions have been confirmed in the present work. Lenkeit (1933), in his review of 
gastric secretion, states that there is no cardiac region in ruminants but gives no 
authority for his statement. Sisson & Crossman (1943) describe mucous glands, 
which they term cardiac glands, about the omaso-abomasal orifice of the cowT and 
sheep.

This difference of opinion seems to have arisen partly because of the difficulty in 
deciding whether glands occurring at the omaso-abomasal orifice should be termed 
cardiac glands and partly because of the considerable variation in the extent of the 
region in different animals. The phylogeny of the ruminant stomach has been 
thoroughly investigated and, as Hensley (1902) points out, the complex stomachs 
such as those of ruminants, rodents, etc., are produced from the simple stomach by 
progressive specialization. The oesophagus takes no part in their development, the 
important phenomena being the suppression of the gastric glands and the replace
ment of the mucigenous epithelium by a stratified squamous epithelium. Oppel 
(1896) was the first to suggest that the cardiac glands formed an intermediate stage 
in the process of obliteration of the gastric glands. Hensley (1902) supports this 
suggestion and summarizes the evidence in its favour, concluding (p. 153) with a 
definition of cardiac glands as ‘ modified fundus glands occurring at the cardiac orifice 
of the stomach, or at the junction of the glandular and non-glandular divisions of the 
stomach, or in special sacs, differing from the usual fundus glands in the reduction 
in numbers, or complete absence of the parietal or ferment-forming chief cells, or 
both, and by the increased number of mucous chief cells’.

Accepting the definition that the cardiac glands are modified fundus glands oc
curring at the junction of the glandular and non-glandular divisions of the stomach, 
it seems justifiable to term ‘cardiac’ glands, the mucous glands described in this
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paper as occurring at the omaso-abomasal junction, and the area of mucosa occupied 
by them, the ‘cardiac’ region.

1 he distribution of the peptic and parietal cells is of interest in that the maximum 
number of cells occurs a short distance from the cardiac region. The only other 
animal in which a comparable examination has been made is the cat, and Bowie 
(1940) has shown that in this species the peptic cells are few in number in the glands 
near the cardiac orifice, that they gradually increase to reach a maximum in the 
glands half-way along the fundus region and show a gradual fall towards the pyloric 
region.

I he presence of an intermediate zone is a variable feature and this may account 
for the absence of any mention of such a zone in the goat by Billenkamp (1929), 
although he describes an intermediate zone in the calf abomasum.

Tehver (1930) describes argentaffine cells in the abomasum of the ox and sheep 
anti states that they are almost entirely absent in the pyloric region of the sheep. 
According to Jacobson (1939), a similar distribution to that described in the present 
paper is seen in man and in the pig. Sharpies (1945), however, using the Bodian 
technique, finds that argentalfine cells are relatively numerous all through the human 
stomach, and he attributes to inadequate impregnation the failure of previous 
workers to demonstrate them all. Although there may well be a species difference, 
the discrepancy between Tehver’s results in the sheep and the present results in the 
goat may be explained by the greater selectivity of the Bodian method. Dawson 
(1944) has described the argentaffine cells in the rat as being periglandular, and 
Sharpies (1945) has remarked on the considerable variation in shape of argentaffine 
cells in the human stomach.

The cells containing eosinophil granules appear to be identical with the cells found 
in the alimentary epithelium of the dog, eat and mouse and first described by Weill 
(1919) as ‘ Schollenleukozyten’. Keasbey (1923) later described similar cells in the 
abomasum of the sheep and termed them ‘Globule leucocytes’.

SUMMARY

1. The abomasal mucosa from three goats has been examined histologically.
2. Cardiac, peptic and pyloric regions are described.
3. Considerable variation occurs in the number of peptic and parietal cells in the 

gastric glands.
4. The abomasum from one goat shows an intermediate zone between the peptic 

and pyloric regions.
5. The distribution of argentaffine cells in the .abomasum is described.

My thanks are due to Prof. R. A. Gregory and Dr N. M. Hancox for helpful advice 
during the preparation of this paper and to Miss E. Price for technical assistance. 
I am indebted to Mr R. Harrison of this Department for preparing the micro
photographs.

The greater part of this work was carried out whilst holding a Research Training 
Scholarship of the Animal Health Trust. Part of the expenses involved were met 
from a grant to Prof. R. A. Gregory by the Agricultural Research Council.
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EXPLANATION OF PLATES 

Plate 1

Fig. 1. Goat 2. Abomasum opened along greater curvature.

Plate 2

Fig. 2. Goat 1. 
Fig. 3. Goat 1. 
Fig. 4. Goat 2. 
Fig. 5. Goat 2. 
Fig. 6. Goat 2.

Omaso-abomasal junction. Haematoxylin-eosin; x 90. 
Cardiac mucous glands. Haematoxylin-mucicarmine; x 544. 
Peptic glands. Masson trichrome stain; x 115.
Peptic glands. Masson trichrome stain; x 735.
Pyloric glands. Masson trichrome stain; x 115.
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Reprinted from the Quarterly Journal of Experimental Physiology, 
Vol. XXXVII, 1952.

THE EFFECT OF INSULIN ON THE SECRETION OF GASTRIC 
JUICE IN THE GOAT. By K. J. Hill. From the Physio
logical Laboratory, Department of Physiology and Histology, 
The University of Liverpool.

(Received for publication 2\st May 1952.)

In the dog and man, the injection of insulin stimulates gastric secretion, 
and it is generally agreed that this is due to stimulation of para
sympathetic centres at the hypothalamic level by the fall in blood 
sugar [Babkin, 1944]. It is well known, however, that ruminants 
are very resistant to insulin hypoglycsemia, and that it is difficult to 
produce shock in these animals in this way. It seemed of interest 
therefore to determine whether gastric secretion in ruminants was 
influenced by insulin hypoglycsemia. The experiments to be described 
show that, in the goat, abomasal secretion is depressed by insulin- 
induced hypoglycsemia.

Materials and Methods.
Gastric juice was collected hourly from three adult female goats 

provided with Pavlov-type (vagally innervated) pouches of the aboma
sum. After a preliminary fasting period, varying from 3 to 30 hours, 
insulin (Insulin A. B. Allen & Hanbury, Ltd., 0-4-10 unit/kg.) was 
injected intramuscularly and collection of juice continued for 3 to 5 
hours. The blood sugar level was determined on jugular blood samples 
at hourly intervals during the experiment using the Shaffer-Hartman- 
Somogyi method [Shaffer and Somogyi, 1933]. Free and total acid 
of the gastric juice was measured by titration to pH 2-8 and pH 9-6 
with N/100 NaOH using brom-thymol blue as indicator [Harrison, 
1943]. A total of nine experiments was performed on three goats.

Results.
In all experiments the injection of insulin was followed by a decline 

in the volume-rate and acidity of the gastric juice. The maximal 
effect occurred 1 to 2 hours after injection and approximately coincided 
with the lowest level of the blood sugar curve (figs. 1 and 2).

No signs referable to hypoglycsemia (e.g. lassitude, muscular twitch- 
ings) w ere observed, and the previous duration of fasting before experi
ment appeared not to be related to the degree of hypoglycsemia produced. 
Thus, 50 units of insulin administered to goat No. 1 on three occasions 
resulted in minimal blood sugar levels of 5-8 mg./100 ml. after a fast 
of 4 hours, and 28 mg./lOO ml. and 18-7 mg./lOO ml. after fasting periods 
of 27 and 28 hours respectively, the diet prior to fasting being the same

143
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in each case. No obvious relation between the degree of depression 
of secretion and that of hypoglycaemia was observed.

One of the goats used (No. 3) showed hypochlorhydria and 
achlorhydria persisting without apparent cause for many months. A 
Pavlov-type abomasal pouch made in this animal secreted normally

BLOOD H.c.1 
SUCAR

Wvl.

GOAT 1 PAVLOV POUCH

TOTAL
ACID...

BLOOD
Sugar

50 UNITS 
INSULIN \ /

PERIOD FASTED IN HOURS

Fig. 1.—The effect of insulin on the rate of secretion and composition of
gastric juice.

for some months, but the free and total acidity of the juice then fell 
to very low levels, although the volume response to feeding was still 
considerable. The injection of histamine (0*25 mg. histamine acid 
phosphate per kg.) still stimulated the production of free acid. This 
goat showed no change in volume-rate or acidity after the injection of 
0-8 unit/kg. of insulin, which lowered the blood sugar from 58 mg./lOO 
ml. to 30-4 mg./lOO ml. (fig. 3). Masson and Phillipson [1951] have 
also observed the appearance of hypochlorhydria in a sheep with an 
abomasal pouch.
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Fig. 2.—The effect of insulin on the rate of secretion and composition of gastric juice.
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Fig. 3.—The effect of insulin on the rate of secretion and composition of gastric juice.
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Discussion.

It is generally agreed that the gastric secretogogue action of insulin 
results from excitation of hypothalamic parasympathetic centres by 
the resulting hypoglycaemia; and that the vagi mediate the effect upon 
the stomach, since vagal section, the injection of atropine, or the intra
venous infusion of glucose to maintain the blood sugar level prevents 
gastric secretion [La Barre and Cespedes, 1931 a, 1931 6; Boldyreff 
and Stewart, 1932; Strom and Uvnas, 1948]. In addition, the action 
of insulin is reduced or absent in the decerebrate or anaesthetized dog 
although the blood sugar falls [Jogi, Strom and Uvnas, 1949].

There is reason to believe, however, that the mechanism is one of 
general autonomic excitation (sympathetic and parasympathetic) at the 
hypothalamic level, rather than a specific effect on the vagal centres 
[Gellhorn, 1938]. The speculation is perhaps therefore justified, that 
gastric stimulation, rather than inhibition during insulin hypoglycaemia, 
occurs in the dog and man because parasympathetic excitation pre
dominates over sympathetic excitation (or other possible inhibitory 
nervous mechanisms) in the stomach, whereas in ruminants the reverse 
is the case. This leads to the conclusion that in ruminants a hypo
thalamic parasympathetic centre from which gastric secretion can be 
excited either does not exist or is not effectively stimulated by hypo- 
glycsemia, and that the inhibition noted in the present experiments is 
produced by the excitation of hypothalamic sympathetic mechanisms 
or in some other way. The cephalic phase of the gastric secretory 
response to a meal is believed in man and the dog to result from excita
tion of the hypothalamus via the cerebral cortex, and this phase of the 
response to a meal has been showm to be slight or non-existent in 
ruminants [Popov, 1932; Espe and Cannon, 1937]. In addition, 
vagally innervated and vagally denervated abomasal pouches exhibit 
no marked differences in their secretory response to feeding [Hill, 1951], 
although it has been shown that vagal section inhibits abomasal motility 
[Mangold and Klein, 1927]. On the basis of present evidence it therefore 
seems problematical whether the vagus has any secretory function as 
far as the abomasum is concerned.

The results presented here are in accord with those of Hitchcock, 
Karvonen and Phillipson [1948], who showed, in lambs with abomasal 
fistulae, that the pH of the abomasal contents was not lowered by 
insulin hypoglycaemia but increased by as much as 3 units. Vagal 
section did not abolish the effect, and these workers considered the 
mechanism of the decrease in acidity to be essentially peripheral.

The possibility remains in the present experiments that the pouches 
were not effectively supplied with vagal fibres across the isthmus. 
Against this is the fact that more than one type of operation was 
employed with the intention of preserving the maximal degree of vagal
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innervation, and the techniques employed have consistently proved 
satisfactory in the dog.

Summary.

1. In goats provided with innervated pouches of the abomasum, 
the intramuscular injection of insulin wras followed by a depression of 
volume-rate and of the free and total acidity of the secretion.

2. No relation was observed between the degree of hypoglycsemia 
and the depression of gastric secretion, or between the degree of hypo
glycsemia produced by a given dose of insulin and the previous duration 
of fasting.
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Previous investigations have suggested that the role of the vagi in the 
secretion of gastric juice by the sheep abomasum may be of little or no 
importance. Popov [1932] and Espe and Cannon [1937] demonstrated 
that the cephalic phase of gastric secretion was slight or non-existent in 
the sheep and calf: investigations on goats revealed no marked differ
ences in the secretory response of their abomasal pouches when the vagal 
nerves were intact or sectioned [Hill, 1952 a]. Hitchcock, Karvonen 
and Phillipson [1948] have shown that insulin hypoglycsemia in lambs 
does not increase abomasal acidity, and the fact that insulin hypo- 
glycsemia also failed to stimulate secretion in goat’s abomasal pouches 
with intact vagi is further evidence for the absence of vagal control over 
gastric secretion in the ruminant [Hill, 1952 6]. An alternative explana
tion for the absence of a secretory response to hypoglycaemia may be, 
however, that the hypothalamic parasympathetic centres in the ruminant 
are not effectively stimulated by hypoglycaemia. As it is well known 
that vagal stimulation increases gastric motility in ruminants, the 
following experiments have been carried out to ascertain whether 
hypoglycaemia can cause such an increase by central vagal stimulation. 
This was done by recording abomasal and ruminal motility in sheep with 
fistula before and after the production of hypoglycaemia with intravenous 
insulin.

Methods.
Three yearling Clun Forest sheep and one Dorset Horn lamb (6 months old) 

were used. The animals always received the whole of their daily ration (1 kg. 
chopped hay) in one feed at 9.30 a.m. Water was allowed ad lib. Each sheep 
had a cannulated fistula in the pyloric region of the abomasum and one in the 
rumen, and the lamb a vagally denervated pouch. The pyloric pouch of the 
lamb was prepared as follows: after exposure of the abomasum through a right 
paracostal incision, the small abomasal branches from the superior and inferior 
omaso-abomasal vessels were tied off at a, b, c and d (fig. 1, a). With the 
appropriate clamps in position, the abomasum was transected at ac and bd, 
excluding the vessels and vagus nerves. The fine vagal branches passing to the 
pouch region were sectioned, and continuity of the abomasum was re-established
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by anastomosis of the two cut ends. The resected portion of the abomasum 
was closed at ac and bd with two layers of infolding Connell sutures and thus 
formed the pouch. A cannula was secured in the lower centre of the pouch by 
means of a purse-string suture and brought to the skin surface through a stab 
wound.

The animals were trained to stand in a pair of stocks while movements of 
the rumen or abomasum were recorded on the kymograph. For this purpose,

SUPERIOR OMASO-ABOMASAL 
ARTERYPYLORUS

Fig. 1.—Preparation of denervated pyloric pouch in the lamb (see text).

a water manometer was connected to a small rubber balloon (condom) which 
had been inflated with 20-30 c.c. of air and placed either in the pyloric region 
of the abomasum or in the rumen or in the pyloric pouch. Insulin (Insulin AB, 
Allen and Hanbury) was given into the right jugular vein (0-3-T0 unit/kg.). 
Blood sugar levels were determined by means of the Shaffer-Hartmann-Somogyi 
method [Shaffer and Somogyi, 1933] on samples taken from the jugular vein 
at half-hourly intervals. Glucose solution (15 per cent) was given intra
venously and atropine sulphate (1 mg./c.c.) subcutaneously in some experiments.
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Results.
Observations after Feeding.

Five experiments were carried out on two sheep. Food was given as 
usual at 9.30 a.m. and the animals were allowed to eat until the start of 
the experiment, usually 1-2 hrs. later. Recordings of abomasal motility 
before injection of insulin showed regular bursts of activity when 4 or 5 
contractions would occur within 30-40 sec. and then be followed by a 
more quiescent period of about half this duration. This periodic 
activity was due to peristaltic waves which were themselves super
imposed on tonus waves. Immediately following the intravenous 
injection of insulin, the peristaltic movements ceased entirely in three 
of the experiments and were greatly reduced in the other two. This 
period of inhibition lasted 30-40 min.; subsequently the pattern of 
events varied considerably in the different experiments. In two 
(Expt. 1, 1 unit insulin/kg., and Expt. 3, 0-3 unit/kg.) the normal 
pattern of pyloric motility returned, and remained unchanged until 
the end of the experiment (4 hrs. and 3 hrs. after giving insulin), and in 
a third experiment (Expt. 2, 0-56 unit/kg.) the typical pyloric pattern 
was supplemented during the period 2-2£ hrs. after giving insulin by 
six very strong single contractions. In Expts. 4 and 5 (1-0 unit insulin/ 
kg.) the return of normal motility after the inhibitory period was 
followed by the gradual development of groups of frequent very strong 
contractions during the period 45-47 min. after giving insulin.

Observations on Starved Animals.

Eight experiments were carried out after the animals had been 
deprived of food for 24 hrs. and one after fasting for 48 hrs. Control 
tracings of pyloric motility before insulin injection showed normal 
motility patterns or normal motility with short periods of spontaneous 
quiescence. Rumen recordings were made in four experiments 
and during the control periods showed typical double contractions. 
There was no evidence of hunger contractions in either the abomasum 
or the rumen. Following the insulin (0-42-1-0 unit/kg.), a period of 
complete inhibition of pyloric motility lasting 20-40 min. was observed 
in six of the experiments, and a period of partial inhibition of similar 
duration in the remaining three. Partial inhibition of rumen movements 
occurred following insulin in each of the four experiments in which these 
were being recorded.

The events subsequent to the inhibitory period were essentially 
similar in all of the experiments, and any variations appeared to be 
related to the degree of depression of the blood sugar. During the 
inhibitory period the blood sugar level commenced to fall and after
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about 30 min. was usually between 30-40 mg. per cent. At this time 
abomasa! movements commenced again and rapidly reached pre
injection proportions. During the ensuing 30 min., whilst the blood 
sugar level was falling from about 30 mg. per cent to about 20 mg. per 
cent, hypermotility of the abomasum developed with large contractions 
3, 4 or 5 times the height of those observed in the control periods. These 
individual contractions occurred at irregular short intervals or as groups 
of contractions which merged into one another. Provided the blood 
sugar level did not fall below about 15 mg. per cent, hypermotility 
persisted until recovery from the hypoglycsemia began, usually 2J-3 hrs. 
after the injection, when the contractions resumed their normal pattern
(fig- 2).

In five of the experiments the blood sugar level fell below 15 mg. per 
cent (in five it was less than 10 mg. per cent), and when this extreme 
degree of hypoglycsemia had been reached, the hypermotility previously 
exhibited by the abomasum disappeared. In no experiment, however, 
did complete inhibition of the stomach accompany severe hypoglycsemia. 
With the subsequent rise in blood sugar level the stomach movements 
again increased, and then, after reaching a peak, once more returned to 
the pattern associated with a normal blood sugar level. Rumen motility 
showed changes similar to those in the abomasum, except that the 
depressant effect of very low blood sugar levels was not so marked.

The relation of the blood sugar to hypermotility was further in
vestigated by observing the effect of intravenous glucose on the insulin 
response. Two experiments were carried out on animals which had 
fasted for 24 hrs. and then been given insulin intravenously after control 
recordings had been made. When the blood sugar had fallen to 20-22 
mg. per cent and vigorous contractions had been established, 15 per cent 
glucose solution at 37° C. was given intravenously in doses of 0-15 and 
0-27 gm./kg. respectively. As soon as the injection was begun, hyper
motility ceased in both experiments and the abomasum became 
quiescent. Thirty minutes after the smaller dose of glucose the blood 
sugar was 42 mg. per cent, and one hour later it had fallen to 22 mg. per 
cent. The quiescent period lasted for most of this time, but as the blood 
sugar approached 20 mg. per cent vigorous contractions gradually 
recommenced. With the larger dose of glucose, abomasal quiescence 
persisted until the blood sugar had fallen from 104 mg. (30 min. after 
the injection) to 54 mg. per cent (1 hr. 30 min. after the injection) (fig. 3). 
At this point a second injection of insulin (0-46 unit/kg.) w'as given in an 
attempt to produce a more precipitous fall in blood sugar than that 
already occurring. It was 30 min. later, when the blood sugar had fallen 
to 28 mg. per cent, that hypermotility once again appeared.

Four experiments were carried out to investigate the effect of 
atropine sulphate on insulin-induced hypermotility. A dose of 1 mg. 
injected subcutaneously in a sheep (weight 41-2 kg.) when the blood
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sugar level was 26-4 mg. per cent and when vigorous abomasal contrac
tions were occurring, produced only transient slight depression. Five 
mg. produced more marked depression, and in two further experiments 
10 mg. produced complete inhibition of abomasal movements for 
approximately 10 min (fig. 4). This agrees with other observations, 
that in the sheep a single dose of atropine has only a brief period of 
action.

Observations on the Pyloric Pouch.

Three experiments were performed on the lamb with a pyloric pouch. 
Insulin in a dose of 1 unit/kg. was given intravenously after the animal 
had fasted 24 hrs. Blood sugar levels were reduced to 22, 22 and 16 mg. 
per cent respectively, but neither an inhibitory period immediately after 
the insulin was injected nor hypermotility when the blood sugar had 
fallen to a low level were observed in any of the experiments.

Discussion.

The essential role of the vagi in gastric hypermotility induced by 
insulin hypoglycaemia is well established, and many workers have con
firmed the findings of Quigley and Templeton [1929 6] that atropine 
and vagotomy both abolish the gastric contractions which result from 
insulin hypoglycaemia in man and the dog [see review by Bachrach, 
1953]. These results have been now obtained in the sheep. That 
insulin hypoglycaemia produces its motility effects by central action 
has also been amply demonstrated; La Barre and Destree [1930] being 
the first to observe that stomach contractions occurred in a dog with 
the cerebral hemispheres destroyed but not after removal of the hypo
thalamic and thalamic regions. The present results indicate that the 
vagal centres in the sheep are sensitive to a fall in the blood sugar level; 
that the abomasum and rumen are effectively stimulated by motor 
impulses passing down the vagi since atropine blocks the response; and 
that vagal denervation prevents the development of hypermotility.

These experiments show that the absence of a gastric secretory 
response to hypoglycaemia in the sheep cannot be due to the failure of the 
hypothalamic vagal centres to respond to insulin hypoglycaemia unless 
the cells of origin of the vagal secretory fibres, as distinct from those of 
motor fibres, are not responsive to hypoglycaemia.

A period of gastric inhibition following the intravenous injection of 
insulin has been observed in man and dog [Wilder and Schultz, 1931; 
Regan, 1933; Mulinos, 1933] and, as was observed in the sheep, lasted 
30-40 min. The mechanism of this inhibitory effect has not been 
satisfactorily elucidated, although there is evidence that depression of
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motility may be produced by insulin itself and by increased sympathetic 
activity leading to increased adrenaline secretion during a fall of blood 
sugar level [Bachrach, 1953]. Evidence against a direct effect of 
insulin was presented by Quigley and Templeton [1929 a], who found 
that insulin hypoglycsemia produced neither inhibition nor hyper- 
motility in the denervated pyloric pouch of a dog. This finding has been 
confirmed here in the experiments on the lamb with the vagally 
denervated pyloric pouch.

There appears to be no obvious relation between the blood sugar 
level and the onset of hypermotility. For general experimental and 
clinical work, a fall of blood sugar level to 50 mg. per cent in mammals 
other than the ruminant is generally accepted as a degree of hypo- 
glycaemia sufficient to provide an adequate stimulus. Reid [1951] has 
shown that in the sheep a dose of 1 unit/kg. of insulin causes maximum 
depression of blood sugar and increasing the dose only increases the 
duration of hypoglycsemia. For this reason, most of the experiments 
were carried out using this dose of insulin which is comparable to that 
required in the dog to produce gastric hypermotility. Necheles and 
Olson [1941] reinvestigated the effect of insulin hypoglycsemia on gastric 
motility in the dog and found that, after the inhibitory period, motility 
increased until very low blood sugar levels, c. 10-28 mg. per cent were 
reached, when motility was again depressed to increase again as the 
blood sugar level rose. A similar result was obtained in the five experi
ments on fasted sheep in which the blood sugar level fell below 15 mg. 
per cent. The explanation of this finding is not clear, although Necheles 
and Olson suggest that it may be due to an increased production of 
adrenaline or adrenaline-like substances during hypoglycsemia.

Studies on insulin-induced gastric hypermotility in “ monogastric ” 
animals are usually carried out in the fasting state. It is difficult, 
however, to produce a similar condition in the ruminant merely by 
withholding food owing to the presence of the large reservoir of ingesta 
in the rumen. Consequently, motility studies in these animals are 
generally carried out when food material is still present in the various 
chambers of the stomach. The few experiments which have been 
carried out in non-ruminants on the digesting stomach show that 
although insulin hypoglycsemia produces essentially the same response 
as that which is observed in the fasting animal, the results are neither 
so constant nor so marked [Postlethwaite, Hill, Chittum and Grimson, 
1948]. No adequate reason has been suggested for this difference 
between the starved and fed animal. It might be that the absorption 
of glucose in a recently fed non-ruminant could prevent the attainment 
of low blood sugar levels, but the present evidence indicates that this is 
not so in the sheep. It is perhaps significant that the periods of complete 
gastric tetany seen during insulin hypoglycsemia in the fasting dog were 
not seen in the fasting sheep, since this may indicate that the presence
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of food material in the stomach is sufficient to prevent the development 
of a full response. It remains to be seen whether prolonged hyper
motility and tetanic contractions occur in sheep when insulin is given to 
animals in the strictly fasted state, i.e. with fore-stomachs and 
abomasum empty of all food materials. The fact that hunger con
tractions were not observed in either the abomasum or the rumen after 
24 hrs. and 48 hrs. fasting may be due to the same reason, since Schalk 
and Amadon [1921] observed large contractions, tentatively termed 
hunger contractions, in the rumen of a goat which had been fasted 
several days, when a large amount of food was removed from the rumen.

Summary.
1. The effect of insulin hypoglycsemia on the motility of the 

abomasum and rumen has been studied in three sheep prepared with 
permanent fistulae of these organs and in a lamb with a denervated 
pyloric pouch.

2. These experiments have shown that in the sheep, as in the dog 
and man, the injection of insulin after an initial inhibitory period 
causes increased gastric motility as a direct consequence of the fall in 
blood sugar.

3. The effect is dependent upon increased activity of the vagus 
nerves, since it does not occur in the denervated (vagal) stomach pouch 
and is inhibited by atropine.

4. It is therefore probable that in the sheep, as in dog and man, 
hypoglycsemia acts centrally to excite vagal discharge.

5. The absence of a gastric secretory response to insulin in the 
ruminant suggests therefore that the secretory cells, unlike the muscu
lature, are not under central vagal control.
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A requisite of the alimentary tract in herbivorous animals is a compart
ment for the fermentation of the fibrous vegetable material which is 
their main source of nutriment. In ruminants two compartments of 
the complex stomach, the rumen and reticulum, together form a chamber 
for this purpose. Fermentation occurs relatively slowly and the rumen, 
in effect, also becomes a reservoir of food material which is never empty. 
Basal conditions for the study of activity by the abomasum (the true 
stomach) are difficult to attain, since even after a fast of several days’ 
duration food residues are still present in the rumen. Consequently, 
although the term “fast” is conveniently used to denote that food has 
been withheld, the condition of the animal is not comparable with that 
of a non-ruminant fasted for a similar period.

Secretion of acid gastric juice by the abomasum of the ruminant is 
generally considered to be continuous [Bickel, 1905; Grosser, 1906; 
Savich and Tichomirov, 1911; Belgowski, 1912; Espe and Cannon, 
1937; Babkin, 1950]. Whether this continuous secretion is due to the 
innate ability of the mucosal cells to secrete spontaneously or to their 
constant stimulation by humoral or reflex means is not known. The 
retained food masses of the rumen might be responsible for stimulating 
the continuous secretion. The purpose of the study described here was 
to determine whether residual food, in any part of the stomach, is in fact 
responsible for the alleged continuous secretion.

Methods

Experiments on Secretion from Abomasal Pouches in Animals
deprived of Food

Three adult female Saanen goats with Pavlov type abomasal pouches 
[Hill and Gregory, 1951] and one weaned Clun Forest lamb with a 
modified Hollander abomasal pouch [Gregory, Hallenbeck and Code, 
1942] were used for these experiments. Additional observations were 
made on an adult Saanen goat with a denervated (vagal) pouch. At

32
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least 14 days were allowed to elapse after operation before any experi
ments were carried out. The animals were normally fed about 9.30 a.m. 
(hay) and 4.30 p.m. (greenstuff); water was allowed ad lib. The period 
of fasting was reckoned from the time of removal of the animal from 
the animal house. This was generally about 1 hour after the morning 
food had been given. The animals were trained to stand in stocks in 
the laboratory and gastric juice was collected at 30-min. intervals.

Experiments on the Flow of Ingesta into the Abomasum

Two adult Saanen goats and one adult Welsh Mountain sheep were 
used in this investigation. In each animal a cannulated fistula had been 
prepared in the body of the abomasum and in the duodenum a few inches 
from the pyloric sphincter. The abomasal cannula was of wide bore 
(1*6 cm.), and was placed in the most dependent part of the abomasum 
so that adequate drainage occurred when the cap was removed. Ingesta 
from the abomasum after each collection were passed through a rubber 
tube into the duodenal cannula and directed caudally along the 
duodenum for a short distance. This effectively prevented backflow 
of ingesta into the abomasum.

Experiments on Animals with Empty Stomach Chambers

To prevent stimulation of the abomasal glands by ingesta, in a 
number of experiments on two adult Welsh Mountain sheep all food 
residues were removed through fistulse from the rumen, reticulum, 
abomasum and upper duodenum. Collection was made of the secretion 
passing out from the abomasal cannula. The animals were fasted for 
24-48 hrs., by which time the rumen contents had assumed a liquid 
consistency; the caps were then removed from the various cannulae 
and ingesta drained away. Residual material was then washed out, 
as far as possible, with warm normal saline. The folds of mucosa in 
the omasum and abomasum precluded complete emptying of these 
organs, but the amount of residual material was small. The rumen 
ingesta which had been kept in a water bath at 37° C. were replaced 
in the rumen on completion of the experiment. After emptying the 
various chambers the caps were replaced on all the cannulae except that 
in the abomasum. Material passing from this cannula was collected at 
30-min. intervals.

Acute Experiments on Abomasal Secretion in Lambs

Eight lambs (18-57 days old) were used for these experiments. 
They were anaesthetized with intravenous chloralose-urethane (1 and 10 
per cent) and the abomasum exposed by a right paramedian incision. 
The duodenum was ligated just caudal to the pyloric sphincter and the
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entrance of residual ingesta from the fore-stomachs prevented by a 
ligature which was passed round the omasum. Blood vessels and 
nerves were excluded from the ligatures. A Perspex cannula was 
secured by a purse-string suture in the body region of the abomasum 
and the contents removed through the cannula. By washing the 
abomasum with warm saline and gently manipulating its walls, food 
debris between the mucosal folds was completely removed. Secretion 
was collected at 30-min. intervals.

Chemical Methods

Free and total acid of pure gastric juice was determined by electro
metric titration to pH 2-8 and 9*6, and of abomasal contents by a 
similar titration of the supernatant from centrifuged samples. pH was 
determined with a glass electrode.

Results

Fasting alone did not abolish the abomasal secretion. In agreement 
with earlier authors it was found that, in the goats with innervated 
abomasal pouches, even at the end of a 24-48-hr. fast appreciable 
amounts of acid were still being secreted. Similar results were obtained 
from the goat with a denervated pouch and from experiments on the 
lamb with an abomasal pouch (fig. 1). The probable explanation of this 
continuous secretion appeared to be that ingesta were still passing from 
the rumen to the abomasum. The next step was therefore to determine 
whether, in fact, this was so.

For this purpose a goat was fasted for 28 hrs. and small samples of 
abomasal contents were taken through the cannula during the first 6| 
and last 5 hrs. of the fasting period. Except that the consistency was 
thinner, the material collected during the 23rd to 28th hours of fasting 
was similar to that collected during the first 6J hrs. and its acidity was 
only slightly less (fig. 2). Ingesta were still entering the abomasum 
after this fast.

The rate of flow of material into the abomasum was measured in 5 
further experiments (4 on sheep and 1 on a goat), in which the abomasal 
contents were collected, measured and returned through the duodenal 
fistula (see Methods). The animals were deprived of food overnight 
before collection of ingesta was begun. At the start of each experiment, 
when the cap was removed from the abomasal cannula there was a gush 
of ingesta 200-300 ml. in volume. This was returned through the 
duodenal cannula and not recorded as part of the experiment. The 
results of these experiments showed that even for periods of fasting as 
long as 43 hrs. there was a flow of ingesta varying in volume from a 
fewr ml. to 100 ml./hr. into the abomasum from the rumen (fig. 3).

These results showed that fasting alone did not bring the abomasum
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mis
Vol. N/IO 
mis HO 
12 I2-.

PERIOD FASTED (HRS)

Fig. 1.—Secretion of gastric juice from an innervated abomasal pouch during 
fasting. Total output of free and total acid expressed as ml. N/10 HC1. 

Clun Forest lamb No. 24. Modified Hollander-Jemerin abomasal pouch.

HCI

Fig. 2.—The acidity of the abomasal contents during fasting. Adult female 
Saanen goat No. 41. Abomasal and duodenal fistulae.
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into the “resting ’ state. To ensure that the abomasum was completely 
free of ingesta, either the fasting period had to be greatly prolonged or 
alternatively the fore-stomachs had to be artificially emptied. This 
latter procedure was adopted in the next set of experiments performed 
on 4 sheep. The animals were first deprived of food for 24-48 hrs. 
The abomasal contents were then collected for short periods, sampled 
and returned to the duodenum and the fore-stomachs then emptied.

Vol.
mis

17* 18* 19* 20* 21* 41* 42*
PERIOD FASTED (HRS)

Fig. 3.—The flow of ingesta from an abomasal fistula during fasting. Ingesta 
returned through the duodenal fistula after each 30-min. collection period. Average 

figures from 3 experiments on sheep 2 (adult Welsh Mountain ewe).

Before emptying, the average volume of ingesta passed per hour in 
Expts. 1 and 2 (fasted 24 hrs.) was 54 ml. and 94 ml., and in Expts. 3 
and 4 (fasted 48 hrs.) 34-7 ml. and 25-6 ml. (Table I). After emptying 
the fore-stomachs, the volume of fluid collected from the abomasum 
was reduced to an average of 11-5 ml./hr. and 29-6 ml./hr. in Expts. 1 
and 2, and 9-2 ml./hr. and 7-6 ml./hr. in Expts. 3 and 4. The material 
collected was opalescent and contained only occasional fragments of 
food material. This was probably almost pure abomasal secretion and, 
since its acid content was very low, consisted mainly of secretion from 
the mucous cells of the surface epithehum and pyloric glands. Small 
but appreciable quantities of acid were present in all the abomasal 
samples collected prior to emptying the stomach chambers (see Table I). 
The figures given here represent the total output of acid by the



~ Q 30 r

T.
A

. . . Tfl CO ^ Hi 00 00 00 05 Hi hh

3 0
* • • l> d* cd 6666666

0 ^
3^

<3 . . 00 00 05 0000000
h~3 * • * i-H i-H 6 6 6 6 0 0 0 6
” C '

• CD 0 H O 00 O O O Hi
H K? 3 . . t'- di 6 CO 6 4 CO 05 6 05

> *= pH pH

©
Oh
C3 C . • • <N CO Hi >C co t> 00 05 0s ^C3 ^ * * # pH

' 02

3 2 <3 t> O t> ao id hh 05 >0 Hi CO CO Hi
di -h 6 di co 6 4 4 6 6 6 05 ^

3 O H pH 1—H l-H 1—H
0 •!

<3 05 CO O 05 <M 05 CO t^i 0 0 0 0
CO 0 73H S , ^ CO iij 6 ab ob ed ph ^h 6 6 6 6 6

■4^
Oh *<> 
X • O co 0 co <M 00 CO 05 CO 0 0 0

H .O TS 0 d- 6 6 6 6 6 co 6 6 h 6 00
1—H l—l 1—1 <M 1—1 »-H p-H pH

©
5 (N CO 10 CO 00 05 O pH 05 CO

S £
03 ^

i-H pH 1—1 1—H

v 02

( 30 '<3 # c<j 0 0 co 00 
6 6 4 6 6

1C
00 00 CO 00 00 CO
666666 3

h->
0 O H eo i-H co <m 05

O ^ H

F.
A

. OOOOO 05 Hi 05 CO CO O

<M
+■>
H S •

6 6 6 6 6 pH ph pH i-H O 6 .

-l-H
&H
X . QO 05 © O 05

W 0 © * 10 »o 00 t^i 0 O 6 6 6 4 pH .
t- <M CO H< <M ■Pfi -H pH

©
&• d 1—h (M CO H *0 © tn X © © pH •

pH pH •

^ 02

/" 3 O '<3 CO O *0 Hi pH CO
3 6 4 6 6 PH ©.............................

3 O H <N Hi Hi CO
O ^

15 ^
<3 05 (N CO 00 © ©

-4->
O '—• 3 6 i> 6 co 6 ©.............................

pH H S
l i-H CO CO

-M
Oh
X

H V
ol

.
m

l. 3 <N <N CO 00 
Hi CO O Hi 14

-6 8-
4

J2
Pk

a3

d
23

* 1—i 05 CO Hi no co 3 3 ! I I

V 02

uomn'jj
SutX^dme

2fydui9

uguing
Gjojog

%oM
Hla
& o

” o 

a II

03 Lj<J ^
a
O Q

"=3

w
m

^3 2
Q u
| S 

«S
a °
H .co jz
^ a 
^ ? 

■< o

so I ^
S-wa o 
o ^

o -;Hi
I2

Oh j x >
W

CO
w
W . H Jh
a S 

M a 
a w

HH ^

W g

w W
02

< g 

s 3gn^ 
J2 Ph

W
Oh

11
i"!

c6 ^ 
02

%o
* <fV. a °O >HH w
0 H 3^
0 rW
W ^
S 11

0
h a

t'*
w

SU
M

F.
A

.
a, Jx S 
w

3 .
Is

V
ol

©

IN
02

5 O

o o °
$* 

o *—J
h a

Oh
X

W

W
Oh

£ s

i£
02

O O 

0 o
O >~l H, 

'cS
.

h a
»©
i<^

X '
W

W
Oh

a

©
IN

72

«o«i©t^MOC<ieol(Mp-H(M'^'7<r-H
66066666

00000000
66666666

CCCOOOOQpl^'^O
6i>t^*6t>t^'00i>

<N!N0»f50HH»©l>
cc66666<nc^

,—i(MM-»t‘OOt>QO

<©t^CC»GiOOO»0
II—h>-hOO 

6666666O

OOOOOOOO
66666660

oi»—<>0000000*0

(M t^ OO O “O O 0^> I>| 
CSJf-iOJ«<NWC<|i—I

■—((MCC^OOt-OO

ec^iM^cqccc^Oi
^Tj<eo<Nc^co>Or-i
66666666

ooooopop
66666666

•*+r~r-ioor^*ot^-i—1

•M^OOOOOOS
t^-t^OOThOt-W

1—((Mfo-^ioot^ao

ocoi>-^-h^*oos
CO<Mi-H^<N<Ni7lO
66666606

OOOOOOOO
66666666

ocoor-ot-ooo

h* 05 o r- c<i o 10 ep

f-H(MCO'#lOOt>CO



38 Hill

abomasum and cannot, therefore, be compared quantitatively with 
the amounts secreted by abomasal pouches which comprised only a 
fraction of the actual secretory area. Moreover, they are estimations 
made on the supernatant obtained by centrifuging abomasal contents 
and not, as in the pouch experiments, on fundic gastric juice.

Free acid was absent from the abomasal secretion in Expts. 1 and 4 
during the wrhole period while the stomach chambers were empty, and 
was ultimately absent in Expts. 2 and 3, although traces were present in 
the first few samples collected. Total acid in the abomasal secretion 
after emptying the stomach chambers in all experiments was too low 
to be regarded as significant.

Similar results were obtained in a series of acute experiments on 
anaesthetized young lambs. In these it was possible to remove the 
ingesta completely and collect all of the secretion formed. Vegetable 
material w as present in the rumen of all the lambs used and was removed 
before starting collection from the abomasum. The abomasal contents, 
consisting of vegetable material with varying amounts of milk clot, had 
a pH of 3*4-4*2. After emptying, free acid was absent from all the 
samples collected and the total output of acid was negligible. The pH 
of the first sample of abomasal secretion collected varied from 3*7 to 7*4, 
but in each experiment the pH of successive samples increased rapidly to 
reach 7*5-8 0 and thereafter remained at this level (Table II). Hist
amine acid phosphate (1 mg. base) injected intramuscularly in this type 
of preparation caused a copious secretion of strongly acid juice and so 
demonstrated that the secretory properties of the mucosa remained 
unimpaired.

Discussion

Continuous secretion of gastric juice by the stomach may be a result 
of the spontaneous secretory properties of the gastric glands, or it may 
be a result of stimulation of the glands by humoral or reflex means. 
Babkin [1950] has discussed in some detail the precautions necessary 
to ensure complete absence of any form of stimulation when experiments 
on spontaneous secretion are being carried out, and has also examined 
closely the nature of the secretion obtained during such experiments. 
He concludes that “it seems hardly correct to speak of the ‘continuous’ 
or ‘basal’ secretion of gastric juice (dog and cat) when one of the im
portant components of the juice is absent in some 50 per cent, of cases. 
... At the present time a more correct statement of the facts would be 
that during the absence of secretory stimuli the parietal cells practically 
cease to secrete and the activity of the peptic and mucoid cells is reduced 
to a minimum, whereas the surface epithelium cells secrete mucus 
continuously”. These remarks apply equally well to the results of the 
experiments described in this paper. The difficulty was to observe the 
secreting mucosa in the absence of any secretory stimuli arising from
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ingesta. This has now been done, and it appears that the residual 
secretion rests on the activity of the mucous cells (possibly the peptic 
cells) only and not on the activity of the parietal cells. The mechanisms 
maintaining a continuous secretion in the non-fasted animal are not 
known, but probably the continuous flow of ingesta from the fore
stomachs into the abomasum is one important stimulant of the gastric 
glands. Unpublished work has also shown that rapidly fermenting ingesta 
in the rumen can produce a marked effect on abomasal secretion.

Summary

1. When goats and sheep are starved for periods up to 48 hrs., 
gastric juice of high acidity continues to be secreted by abomasal 
pouches, although the volume and acidity may be less than under normal 
conditions.

2. This continuous secretion is probably due to stimulation of the 
gastric glands by food material, since ingesta can be collected from the 
abomasal fistulse in sheep and goats during starvation periods up to 
48 hrs.

3. In unansesthetized animals, if ingesta are prevented from entering 
the abomasum by emptying the fore-stomachs, secretion of acid gastric 
juice ceases.

4. Similarly, when ingesta are prevented from entering the abomasum 
of anaesthetized lambs by ligating the omasum, the abomasal secretion 
is small in volume and appears to consist largely of mucus.

5. It is concluded that the continuous secretion of gastric juice 
which occurs in ruminants is not due to the innate ability of the gastric 
glands to secrete spontaneously but to specific stimuli, the most im
portant of which is the continuous passage of ingesta from the rumen to 
the abomasum.
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(Reprinted from Nature, Vol. 175, p. 597, April 2, 1955)

Pseudocholinesterase in Pacinian Corpuscles
We have recently studied the distribution of 

cholinesterases in the cat’s pancreas by Koelle’s 
histochemical method1, and observed that among 
other structures which contain enzyme the Pacinian 
corpuscles are prominent. The cholinesterase was 
seen to be concentrated in the core and stalk of this 
sensory organ (Fig. 1). By the use of appropriate 
substrates (acetyl- and butyryl-thiocholine) and a 
selective inhibitor (diisopropyl-fluoro-phosphate) the 
enzyme has been identified as pseudocholinesterase. 
Although the Pacinian corpuscles found in this situa
tion are not pancreatic structures, being part of the 
enfolding mesentery, their location here is convenient 
because it is easier to section them when supported 
by the glandular tissue than when they are lying 
free in the mesentery.

So far as we are aware, the presence of pseudo- 
cholinesterase in Pacinian corpuscles has not pre
viously been reported. Other nerve structures known 
to contain the enzyme are glial cells and the nuclei 
of certain ganglion cells1’2. There is no reason for 
supposing that the enzyme is coneerned in acetyl
choline hydrolysis in the Pacinian corpuscles3 or at

Fig. 1. Two sections (20^), at different levels, of a Pacinian corpuscle from a cat’s pancreas.
(a) Incubated with butyrylthiocholine in the presence of 10-f M dfoopropyl-fluoro-phosphate.*
(b) Incubated with butyrylthiocholine alone. In (a) there is bo evidence of enzyme activity. 
In (ft) the much more darkly staining core shows deposits of copper sulphide where hydrolysis

of the substrate has occurred
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any of the other sites mentioned. It may be of 
importance, however, for the metabolism of the nerve 
tissue with which it is associated ; and in this one 
structure which can be studied as an independent 
unit a means of testing this hypothesis is provided. 
It is not necessarily to be expected that inhibition 
of the enzyme (by, say, diwopropyl-fluoro-phosphate) 
would produce immediate effects ; but given in vivo 
over long periods, its excitability should certainly 
show a change if pseudochoiinesterase has any 
important place in the function of nerve tissue. 
Those considerations may be of importance in inter- 
proting the biochemical lesions produced by anti
cholinesterases4.

We are indebted to Mr. G. Bull for the photo
micrographs.

Catherine Hebb 
Kenneth J. Hill

Agricultural Research Council 
Institute of Animal Physiology,

Babraham Hall,
Babraham, Cambridge.

1 Kocllc, G. B., J. Phann. Erp. Ther.t 100, 158 (1950).
• Hebb, C. O., Silver, A., Swan, B., and Walah, E. G., Quart. J. Exp.

Phpniol., 38. 185 (1954).
• Gray, J. A. B., and Sato, M., J. Physiol., 122, 610 (1953).
• Thompaon, R. H. S., and Cavanagh, J. B., Brit. Med. Bull., 10, 47

(1954).
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Portal Blood Analysis in the Study of the Absorption of Ruminal Fermentation Products. By
E. b\ Axnison, K. J. Hill and I). Lewis. (ARC1. Institute of Animal Physiology9 Babraham, 
Cambridge)

Schambyt* <V Philli|>Hon (1949) and Srhainbye (1951) 
have shown that the volatile fatty acids (VFA's) 
producetl as a result of ruminal fermentation in the 
sheep are absorbed into the |M>rtal blood, but com
plete analyses of the VFA s and other absorbed 
fermentation products are not available. We have 
carried out a number of preliminary ex[>eriments in 
sheep in which a wide-bon* polythene catheter was 
passed through the substance of the caudate lol>e of 
the liver and then via the jx>rtal branch of that lobe 
into the portal vein. The catheter was further 
anchored in }>osition w ith plastic sponge (< irindlay 
& Waugh, 1951). After 7 14 davs difficulty was 
experienced with clot formation in the catheter, but 
the meth< h! has enablis i um to carrv out a number of 
experiments where large volumes (20-25 ml.) of 
|>ortal blood were required at frequent intervals.

The experiments were concerned with the con
centrations of VFA s, ammonia and ketone bodies 
in jx>rtal and [M»ripheral blood, determined by the 
procedures of Annison (1954). ('onway Cooke 
(1939) and Greenberg \ I^est«*r ( 1944) respectiv’ely: 
rumen contents were examined at the same time. 
When the animals had been fastc^l 24 hr. the con
centrations of \ FA s, ammonia and ketone bodies in 
portal blood and rumen contents were relatively 
constant. After feeding chopptnl hav' or treated 
straw with supplement* of starch or casein the

changes in rumen VFA s and ammonia were roughly 
paralleled by those in portal blood. Thus after a 
sheep hail eaten 700 g. of a ration rich in starch and 
casein hydrolysate the total VFA’s in the rumen 
rose from 45 to 94 m-moles/1. in 2 hr. as compared 
with an increase from 1-31 to 1*78 m-moles/1. in 
l>ortal blood. Complete analysis of the VFA’s in 
each sample of portal blood and rumen contents by 
gas-liquid partition chromatography suggested that 
the concentration of butyrate in portal bloixl was 
proportionally smaller than in rumen contents. 
Similarly, after eating a ration rich in casein, the 
ammonia concentration in i>ortal blood increased 
from 0-3 to 0-9 m-mole/l. in 5 hr. and in the same 
|>cri<Ml ammonia in rumen contents increased from 
15 to 60 m-molesy 1. During this time the concentra
tion of ammonia in jugular blood was very low and 
constant. A higher concentration of ketone bodies 
was observed in portal blood than in peripheral 
blood.
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Reprinted from The Veterinary Record. 66. 107. February 13th, 1954.

A UROGENITAL ANOMALY IN THE CAT
K. J. HILL,

Agricultural Research Council, Institute of Animal 
Physiology, Babraham, Cambridge

Subject.—A black and white female kitten, circa three 
months old. Weight lb. Presented for spaying.

Previous History.—Uneventful.
Operation.—The animal was anaesthetised with intra

venous nembutal. (Abbott’s Veterinary Nembutal 1 grain / 
c.c. 0-35 c.c.)

Using the normal left flank incision, the left ovary and 
uterine horn were exposed and the ovarian pedicle severed 
between haemostats.

The left horn was followed caudally to locate the uterine 
bifurcation but despite careful search and extension of the 
original incision neither the bifurcation nor the right 
horn could be located. After 30 minutes’ fruitless search 
the left horn was severed as far caudally as possible and 
removed with the left ovary. The abdominal incision was 
closed and the cat placed in warm surroundings for the 
night. The following morning the cat was found dead.

Post-mortem Findings

Apart from slight hypostatic congestion in the 
right lung the viscera appeared to be normal. 
There was no evidence of haemorrhage from the ovarian 
pedicle or from the severed horn; the actual cause 
of death therefore remains unknown. Further examination 
revealed that the right uterine horn, the right kidney and 
the right ureter were absent. The left kidney (if inch 
by if inch, fixed) appeared to be large for the size of the 
animal but on section was of normal appearance. The 
right ovary was present in its normal position but was 
rather smaller and more elongated than the left one. Histo
logical examination revealed the presence of numerous 
follicles in various stages of development. A small portion 
of fallopian tube was also found adherent to this ovary.



Discussion

Developmental abnormalities of the genital and urinary 
tracts are not uncommon in man and animals (Arey, 1944) 
but it is unusual to find both systems involved in the 
same animal although, in view of their intimate embryo- 
logical association, such cases might be expected to occur.

lk>th systems arise from mesoderm as a pair of common 
urogenital ridges but it is in the development of the repro
ductive ducts that the close association of reproductive and 
urinary systems is most evident. The primordial structures, 
the Mullerian ducts, from which the fallopian tubes, the 
uterus and part of the vagina arise, lie» alongside the primi
tive kidney (mesonephros) and it is possible phylogenetic- 
ally that they arise directly from the mesonephric ducts 
(Patten, 1931). Failure of the primordium of the urogenital 
ridge to appear or to develop to a significant degree 
(agenesis) would lead therefore to absence or incomplete 
development of the kidney, ureter and the reproductive 
tract. As a small portion of fallopian tube had developed 
in the kitten described above, agenesis of the urogenital 
ridge would appear to have been incomplete. The primordia 
of the gonads arise independently as thickened mesodermal 
epithelium at the anterior end of the urogenital ridges and 
their development would not be affected therefore by 
agenesis of the urogenital ridge.

Summary

A case of congenital absence of the right kidney, ureter 
and uterine horn in the cat is described and the embryo- 
logical basis of this condition briefly discussed.
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Introduction

The distinction between true and pseudo-cholinesterase was first 
established in 1943 by Mendel and his co-workers [Mendel and Rudney, 
1943; Mendel and Mundell, 1943; Mendel, Mundell and Rudney, 1943], 
who found the dog pancreas to be a rich source of pseudo-cholinesterase. 
Previous workers had shown that some cholinesterase is present in the 
pancreas [see Augustinsson, 1948], and Ginsberg, Kohn and Necheles 
[1937] had found that canine pancreatic juice contains a much higher 
concentration of the enzyme than does the serum. The identity of 
the enzyme found in the pancreatic juice does not appear to have been 
fully established, although it seems reasonable to assume it is pseudo- 
cholinesterase and that it is identical with that found by Mendel and 
his co-workers in the tissue. This point has been investigated, and on 
the basis of substrate preference and the effect of specific inhibitors it 
has been shown that the cholinesterase of canine pancreatic juice is, in 
fact, pseudo-cholinesterase.

It is not known whether chofinesterase is secreted by the pancreas 
of other species, and since investigations on the sheep pancreatic enzymes 
are in progress here, it has seemed a good opportunity to determine 
whether they include cholinesterase. In the course of this investiga
tion a comparative study of the tissue cholinesterases by histochemical 
methods in the pancreas of the dog and sheep and a number of other 
mammals was also made.

Methods

lor acute experiments a mixture of chlorolose and urethane (1 per 
cent chlorolose dissolved in 10 per cent urethane) was used as anaesthetic. 
Lambs (3 Clun Forest and 1 Dorset Horn) 3 to 5 weeks old and 1 adult 
sheep (Clun Forest) were anaesthetized by an initial injection into the 
jugular vein of about 4 ml. of the mixture per kg. body weight. Further 
small doses were given as required by injection into the femoral vein 
through a cannula. Dogs were anaesthetized by injection into the

168
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external saphenous vein exposed after infiltration of 2 per cent procaine 
(Novocaine, Bayer). When the animals were fully anaesthetized, the 
femoral vein and then the trachea were exposed and cannulated. The 
abdomen was opened through a midline incision (dog) or right paracostal 
incision (lamb and sheep), the pancreas exposed and a cannula for the 
collection of pancreatic juice inserted either into the pancreatic duct (in 
the dog) or into the bile duct (in the lamb or sheep). An extra cannula 
was sometimes inserted into the bile duct of the dog for bile collection. 
Since, as shown in the accompanying diagram (fig. 1), the pancreatic duct

CANNULA
INSERTED

HERE

COMMON BILE DUCT

PANCREATIC DUCTHEPATIC DUCT

LIGATURE
LIGATURE

CYSTIC DUCT

DUODENUM

PANCREAS

GALL BLADDER

Fig. 1.—Technique for collecting pancreatic juice in the lamb. The common bile 
and pancreatic duct is ligated in two places and a cannula inserted as indicated. 

Bile is collected by means of a catheter inserted in the gall-bladder.

of the lamb joins the common bile duct some distance from the duodenum, 
and since the pancreatic duct is extremely small and its position obscured 
by pancreatic tissue, pancreatic juice was collected by a cannula inserted 
in the bile duct near the junction of the two ducts. To prevent ad
mixture of bile, ligatures were tied in the positions shown in the diagram. 
Bile was allowed to drain through a fine polythene catheter tied into the 
gall-bladder. In experiments on dogs the cervical vagosympathetic 
nerve trunks were isolated, ligated and cut just before they were first 
stimulated. Samples of pancreas were taken at the beginning and at 
intervals during the experiment; bleeding was stopped by ligatures.

In the lamb and sheep a continuous secretion of pancreatic juice
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occurred and no applied stimulus was necessary. In the dog, crude 
secretin or pilocarpine solution (O’S per cent) was injected intravenously 
in small doses at frequent intervals to maintain a continuous secretion. 
To increase the output of enzymes in some experiments the peripheral 
end of the cut vagosympathetic nerve (left or right) was stimulated 
rhythmically with an induction coil (coil distance 12 cm. 4 V. in primary) 
for 30-sec. periods at intervals of 15 sec.

Immediately after removal, the samples of pancreas were frozen; 
sections (5, 10 and 20 p,) were then cut and examined histochemically by 
Koelle’s [1950] method. The distribution of both true and pseudo- 
cholinesterase was studied. The sections were washed in incubation 
medium containing no substrate before incubation was begun. If 
sections of dog pancreas were not so treated, all of the substrate was 
hydrolyzed immediately by free pancreatic juice present on the surface 
of the tissue. Control sections of liver tissue were incubated with the 
sections of pancreas as a means of checking whether the conditions of 
incubation were suitable for the demonstration of pseudo-cholinesterase. 
Samples of pancreas from other species were obtained immediately after 
death. These included goat, cat, kitten and rabbit (killed by injection 
of Abbot’s veterinary Nembutal) and horse (slaughter-house material).

The enzyme activity of the pancreatic juice of sheep and dog was 
tested in the following ways:

1. Estimations of acetylthiocholine or butyrylthiocholine hydrolysis 
on addition of pancreatic secretion either untreated or previously 
exposed to DFP. The incubation solutions used were similar to those 
used in the histochemical method. Enzyme activity was estimated 
from the time taken between addition of substrate and the appearance 
of a white precipitate (copper thiochohne).

2. The rates of triacetin and tributyrin hydrolysis were measured by 
a suitable modification of the method of Anrep, Lush and Palmer [1925].

3. The rate of olive oil hydrolysis was measured by the method 
described by Cole [1941].

These methods of testing enzyme activity cannot give precise 
quantitative information. They have been used because they were 
suitable for the present investigations, which were in the nature of a 
preliminary survey only. In the event they proved to be most useful 
as a supplement to the histochemical w'ork and in clarifying certain 
problems to be investigated later with more precise methods.

Results

Of the species examined, dog, cat, rabbit, horse, goat and sheep, only 
in the dog was there evidence of pseudo-cholinesterase in the pancreatic 
glandular tissue.
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I* ig. 3.—Sections of pancreas incubated with acetylthiocholine in presence of 
DtP (10 7 M) to show true cholinesterase. Both sections lightly counterstained

with aniline blue.
(а) Cat pancreas showing nervous tissue only. x 100.
(б) Lamb pancreas showing nervous tissue (fine strands) and nuclei of un

identified cells (see text). x 500.

(«) (b)
Fig. 4.—Sections of Pacinian corpuscles in the cat’s pancreas.

(а) Incubated with butyrylthiocholine to show pseudo-cholinesterase; counter-
stained with aniline blue. x 100.

(б) Incubated with butyrylthiocholine in the presence of DFP (10~7 M);
stained with aniline blue. x 140.

In (a) deposits of CuS in the core show w'here hydrolysis of the substrate has 
occurred. In (b) the staining is solely due to aniline blue.
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As shown in fig. 2 (a),both acinar and Islet cells contained the enzyme. 
The acinar cells were observed to contain less enzyme after periods of 
prolonged stimulation by secretin and pilocarpine or through the vagus 
nerve. The difference due to stimulation can be seen by comparing the 
sections of pancreas shown in fig. 2 (b) and (c). The first of these was 
obtained from a control sample of pancreas, and the second after 
stimulation of secretion with crude secretin for nearly 2 hours. Presum
ably as a result of stimulation the acinar stores of pseudo-cholinesterase 
were depleted by discharge of enzyme into the secretion, since, as 
McCance et al. [1951] have shown, the cholinesterase concentration of 
the dog’s pancreatic juice increases after stimulation by pilocarpine. 
We have not pursued this line of investigation further, however, since 
the histochemical method is essentially qualitative; and the effects on 
the intensity of staining of other conditions, such as slight changes in 
pH and possible alterations in the permeability of the tissue, introduce 
too large an error for useful quantitative assessment. The hydrolysis of 
butyrylthiocholine and acetylthiocholine (in the absence of DFP) 
occurred intracellularly in both acinar and Islet tissue. This was shown 
most convincingly by the fact that the nuclei stained more intensely 
than the surrounding cytoplasm. Hydrolysis at this site could only 
have been due to enzyme resident within the cell.

Neither the alveolar nor the Islet tissue of the remaining species 
examined (horse, goat, sheep, rabbit and cat) contained pseudo-chofin- 
esterase. In the cat pancreas, however, certain interlobular structures 
contained high concentrations of the enzyme. None of these were 
recognized at first, but after appropriate counterstaining some of them 
were seen to be the core and stalk of Pacinian corpuscles (fig. 4). Some 
other unidentified structures also containing high concentrations of 
pseudo-cholinesterase may have been parts of similar structures or other 
sensory endings. Strictly speaking, the Pacinian corpuscles in this 
situation are extrapancreatic structures [see Schafer, 1910], and the 
cat pancreas therefore falls into the same category as the pancreas 
of the sheep and the other animals listed, in possessing no pseudo
cholinesterase.

In the dog pancreas true cholinesterase was present only in nervous 
tissue. This was demonstrated by incubation of tissue sections with 
acetylthiocholine in the presence of DFP (10-7 M), which was sufficient 
to inhibit the pseudo-cholinesterase. True cholinesterase was also 
observed to be present in the pancreatic nervous tissue of all the other 
species examined. In the cat, the staining of nervous tissue for true 
cholinesterase was more noticeable than in other species (fig. 3 (a)). In 
addition, however, in the lamb and sheep pancreas as well as that of the 
horse and goat there were other irregularly distributed areas of cells 
showing a positive stain for true ChE. They did not appear to be 
nervous tissue and we were not able to identify them (see fig. 3 (b)).
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Measurement of the ChE activity of the dog pancreatic juice was 
made by thioester hydrolysis. Inhibition by DFP (10~7 M) and eserine 
(10-4 M) provided evidence that the enzyme in the juice which hydro
lyzed acetyl- and butyrylthiocholine was identical with the enzyme 
identified in the tissue by histochemical examination.

The measurement of cholinesterase activity of the pancreatic juice 
by thioester hydrolysis was supplemented by measurements of the rate 
of splitting of acetylcholine itself (assays on frog rectus abdominis). 
Measurements of both kinds were made on dog and sheep pancreatic 
juice and the results showed that only canine pancreatic juice contained 
chohnesterase, and that this was all pseudo-cholinesterase was shown by 
the fact that it was completely inhibited by DFP (10~7 M). Its concentra
tion was such that even in dilutions of 1/50, hydrolysis of BuThCh 
occurred in a few minutes. The enzyme was also inhibited by eserine 
10-6 M, a result which is in agreement with Mendel and Rudney [1943].

The rate of hydrolysis of olive oil, tributyrin and triacetin by both 
canine and sheep pancreatic juice was also tested. The only clear results 
which emerged from these studies were as follows: triacetin and tri- 
butyrin were hydrolyzed (the first rather more rapidly) by the juice 
obtained from both species; olive oil was split rapidly by canine juice 
but only very slowly by sheep pancreatic juice; DFP in concentrations 
which completely inhibited pseudo-chohnesterase did not prevent olive 
oil hydrolysis and only slightly delayed hydrolysis of tributyrin and 
triacetin.

Although a large number of measurements were made to determine 
the rates of hydrolysis of the various substrates mentioned and the effect 
on the enzymes concerned of various agents (sodium taurocholate, 
sodium fluoride, eserine, TEPP and DFP), the results gave no clear-cut 
information beyond what has already been stated. For example, the 
rate of hydrolysis of olive oil emulsion by ovine pancreatic juice was 
extremely slow compared with its hydrolysis by canine pancreatic juice. 
(Dog juice diluted 1/100 gave comparable hydrolysis to that obtained 
with pure sheep juice.) This might mean either that lipase is present 
in the juice in very small amounts, or that the hydrolysis is slow because 
it is produced by another type of esterase for which olive oil is not an 
appropriate substrate. Alternatively, the conditions which are optimal 
for in vitro estimations of the activity of lipase in canine pancreatic juice 
may not be optimal for the sheep enzyme.

Discussion

That the dog pancreas contains pseudo-chohnesterase, and that this 
enzyme is also present in its secretion, are facts which have been known 
for some time (see Introduction). The histochemical demonstration of 
pseudo-cholinesterase in the alveolar tissue is not therefore surprising,
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and it is also to be expected that the secreted cholinesterase should 
be found to have the same properties as that in the alveoli. One must 
assume that it could only reach the secretion by discharge from the 
exocrine tissue, and our experiments indicating that there is a reduced 
quantity of intracellular enzyme after prolonged stimulation of the gland 
supports this assumption and confirms the evidence of McCance et al. 
[1951] that the chofinesterase of the dog pancreatic juice is derived from 
the pseudo-cholinesterase of the glandular tissue.

Whether it has a digestive function, however, is less certain. Its 
presence in Islet as well as acinous tissue might indicate another kind 
of function. It could be that in both types of tissue, each of which 
synthesize protein materials, cholinesterase has a catalytic role within the 
cell and is not itself a secretory product of any significance. In other 
words, its appearance in the pancreatic juice may mean that it is being 
secreted from the alveolar cells after fulfilling its metabolic role there, 
and the fact that the enzyme is shown to be active within the glandular 
cells lends support to this assumption.

A possible approach to the problem of the function of pseudo
cholinesterase in the pancreas is to study the long-term effects of DFP on 
this organ and its secretion when a sufficient amount is given to inactivate 
the enzyme. Experiments of this kind have been done in other species 
to inactivate pseudo-cholinesterase in other tissues; but the effect of 
DFP on the dog’s pancreas has not yet been examined.

It is remarkable that in the pancreas of none of the five other species 
examined, which included two ruminants, two non-ruminant herbivores 
and one carnivore, were we able to demonstrate the presence of any 
pseudo-cholinesterase. Neither the glandular tissue nor the pancreatic 
juice contained the enzyme. This was the only important difference 
histochemically between the dog pancreas and the pancreas of the cat and 
the rabbit. On the other hand, in the sheep pancreas (to a lesser extent 
in the horse and goat pancreas as well) true chofinesterase was found 
in the tissue at sites where it did not appear in the dog or cat. Histo
logically this tissue could not be differentiated from the remainder. 
Replacement of pancreatic cells involving the formation of transitional 
tissue is known to occur normally in the adult pancreas, and possibly it is 
this tissue which is distinguished by the presence of true chofinesterase.

So far as we are aware, the presence of pseudo-chofinesterase in 
Pacinian corpuscles has not previously been reported. The result is of 
interest in view of findings by Gray and others [Brown and Gray, 1948; 
Gray and Sato, 1953], who have shown that acetylcholine is not present 
in Pacinian corpuscles, and conclude from this and other evidence that 
acetylcholine has no role in their excitation. Our results support the 
same conclusion, since the mass of evidence indicates that pseudo- 
cholinesterase has no function in the hydrolysis of endogenous acetyl
choline ; and there is no reason to suggest that it has any such function
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in the Pacinian corpuscle. Instead, it seems more likely that the 
enzyme has another kind of metabolic function. Perhaps both here and 
in the glial cells elsewhere [Koelle, 1950; Hebb, Silver, Swan and Walsh, 
1953] it is concerned with the maintenance of nerve structures.

At the present time the classification of the esterases is largely based 
on substrate preferences and the action of selective inhibitors, By these 
methods an increasing number of esterases are now being identified and, 
in the case of the pancreas, activity which was at one time attributed 
to a single enzyme, lipase, is now knowm to be due to the activity of a 
complex of enzymes. However, olive oil is generally regarded as an 
appropriate substrate for lipase to distinguish it from esterases which 
hydrolyze triglycerides of short chain fatty acids. On this test our 
results indicate that, compared with canine pancreatic juice, ovine 
pancreatic juice is deficient in lipase although it does have other esterase 
activity. As we pointed out earlier, however, our results could be 
explained in other ways; and confirmatory tests will be required before 
we can be certain how much lipase sheep pancreatic juice does contain.

Summary

1. Histochemical examination of the pancreas of the dog, sheep, goat, 
horse, rabbit and cat revealed that only in the dog did the gland cells 
contain pseudo-chofinesterase. In this species the cytoplasm of both 
acinar and Islet cells contained the enzyme.

2. True cholinesterase was present in the nervous tissue of the glands 
of all species examined, as w ell as in some unidentified cells of the glands 
of the horse, goat and sheep.

3. The Pacinian corpuscles in the cat pancreas contained pseudo- 
chofinesterase.

4. The cholinesterase in the pancreatic juice of the dog was identified 
as pseudo-chofinesterase.

5. Sheep pancreatic juice differed from dog pancreatic juice in two 
respects: it contained no cholinesterase, and hydrolyzed olive oil at a 
much slower rate.
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Annison, E. F., Hill, K. J., Lindsay, D. B. and R. A. 
Peters (Cambridge, England). Possible protective 
effects of acetate against fluoroacetate poisoning 
in sheep*

787

It is possible that sheep may come into contact with fluoro
acetate ions as such or by eating the plant Dichapetaluni 
cymosum. Acetate protects some animals (for literature see 
Chenoweth, M. B., Kandel, A., Johnson, L. B. and 
Bennett, D. R. J. Pharmacol & Exp. Thern 1951, 102, 
31) from poisoning due to the lethal synthesis of fluoro- 
citrate which blocks citrate metabolism (Bufea, P. and 
Peters, R. A., J. Physiol. 1949, jxo, 488). We have 
investigated whether an increase of the acetate normally 
present in the rumen and blood would protect sheep.

Experiments with twelve sheep indicated that 0.2 mg/kg 
body weight of fluoroacetic acid injected intravenously (as 
sodium salt) or given by stomach tube produced only slight 
hyperexcitability, but 0.3 mg/kg invariably resulted in death 
within 36 hr. Blood sugar and lactic acid concentrations 
rose steadily after fluoroacetate administration, and when 
a fatal dose was given showed a three-four fold increase 
before death supervened. Blood acetate levels increased 
by about 50 % under these conditions, but concentrations 
of ketone bodies were markedly enhanced only immediately 
before death. Analyses of various organs after death in
dicated that significant accumulation of citrate had occurred 
in heart, kidney, spleen and diaphragm.

The protective action of acetate and mOnoacetin was 
investigated. Continuous intra-ruminal administration for 
24 hr of acetate to a sheep at a rate sufficient to maintain 
the concentration of acetate in rumen fluid at 140 m.mol/1, 
protected the animal against a dose of 0.4 mg/kg of fluoro
acetate. Blood acetate levels of 2 ^—^3 m.mol/1. were found 
throughout this period. When larger amounts of fluoro
acetate were given, the administration of large doses of

1

f



acetate before and for long periods after dosage with fluoro- 
acetate caused a marked delay in the onset of the symptoms 
of toxicity, but did not prevent the ultimate death of the 
animal. Monoacetin injected intramuscularly (20 m.mol/ 
kg body weight) into one animal was not demonstrably more 
effective than acetate in conferring protection against fluoro- 
acetate.
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Introduction

In the young ruminant the first three compartments of the compound 
stomach, the reticulum, rumen and omasum, are undeveloped and 
essentially non-functional. This is in contrast to the adult, where these 
organs are well developed and where, in the rumen and reticulum, 
fermentation and other changes occur to a marked extent. The changes 
in intermediary metabolism incident to functional development of the 
rumen have been described by several workers, but little is known of the 
actual digestive processes occurring during this period. Of particular 
interest are the first two or three days after birth, since it is during this 
period that absorption from the intestine of antibodies present in 
colostrum in the form of intact protein occurs [McGirr, 1947]. It is 
usually assumed that immune globulins cease to be absorbed because 
of changes in the permeability of the intestinal mucosa, but in addition 
the increasing activity of the digestive enzymes may alter or destroy 
the protein molecule.

During the present investigations on the development of the gastric 
glands in the sheep, evidence was obtained for the existence of a 
mechanism whereby protein material in the abomasum might be 
protected from enzymatic breakdown during the critical first 24 hours 
of life. This appeared to support the idea that cessation of absorp
tion might not be due solely to changes in intestinal permeability and 
initiated further work of a comparative nature. The results showed 
that in the rat, which absorbs antibodies from the colostrum, the attain
ment of optimum pH conditions for proteolytic activity in the stomach 
coincided in time with the cessation of absorption of intact globulin. 
In the guinea-pig, which receives antibodies in utero, the stomach 
appeared to be capable of digesting protein at or before birth.

Materials and Methods

Foetal lambs of known ages were obtained from Clun Forest ewes 
which were being used for another purpose at this Institute. Newborn
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and young Clun Forest lambs were obtained from the Institute farm. 
They were killed by an intravenous injection of Pentobarbitone (Abbott’s 
Veterinary Nembutal) and the gastro-intestinal tract removed immedi
ately. Abomasal contents were taken from the foetal and young lambs 
without contamination by material in the fore-stomachs and duodenum.

Portions of the abomasum and in some cases of the small intestine 
were fixed for 48 hours in 10 per cent formal-saline and also in Regaud s 
fixative. The tissues wrere embedded in paraffin wax and sectioned at 
6 fi. Staining w as with haematoxylin-eosin, Gomori trichrome and 
Bowie’s crystal violet-orange G pepsinogen stain [Bowie, 1936].

Estimations of the proteolytic activity of some of the abomasal 
contents were made by Hunt’s method [Hunt, 1948], and the pH was 
measured by the glass electrode or by B.D.H. Universal Indicator. On 
a few’ occasions the clotting activity of the abomasal contents was 
determined by the method described by Berridge [1952].

Comparative histological studies were made on the stomachs of 
foetal and young guinea-pigs and young rats. Measurements of the pH 
of the stomach contents w ere also made.

#

Results

The Development of the Peptic Glands in the Abomasum of the
Foetal Lamb

The primary epithelial lining of the developing abomasum consisted 
of a single flat layer of columnar cells (20-day foetus) w’hich gradually 
became folded and so formed projections into the lumen of the stomach 
(40 days). These projections, consisting of a core of mesoblast covered 
wdth columnar cells, eventually formed the large mucosal folds of the 
adult abomasum. In the 60—75 days’ foetus the columnar epithelium 
lining the entire stomach wras formed into a series of shallow tubular 
pits, the future gastric glands (fig. 1A), and it w'as by differentiation 
from the simple columnar cells w’hich lined them that the various cell 
types of the mature gland were produced. Thus in the slightly older 
foetus (75-85 days) it was possible to distinguish the future peptic cells 
as small groups of darkly staining cells at the bases of the glands, 
although they w’ere not present in every gland, and zymogen granules 
could not be demonstrated distinctly in their cytoplasm (fig. IB). By 
85 days, however, many of the peptic cells contained poorly defined 
granules which stained wdth Bow ie’s stain and represented the developing 
pepsinogen granules. At this time also there appeared a few moderately 
large oval cells scattered amongst the columnar cells lining the sides of 
the glands. These appeared to be the developing parietal cells. From 
85 days onwrards there w as progressive development of the glands which 
resulted in an increase in their depth and in the number of peptic cells



Fig. 1

A. Section through mucosal fold of foetal lamb abomasum (74 clays). Developing gastric 
glands in form of shallow tubular pits. Hsematoxylin-eosin. x 107. Green filter.

D. Gastric glands of foetal lamb abomasum (84 days). Darkly stained peptic cells present 
at bases of glands. Haematoxylin-eosin. x512. Green filter.

t . Gastric glands of foetal lamb abomasum (119 days). Numerous peptic cells containing 
pepsinogen granules. Gomori trichrome. x512. Green filter.

D. As (C). Bowie. x 1616. Green filter.

[To face page 422



Fig. 2

A. Lamb abomasum (newborn). Gastric glands containing numerous peptic
cells, parietal cells virtually absent. Hiematoxylin-eosin. x 608. Green 
filter.

B. Lamb abomasum (9J hrs. old). Gastric glands containing occasional parietal
cells and mitotic figures. Hiematoxylin-eosin. x 447. Red filter.

C. Lamb abomasum (24 hrs. old). Gastric glands containing appreciable numbers
of parietal cells. Haunatoxylin-eosin. x 728. Green filter.

D. Lamb abomasum (72 hrs. old). Gastric glands containing many parietal cells.
Ha'inatoxylin-eosin. x 728. Green filter.
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(fig. 1C). The latter contained numerous pepsinogen granules which 
could be demonstrated clearly from 119 days onward (fig. ID). The 
most interesting feature of the developing glands, however, was the 
scarcity of parietal cells; at 120 days there were very few present, and 
even at term (150 days) they were scattered only thinly throughout 
the glands.

This histological evidence therefore indicated that the abomasal 
mucosa at term possessed the cellular basis for the secretion of at least 
two of the components of gastric juice—pepsin and mucus. The 
small number of parietal cells present was of interest, and when con
sidered in conjunction with the chemical findings {vide infra) it became 
apparent that the abomasal secretion was, in fact, deficient in one of its 
most important constituents, namely, hydrochloric acid.

In a number of lambs killed at known times after birth, the stomach 
contents were removed and the mucosa examined histologically. Most 
of the lambs were allowed to suckle the ewe, since it was thought that 
the presence of food material in the stomach might have been a factor 
affecting the post-natal development of the gastric glands, and it was 
hoped to follow histologically the absorption of colostral globulins from 
the small intestine.

The abomasal mucosa of the newborn lamb closely resembled that 
of the full-term foetus. Peptic cells containing pepsinogen granules were 
numerous and well defined, but parietal cells were still very few in 
number (fig. 2A). Examination of the abomasum in lambs killed at 
various times during the first three days of life revealed, however, that 
there was a progressive increase in the number of parietal cells (fig. 2B, 
C and D), and that by the end of this period the gastric glands in general 
appearance resembled those of the adult. Growth of the gastric glands 
continued after this time, but it appeared to be a more gradual process 
and largely consisted of an increase in the length of the glands. A 
feature of the mucosa during this early period was the large number of 
mitotic figures present in the middle and lower third of many of the 
glands (fig. 2B). To obtain some idea of the relative numbers of 
parietal cells present in the mucosa at various times during the first 
three days of life, counts were made of the parietal cells in twenty 
consecutive fields of a section taken from comparable areas of the 
abomasum in each of 6 lambs of known age. Each field included the 
base and middle third of the gastric glands to ensure that the parietal 
cell area was fully covered. The results showed that there was a 
comparatively rapid increase in the number of parietal cells during the 
first three days of life. During this period there was also a marked 
increase in the acidity of the abomasal contents (fig. 3).

Sections of the jejunum of the lambs fed colostrum were examined 
for the presence of protein globules in the surface epithelial cells of the 
villi [Comline, Roberts and Titchen, 1951]. The cells of the newborn
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lamb which had not received colostrum were devoid of globules. Lambs 
9£ and 12 hours old, which had received colostrum, showed numerous 
eosinophilic globules in the jejunal epithelial cells (fig. 4A and B), as did 
those of a 24-hour-old lamb, although they were not so numerous as in 
the younger animals. The epithelial cells of a lamb killed 36 hours
NUMBER OF 
PARIETAL CELLS

PARIETAL CELLS

TERM 12 24 36 48 60 72 v
AGE OF LAMBS (HOURS).

Fio. 3.—Parietal cells in the abomasi of 6 young lambs. Each point represents the total 
number of parietal cells counted in 20 consecutive fields of a section ( x 480). The pH of

the abomasal contents is also shown.

after birth were mainly without globules although a number of them 
contained very pale pink “ghosts”. At 72 hours globules were not 
present in the epithelial cells.

Examination of the Abomasal Contents.—Without exception the 
foetal abomasum contained varying amounts of clear mucoid material, 
usually of a pale yellow appearance, occasionally colourless (Table I). 
The pH of this material varied from 5-0 to 7*0, and out of 11 samples 
examined 10 contained small quantities of a proteolytic enzyme active 
at pH 2*1. Abomasal contents of very young lambs which had not 
suckled were of a similar nature. The abomasa of young lambs which



Fig. 4

A. Lamb jejunum ({)£ hrs. old). Animal received colostrum 2 hours before death.
Epithelial cells containing eosinophilic globules. Haematoxylin-eosin. x 447. 
Green filter.

B. As (A). Haematoxylin-eosin. x 1475. Green filter.

C. Rat stomach (20 hrs. old). Haematoxylin-eosin. x 107. Green filter.

D. Guinea-pig stomach (1 hr. old). Haematoxylin-eosin. x 153. Green filter.

[ To face page 424
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Table I.—Details of the Abomasal Contents of Fietal and Young Lambs

Animal Age Abomasal contents Vol., pH

7-0

Proteo
lytic

Foetal
Clun lamb 4 79 days Pale yellow mucus

ml. activity, 
units/ml.

>> >» 1 84 >9 99 99 99 6-0
>» >> 8 119 99 99 99 99 . . 60
»* >> 12 120 9 9 Colourless ,, 20 7-0 00
„ „ 20 140 99 Pale yellow ,, 60 5-0 7-0
>> >> 21 140 99 „ orange „ 30 5-0 30
„ „ 22 140 99 99 99 99 20 50 8-0
„ „ 23 140 99 „ yellow „ 30 50 4-5
„ „ 9 150 99 Colourless ,, 70 7-0 5-5
„ „ 11 150 99 Pale brown ,, 10 6-0

Dorset Horn X 
Clun lamb 16 150 99 Colourless 40 5*4 330

Dorset Horn X
Clun lamb 17 150 99 Pale yellow ,, 90 61 30

Clun lamb 19 150 99 »» » ,, + hairs 20 50 6-5
„ „ 25 150 9 9 99 99 99 50 5-5 7-0
»» »> 27 150 99 99 99 99 25 50 90

Welsh Mountain
lamb 37 150 99 Colourless „ 25 6-2 • •

Newborn—
Clun lamb 36 (b) 2 hours Colourless mucus 30 7-0 60

»» »» 32 (a) 3 99 Empty
Welsh Mountain

lamb 38 3 99 Yellow mucus 7 7-0
Clun lamb 31 4 99 Pale yellow mucus 40 7-0 8-0

»> >» 28 4 99 99 99 99 85 6-0 50
>» »> 33 H 99 Clots and whey 60 50
„ „ 35 12 99 99 99 99 50

Dorset Horn X
Clun lamb 18 19 99 99 •• 99 45 6-2

Clun lamb 34 24 99 99 99 99 4-0
»> >> 36 36 99 99 99 99 130 3-25

Dorset Horn X
Clun lamb 29 72 99 99 99 99 75 30

Clun lamb 10 5 days 99 99 99 2-0

had access to the ewe all contained semi-solid clotted material and whey. 
The pH of this material showed a progressive fall with the increasing 
age of the animal, being pH 4-0 at 24 hours old and just over 3-0 at 
36 hours old (fig. 3).

A comparison of the clotting activity of a few samples of foetal and 
young lamb abomasal contents and pure fundic gastric juice obtained 
from abomasal pouches in adult sheep, revealed that the clotting activity 
of foetal and young lamb material was considerably greater than that of 
adult juice (Table II). At the same time the proteolytic activity, at pH 
2*1, of adult gastric juice was considerably greater than material from 
the young animal.
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Table II.—The Clotting Activity of the Abomasal Contents of 
Newborn Lambs and Gastric Juice from Older Animals

Animal

Lamb 27
30
32 (6)

Sheep 36
»» 37

Vol. of abomasal contents or gastric juice added

Age
to the clotting system

01 ml. 0-05 ml. 0-02 ml. 0-01 ml.

Newborn ^ r 95" 7' 0" 8' 55" 12' 0"
§ 45" # # 50" 75"

2 hours 65" 1' 50" 3' 50" 8' 20"
4 „ i 70" 2' 15" 5' 30" 7' 7"
8 months i IT 6" 16' 30" • • . .

7 „ £ lo 8' 12" 14' 46"

Examination of the Stomach of the Foetus and I oung of Other Species. 
Since the evidence obtained from foetal and newborn lambs suggested 
a possible relationship between the time when true gastric juice com
menced to be secreted and the cessation of globulin absorption, it was 
thought desirable to ascertain whether a similar relationship existed in 
other species which absorb globulin after birth. Moreover, it seemed 
pertinent to examine the stomachs of species which do not absorb 
colostral proteins.

Some preliminary observations were therefore made on rats, which 
absorb colostral protein up to 21 days after birth [Halliday, 1955], and 
on guinea-pigs, which receive maternal antibodies in utero and which do 
not absorb colostral proteins [Brambell, Hemmings and Henderson, 
1951].

Five rats varying in age from 20 hours to 25 days were examined. 
All the stomachs contained clotted milk and, as in the lamb, the pH of 
the gastric contents showed a gradual fall with increasing age of the 
animal. It was only after the normal weaning time, 20 to 25 days, that 
a comparatively low pH was attained (Table III). Histologically the

Table III.—Details of the Stomach Contents of Five Young Rats

Rat Age Stomach contents pH

3 20 hours Clotted milk 50-6-0
1 6 days ** 99 4-0-50
4 12 „ 99 4-0
2 18 „ 99 4-0
5 25 „ 99 99 3-0

gastric mucosa of the recently born animal (20 hours) was very poorly 
developed. The gastric glands were not fully differentiated and, apart 
from the columnar mucus cells of the surface epithelium, no specific cell 
types could be identified (fig. 4C). At 6 days the gastric glands were 
still incompletely defined with only occasional parietal and peptic cells. 
At 12 to 18 days the glands were well defined and contained moderate 
numbers of parietal cells and a few peptic cells; at 25 days the mucosa
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resembled that of the adult rat. A feature of the region of the stomach 
lined by stratified squamous epithelium was the presence of large 
numbers of short bacilli, perhaps due to the absence of HC1.

The stomachs of 6 guinea-pig foetuses from 47 days old to term and 
7 very young guinea-pigs were removed and examined. The foetal 
stomachs, with two exceptions, contained varying amounts of colourless 
mucus, pH 7*0 to 8*0. The exceptions, two 68-day foetuses, also con
tained colourless mucus but the pH was now 4*0. The pH of the 
stomach contents of all the young guinea-pigs, whether they were 
empty or contained milk clot, was between 1*0 and 2-0 (Table IV).

Table IV.—Details of the Stomach Contents of Fcetal and 
Newborn Guinea-Pigs

Guinea-Pig Age Stomach contents pH
6 47 days Colourless mucus 7-0-8-0
7 60 „ 99 99 7-0-8-0
8 65 „ 99 99 7-0
9 55 „ 99 99 7-0

10 68 „ 99 99 40
11 68 „ 99 99 40

{ 2 1 hour Empty 1*0-2-0 (mucosa)
3 H hours 99 1-0-2-0
1 2 „ Clotted milk and whey 10-20

< 4 7 „ Empty 1-0-2-0 (mucosa)
12 0 »> 99 1-0-2-0
14 15 „ Clotted milk and whey 1-0-2-0^ 5 24 „ 99 99 99 2-0

The gastric glands were well defined in late foetal life, and by one hour 
after birth the gastric mucosa closely resembled that of the adult guinea- 
pig. Numerous parietal cells were present, and moderate numbers of 
pepsinogen granules were to be found in the peptic cells (fig. 4D).

Discussion

The most interesting features revealed by the histological observa
tions were the early development of the peptic cells and the delayed 
development of the parietal cells in the lamb abomasum. These 
observations confirmed to some extent those of Sewall [1878], who found 
peptic cells in a lamb foetus of approximately 67 days and observed that 
they first appeared abundantly between 76 and 82 days. However, 
Sewall stated that the parietal cells appeared comparatively early and 
increased in number up to the time of birth, when they were relatively 
quite as numerous as in the adult stomach. The present observations 
demonstrated that there were relatively very few parietal cells at birth, 
and that it was only within the 36 to 48 hours after birth that they 
became at all numerous.
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These findings were supported by the fact that the reaction of the 
abomasal contents during foetal life and at term was close to neutrality, 
and that a pH value low enough for the optimum action of pepsin was 
not attained until some 36 hours after birth. That the acidity of the 
abomasal contents was in fact low, and did not simply appear low 
because of the buffering effect of colostrum or milk, was indicated by 
the high pH values of the contents of lambs which had not suckled, and 
also by the progressive fall in pH of the abomasal contents of animals 
which had suckled. Thus in lamb 29, which was 72 hours old when 
killed, the abomasal contents had a pH of 3-0, even though large amounts 
of milk clot were present.

The demonstration of small amounts of proteolytic enzyme active at 
pH 2-1 in the abomasal contents of foetuses from 140 days old appeared 
to indicate that the peptic cells were actively secreting. However, 
since the pH conditions were unsuitable for the activation of pepsinogen 
(Table V), this enzyme was presumably inactive until 24 to 36 hours

Table V.—The Effect of pH on the Proteolytic Activity of 
Abomasal Contents from Newborn Lambs

Proteolytic activity, units/ml.
Substrate, pH

Lamb 30Lamb 27 Lamb 31

21 7-5 8-0 230
30 8-0 90 14-0
40 90 6-5 100
50 30 00 0.0
60 0-0 00 00

after birth, when the increasing number of parietal cells brought about 
an increase in the acidity of the abomasal contents.

Although considerable information is available about the clotting 
activities of calf abomasal secretion and of rennin prepared from calf 
abomasal mucosa [Berridge, 1951], there is no evidence for the existence 
of a distinct clotting enzyme in the abomasal secretion of the lamb. 
The facts obtained by the present experiments were too meagre to draw 
any definite conclusions, but the marked clotting abilities of foetal 
abomasal contents and those of very young lambs suggested that a 
distinct clotting enzyme might have been present. The pH of the 
abomasal contents of the very young animal would also appear to have 
been suitable for the clotting activity of rennin. Within 36 to 48 hours 
after birth the acid and pepsin content of the abomasal secretion would 
be adequate to clot colostrum or milk. The ability of the lamb foetal 
stomach contents to clot milk was also noted by Sewall.

From these observations it was concluded that abomasal digestive 
activity, as judged by the attainment of optimum conditions for peptic 
activity, commenced between 24 and 36 hours after birth. The close
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correspondence between this time and the time when immune globulins 
cease to be absorbed prompted the question whether, in fact, there was 
any relation between the two. It has been known for some time that 
in young ruminants the colostral globulins, usually associated with 
antibodies, are absorbed intact from the small intestine [Howe, 1921; 
Mason, Dalling and Gordon, 1930], and, moreover, McCarthy and 
McDougall [1949] have shown that the absorption, by lambs, of 
colostrum from ewes immunized with B. typhosus H antigen occurred 
up to 29 hours but not at 48 hours or later after birth. These and other 
findings have been considered as evidence that the small intestine of 
ruminants possessed special permeability during the first 36 to 48 hours 
of life. Whilst this may be so, it is obviously of importance that the 
colostra] globulins should be protected from enzymatic breakdown in 
the alimentary tract during this period. Mason et al. have indeed 
suggested that absorption of antibody by the young animal could be due 
to high absorptive power or the absence of digestive ferments, or both. 
The evidence presented in this paper indicated that, in the lamb, 
abomasal proteolytic digestion would be negligible up to 24-36 hours 
after birth. This was not because of the absence of proteolytic enzyme, 
but because the hydrogen-ion concentration was unsuitable for its 
action.

A further point of possible significance related to the effect of peptic 
digestion on antibodies. Hartley [1951] has shown that diptheria 
antitoxin purified by peptic digestion failed to pass through the placenta 
of pregnant guinea-pigs although the antibodies in natural serum passed 
readily. This was not because the antibodies were destroyed, but 
because the enzyme affected the antibody molecules in some way. The 
cessation of absorption of colostral globulins might possibly have been 
due to a comparable effect by the proteolytic enzymes of the gastric or 
intestinal secretions. This point is being investigated.

The histological observations on the rat stomach confirmed Kamma- 
raad’s [1942] finding that the peptic cells did not contain any appreciable 
quantity of pepsinogen granules until after 15 days of age, and that it 
was only about the 25th day that the distribution of peptic and parietal 
cells was typical of the adult. Manville and Lloyd [1932] also showed 
that the stomach contents of newborn rats possessed a pH of 6-6, and 
that it was only during the third week of life that any marked increase in 
acidity occurred. This evidence suggested that protein breakdown in 
the rat stomach may be minimal until about the end of the third week of 
life, a time which corresponded with the cessation of globulin absorption.

On the other hand the guinea-pig, within 2 hours of birth, was found 
to possess fully differentiated gastric glands which secreted highly acid 
gastric juice. Moreover, Sutherland [1921] considered that even in 
intra-uterine life the foetal guinea-pig showed spontaneous secretion of 
acid gastric juice. It would seem, therefore, that the guinea-pig was
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able to digest protein from a very early age, and there was possibly some 
confirmation of this in the fact that protein globules were not seen in 
the small intestine of the young guinea-pig after the ingestion of 
colostrum. There was still the possibility, of course, that this was due 
to inability of the epithelium to absorb intact protein. Nevertheless, 
as the foetal guinea-pig received antibodies in utero the digestion of 
colostral proteins, including globulins, could presumably have occurred 
without adverse effects on the animal.

In recent years considerable attention has been given to the mode 
of transference of antibodies from the mother to the foetus or young, 
and Brambell et al. have summarized the position as follows:

1. Ungulates—transfer of passive immunity from mother to young
was by way of colostrum over a period of 24 to 36 hours after 
birth.

2. Rabbits, guinea-pigs, man—transference occurred in utero.
3. Dogs, cats, mice, rats—occupy an intermediate position; a little

transference occurred in utero, but mainly occurred by way of 
colostrum, and, moreover, antibodies could be absorbed from 
the gut for a considerable period.

The observations reported in this paper, although based on only one 
species from each group, indicated that there was a marked difference in 
the degree of development of the gastric glands between the three 
groups. Preliminary observations on other species (calf, puppy, mouse) 
confirmed this finding, although different modes of development within 
each group were found. Thus the very young puppy, which absorbs 
colostrum for 10 to 12 days, possessed gastric glands which contained 
appreciable numbers of parietal cells but only very few peptic cells. 
The gastric secretion, although of high acidity [McCance and Brown, 
1953], does not contain pepsin [Moore, 1898]. As the dog does not 
secrete rennin [Holter and Andersen, 1934], the acid secretion might 
fulfil a useful role in clotting the ingested colostrum.

No information was available on the enzymatic activity of the 
pancreatic and intestinal secretions in newly born animals, but it is of 
interest that an anti-trypsin has been described as occurring in colostrum 
[Laskowski and Laskowski, 1951]. As the preparatory digestion of 
protein by gastric pepsin is favourable to subsequent pancreatic tryptic 
activity, it might be that the absence of peptic digestion also retarded 
intestinal breakdown, and hence facilitated the absorption of globulin.

Summary

1. Histological investigations on the development of the abomasal 
glands of the sheep showed that peptic cells, which contained pepsinogen 
granules, were present at 85 days and gradually increased in number 
up to term (150 days).
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2. Parietal cells, which were very sparse until term, increased 
rapidly during the first 48 hours of life.

3. The abomasal contents during foetal life were neutral in reaction, 
in late foetal life contained small quantities of a proteolytic enzyme

active at pH 2*1. This material also clotted milk readily.
4. The reaction of the abomasal contents, which at birth was between 

pH 6-0 and 7-0, changed gradually during the first two days of life, and 
36 hours after birth was adequate for the activation of pepsin pH 3-0 
to 4-0.

5. Comparative observations showed that in the young rat the 
gastric glands were not fully developed until three weeks after birth, 
whilst the newly born guinea-pig possessed fully differentiated gastric 
glands.

6. It is concluded that in those species in which antibody transference 
occurs in utero, secretion of active gastric juice occurs at or before birth, 
whilst in those species receiving antibodies from the colostrum, gastric 
protein digestion is delayed by retarded development of the gastric 
glands or by one of the cell types of the gastric glands.
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(Reprinted from Nature, Vol. 178, pp. 1353-1354, Dec. 15, 1956)

Histological and Histochemical Observa
tions on the Intestinal Cells of Lambs 

and Kids absorbing Colostrum

It has been known for many years that intact 
colostral globulins are absorbed from the intestine of 
the young ruminant1 and recently it has been shown2, 
in the calf, that labelled globulins from colostral 
whey passed from the intestinal lumen into the 
intestinal lymphatics. Histological examination of 
the intestinal epithelium of calves in which absorp
tion of protein was taking place revealed the presence 
of numerous globules with similar staining pro
perties to the protein of the whey, and hence it was 
suggested that the protein, which was absorbed 
without change, passed through the cells of the 
epithelium of the small intestine3.

We have recently carried out a histological and 
histochemical study of the intestinal epithelium of 
young lambs and kids which were killed shortly after 
receiving colostrum. As in the calf, the epithelial 
cells of the villi of animals up to 36 hr. old contained 
large numbers of eosinophilic globules of varying size 
(2-5-15(x), while the cells of older animals did not 
contain globules. The globules were present through
out each cell, the majority occupying an infranuclear 
position since most of the nuclei were close to the free 
border of the cell.

As described by Comline et al.t colostral whey with 
Similar staining and histochemical properties to the 
globules was present in the lumen of the gut and 
between the intestinal villi. In this position the whey 
was in a finely granular form. Moreover, finely 
granular material with similar staining and histo
chemical properties was demonstrable in the lacteals 
within the villi. Examination of suitably stained 
sections (periodic acid — Schiff) revealed numerous 
small granules just within the free border of each 
epithelial cell. These granules had similar staining 
properties to the globules and hence it appeared that 
the material in the lumen of the intestine was absorbed 
in a finely divided form and that globule formation 
occurred within the cell. Although in mounted 
paraffin sections the globules appeared homogeneous, 
examination in water of sections stained with methyl - 
ene blue revealed that each large globule was made 
up of a number of smaller globules. Breakdown of the 
globules apparently occurred within the cell since 
none could be demonstrated in the lacteals.



Table 1

Ilistoohemical test
Lumen
content Globule

Lacteal
content

Periodic acid - Schiff 
(PAS) + + +

PAS after diastase + + 4-

PAS after hyal-
uronidase + + +

Metachromasia — —

Methylene blue Faint or nil Faint or nil Faint or nil
extinction below pll 4 0 below pH 4 0 below pH 4 0

Aician blue — — —

Sudan III and IV + — +
J Sudan black B + — 4*

] Nile blue sulphate + , — 4- '
Millon reaction + -1- Faint 4-
Feultfen reaction — — —
Pyronln + + 4-

Pyronin after 
ribonuciease + + 4-

'The results of the histochemical tests are presented 
in Table 1. They showed that the material in the 
lumen of the gut, the globules in the epithelial cells 
and the material in the lac teals was muco- or glyco
protein. It seems reasonably certain, therefore, that 
the globules were, in fact, the colostral proteins. That 
the protein was present as a conjugated protein was 
not unexpected since highly purified preparations of 
colostral globulin have been shown to contain residual 
carbohydrate material4 5, and fractions of serum 
globulin have also been shown to fall into the group 
of glycoproteins*. It is possible, however, that the 
colostral globulin became associated with the mucus 
secreted by the digestive tract prior to absorption. 
This point is being investigated.
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Studies on the Portal Blood of Sheep
1. ABSORPTION OF AMMONIA FROM THE RUMEN OF THE SHEEP
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During recent years there has been considerable 
interest in the nitrogen metabolism of ruminants, 
and in the role of rumen micro-organisms in protein 
digestion. It has become increasingly evident 
during investigations on various aspects of protein 
breakdown and synthesis that the microbial activi
ties in the rumen are not always advantageous to the 
host animal. In particular, the breakdown of food 
protein to ammonia in the rumen may lead to an 
appreciable loss of nitrogen to the animal. McDonald 
(1948a) focused attention on this problem when he 
showed the importance of ammonia production in 
protein degradation and the ready absorption of 
ammonia from the rumen of the anaesthetized 
sheep. Chalmers, Cuthbertson & Synge (1954) have 
confirmed this finding, again on anaesthetized 
sheep. However, little attention has been given to

the quantitative relationship between the ammonia 
concentration in the rumen and in portal blood or to 
the measurement of the loss of dietary nitrogen in 
the form of ammonia.

In the experiments to be described it was shown 
that there was a correlation between rumen and 
portal-blood ammonia over a wide range of rumen- 
ammonia concentrations. Leakage of ammonia 
through the liver into the systemic circulation 
occurred at relatively low portal concentrations. 
At higher rumen-ammonia levels it was possible to 
correlate rumen-, portal- and peripheral-blood 
ammonia and to relate the levels to the onset and 
development of toxic symptoms.

A preliminary account of some of this work 
has been published (Annison, Hill & Lewis, 
1955).



588 D. LEWIS, K. J. HILL AND E. F. ANNISON 1957
EXPERIMENTAL

Animals and surgical techniques
The main experiments were carried out on five adult Chin 
Forest sheep and additional observations were made on 
five other sheep. Each animal was stall-fed for at least 
2 months before any experiment. During this period an 
exteriorized loop of the carotid artery and a rumen fistula 
were prepared in each animal. At a subsequent operation 
a wide-bore polythene catheter (3 mm. external diam., 
1*5 mm. internal diam.) was introduced into the portal vein 
through the wall of the portal vein itself, or through the 
substance of the caudate lobe of the liver and into the 
branch of the portal vein supplying that lobe, or through the 
main intestinal trunk of the anterior mesenteric vein.

Irrespective of the method of insertion the catheter was 
always anchored with its tip resting at the porta hepatis and 
with its free end, after it had passed through the body wall, 
sutured to the skin. When not in use the catheter was filled 
with heparin-saline (1000 units/ml. of 0-9% NaCl) and was 
washed through with heparin-saline at frequent intervals. 
This method of obtaining portal blood, a full description of 
which is to be published elsewhere, allows large samples 
(20-30 ml.) of blood to be withdrawn rapidly and at frequent 
intervals. This is of importance when analyses such as the 
estimation of the individual volatile fatty acids of portal 
blood are required. The disadvantage of the method is that 
blockage of the catheter usually occurs after 1-3 weeks.

Chemical methods
Blood ammonia. This was estimated by a modification of 

the method of Conway & Cooke (1939). Within 20 sec. of the 
withdrawal of the blood 1 ml. volumes were delivered into 
the Conway vessels directly from 5 ml. syringes. The 
delivery limits were from points at which one side of the 
groove holding the plunger spring were adjacent to one edge 
of the syringe-barrel calibration marks. Syringes were 
discarded if the mean volume delivered was above 3 % from 
the theoretical volume: the quantities from any one syringe 
were consistent within ±2%. The corrections of Conway 
(19.50) were applied for the ammonia not released in the time 
allowed for diffusion (20 min.), for the rate of diffusion from 
blood as compared with water and for the volatile alkaline 
material liberated from blood by the action of alkali. The 
correction values were obtained with human and rabbit 
blood; on repeating the procedures with sheep blood no 
significant differences were found. With this procedure and 
these corrections the concentration of ammonia found in the 
arterial blood of sheep was always less than 0*1 m-mole/1. 
and usually less than 0-05 m-mole/1. under normal feeding 
conditions. These findings and also recovery values of 
95-105% for ammonia added to blood indicate that the 
method gives satisfactory results. It is estimated that when 
the ammonia concentration is above 0-2 m-mole/1. the 
method is accurate to ±0-8%, but larger errors may occur 
at lower ammonia concentrations.

Blood urea. This was estimated by the Conway method 
with the urease-phosphate preparation from jack-bean meal 
(Arlington Chemical Co., New York). The technique 
described by Conway & O’Malley (1942) was used: the 
urease was allowed to act for 20 min. and ammonia released 
with potassium metaborate as the alkaline reagent. 
Corrections were applied for ammonia from other sources

and for that which did not diffuse out in 40 min.: the errors 
probably do not exceed ±3-5%.

Ammonia in rumen contents. This was estimated by a 
modification of the Conway (1950) method, described by 
McDonald (19486).

RESULTS

A number of experiments were carried out on sheep 
which received diets that gave rise to varying 
amounts of ammonia during fermentation in the 
rumen. Each animal was deprived of food for a short 
period (18-24 hr.) before an experiment started, to 
allow the rumen-ammonia concentration to attain 
a steady but slowly decreasing level. Samples of 
portal blood, peripheral (arterial or venous) blood 
and of rumen contents were taken, and the sheep 
was then fed with its usual ration. On some 
occasions when the sheep ate slowly the ration was
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Fig. 1. Portal-blood ammonia with high (A), medium (B) 
and low (C) rumen-ammonia concentrations. •, Portal- 
blood ammonia; Q» rumen-contents ammonia; A, 
blood urea (carotid artery in A, jugular vein in B, portal 
vein in C); □, peripheral-blood ammonia (carotid 
artery in A, jugular vein in B and C). Expt. A: sheep was 
fed at 0-5-l‘5 hr. with 300 g. of hay and 40 g. of casein; 
at 1-5 hr. 75 g. of casein hydrolysate in 300 ml. of water 
were placed in the rumen. Expt. B: sheep was fed at 
1-3 hr. with 500 g. of hay and 70 g. of casein. Expt. C: 
sheep was fed at 0-1*5 hr. and consumed 150 g. of straw, 
25 g. of sucrose, 40 g. of starch, 5 g. of molasses and 10 g. 
of salt mixture. Also at 1*5 hr., 200 g. of starch in 
300 ml. of water was placed in the rumen.
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supplemented by adding casein hydrolysate to the 
rumen through the fistula. Estimations of the 
ammonia and urea concentrations of portal and 
peripheral blood and of ammonia in rumen contents 
were made in each experiment.

Fig. 1 illustrates three such experiments in which 
the sheep received diets leading to high, medium 
and low rumen-ammonia levels. In Expt. 1A 
a casein supplement was given, in Expt. IB a 
smaller amount of casein was fed and in Expt. 1C 
the sheep was fed on a special diet (McDonald, 
unpublished; see Annison, 1956) containing appreci
able quantities of readily fermentable carbohydrate 
which reduced the rumen-ammonia concentration 
(McDonald, 1952; Chalmers & Synge, 1954). In 
each of these experiments changes in rumen- 
ammonia concentration were paralleled by changes 
in portal-ammonia concentration, although the 
actual ammonia concentrations in the rumen and in 
the portal blood differed widely. In no experiment 
was there any significant change in the ammonia 
content of the arterial blood. There was no indica
tion of any significant differences between the urea 
concentration in portal and peripheral blood. There 
did, however, seem to be some correlation between 
the rumen-ammonia level and the blood-urea con
centration. Thus in Expt. 1A, where the rumen- 
ammonia level was high, the blood-urea concentra
tion increased gradually towards the end of the 
experiment, whereas in Expt. 1C, where the rumen 
ammonia was low, no such increase was observed. 
Similar experiments at different levels of rumen- 
ammonia concentration followed essentially the 
same pattern. A more detailed investigation of the 
factors controlling blood-urea concentration is to be 
published elsewhere (Lewis, 1957).

During the course of these experiments where 
widely varying concentrations of rumen ammonia 
were produced, many simultaneous samples of 
peripheral venous and arterial blood were examined 
for their ammonia and urea content. On some 
occasions significant differences in the levels were 
observed but no regular pattern emerged.

On a few occasions the portal-ammonia curve did 
not follow that of the rumen quite so closely as is 
shown in Fig. 1. Thus in the experiment illustrated 
in Fig. 2 the rumen-ammonia concentration in
creased rapidly from the start of feeding, attained 
its peak about 2 hr. later and declined relatively 
slowly over the next 6 hr. The portal-blood ammonia 
concentration, on the other hand, showed a distinct 
lag period of about 2 hr. before any increase in 
ammonia content occurred. A clear lag period was 
observed also in one other experiment, and in 
a third experiment a slight lag occurred.

No significant increase in the ammonia concentra
tion of peripheral blood was detected in any of the 
above experiments, although relatively high

(60 m-moles/1.) rumen-ammonia levels were ob
tained on a number of occasions. Since there is some 
evidence that in sheep and cattle ammonia can pass 
beyond the liver and enter the systemic circulation 
(Dinning, Briggs, Gallup, Orr & Butler, 1948; Head 
& Rook, 1955; Repp, Hale, Cheng & Burroughs, 
1955), an attempt was made to ascertain whether or 
not there was an hepatic-ammonia threshold in the 
sheep. The results are shown in Fig. 3 of an experi
ment in which, after a short control period, the 
ammonia content of the rumen was increased step
wise by the repeated addition of an ammonium 
acetate solution through the rumen fistula. Samples

Time (hr.)
Fig. 2. Lag period in increase in portal-vein ammonia 

concentration. •, Portal-blood ammonia; Q, rumen- 
contents ammonia; □, jugular-vein ammonia; A, 
jugular-vein urea. Sheep was fed at O75-2-0 hr. and ate 
300 g. of straw, 100 g. of sucrose, 70 g. of starch, 100 g. of 
casein hydrolysate, 10 g. of molasses and 15 g. of salt 
mixture. No supplement was given.

^ 18 -

Time (hr.)

Fig. 3. Portal- and peripheral-blood ammonia following 
increase in ammonia concentration in the rumen. •, 
Portal-blood ammonia; O, rumen-contents ammonia; 
□, carotid-artery ammonia; A, carotid-artery urea. 
Sheep was not fed. Wt. of sheep, 32 kg. Ammonium 
acetate solution (m) was placed in the rumen: 100 m-moles 
at 1, 2 and 3 hr. and 50 m-moles at 4-5 and 5‘5 hr.
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of portal and arterial blood were removed at 
frequent intervals. As was expected from the 
rt'sults of the earlier experiments, the ammonia 
concentration of the portal blood increased with 
that of the rumen contents, although at a much 
lower concentration. This agreement was main
tained even at the highest concentrations of rumen 
ammonia attained (80 m-moles/1.). No significant 
change in the arterial-ammonia concentration 
occurred until the portal blood contained about 
0-8 m-mole/1. Above this level the arterial-ammonia 
concentration increased at almost the same rate as 
the concentration in portal blood. At about the 
sixth hour of the experiment the sheep became 
somnolent, with slow and stertorous breathing. 
These symptoms were most marked when the 
arterial-ammonia concentration reached 0-4—0-5 m- 
mole/1. and gradually passed off as the blood- 
ammonia content diminished.

Several other experiments were carried out in 
which the ammonia concentration in peripheral 
blood was determined after adding repeated doses 
of ammonium acetate to the rumen. As the rumen 
concentration reached 60-100 m-moles/1. a slow 
leakage of ammonia occurred into the peripheral 
venous blood, and as the blood concentration 
exceeded 0-6-0-9 m-mole/1. toxic symptoms de
veloped. These resembled those described previously 
but became progressively more severe as higher 
blood-ammonia levels were attained, culminating in 
generalized tetany and death. The toxic effects 
observed after the administration of ammonium 
salts are being investigated in more detail, with 
particular attention to the toxicity of the NH4+ ion 
and to disturbances in acid-base equilibrium.
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Fig. 4. Portal-blood ammonia after administration of 
casein hydrolysate into duodenal fistula. #, Portal- 
blood ammonia; 0» rumen-contents ammonia; □, 
carotid-artery ammonia; A, carotid-artery urea. Sheep 
was not fed for 20 hr. before experiment, and at 0-75 hr. 
70 g. of casein hydrolysate in 150 ml. of water was placed 
in the duodenum.

1957
Since absorption of ammonia from the small 

intestine may be of significance under certain 
conditions, the results of an experiment in which 
a partial casein hydrolysate (Allen and Hanbury 
Ltd., Bethnal Green, London: N, 12-7%; free a- 
amino N, 1-2%) was introduced directly into the 
duodenum are illustrated in Fig. 4. Approximately 
20 % of the total nitrogen of this hydrolysate was 
present as ammonia. Within 30 min. of introducing 
the casein hydrolysate there was a dramatic increase 
in the portal-ammonia concentration followed by 
a rapid decrease during the following 30 min. 
Thereafter, the portal ammonia remained relatively 
constant at a somewhat higher level than was found 
before dosing.

DISCUSSION

These experiments show that in the conscious sheep 
ammonia is absorbed from the rumen into the portal 
system, and so confirm the original observations of 
McDonald (1948a) which were made on anaes
thetized sheep. McDonald’s data were derived 
from estimations made on blood obtained from one 
of the rumen veins, and hence the ammonia concen
tration was greater than that observed in the present 
experiments. Nevertheless, despite the dilution of 
rumen venous blood with the remainder of the 
splanchnic drainage, quite appreciable values for 
portal-ammonia concentration were found. In the 
early stages of this work it was thought that 
ammonia production from sources other than the 
rumen might detract from the value of portal-blood 
analyses, but in fact extra ruminal-ammonia pro
duction under the conditions of the experiment 
appeared to be small and constant.

A more serious difficulty associated with the 
collection of blood samples from the portal vein was 
related to the possible occurrence of laminar or 
streamline flow. This has been shown to occur in the 
dog (Hahn, Donald & Grier, 1945), rat (Himsworth, 
1947) and rabbit (Helps & McDonald, 1954), and 
Garner & Singleton (1953) on the basis of marker 
experiments with radioactive chromic phosphate 
found that streamlining, although variable, occurred 
in the portal vein of the sheep and goat. Schambye 
(1956a, b), on the other hand, concluded from acute 
experiments in which blood labelled with the plasma 
dye T. 1824 was infused into the portal vein, and 
from in vivo experiments in which 32P-labelled 
blood was injected into the splanchnic circulation, 
that in the sheep there was considerable mixing of 
the portal blood before it reached the liver. Ana
tomically, the arrangement of the various vessels 
draining into the portal vein is such that appreciable 
mixing might be expected to occur. Nevertheless, 
it is possible that the results illustrated in Fig. 2 
were due to incomplete mixing. However, the fact 
that on most occasions changes in the rumen were

D. LEWIS, K. J. HILL AND E. F. ANNISON
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reflected so closely and rapidly by changes in the 
portal blood indicated that for most of the time 
complete mixing occurred.

The close correlation between the changes in 
ammonia concentration in the rumen and in the 
portal blood indicated that rapid transference of 
ammonia occurred through the rumen epithelium 
into the venous blood draining the rumen. There was 
no evidence for any mechanism regulating ab
sorption of ammonia from the rumen into the portal 
blood and hence it seemed most probable that 
ammonia transference was effected by simple 
diffusion through the rumen epithelium.

The observation that ammonia was absent from 
the peripheral blood of animals receiving diets 
giving rise to appreciable amounts of ammonia 
indicated the efficiency of the liver in removing 
ammonia. Since, however, there is evidence that 
ammonia can enter the general circulation in 
ruminants (Dinning et al. 1948; Head & Rook, 1955; 
Repp et al. 1955) it would appear that the capacity 
of the liver for converting ammonia into urea can be 
exceeded when the rumen-ammonia concentration 
is high. That this was so was confirmed by gradually 
increasing the ammonia content of the rumen, when 
a gradual rise occurred in the arterial-ammonia 
level. The rumen- and portal-ammonia concentra
tions were probably not critical, since leakage of 
ammonia through the liver occurred over a range of 
rumen-ammonia levels and gradually increased as 
the rumen concentration increased. What appeared 
to be more significant was the ammonia concentra
tion in the arterial blood at which signs of ammonia 
poisoning occurred. This concentration was around 
0-4 m-mole/1. in the experiment carried out on the 
sheep with a portal-vein catheter, whereas in the 
experiments with sheep fitted only with rumen 
fistulae the concentration was around 0-6-0-9 m- 
mole/1. This apparent increased susceptibility to 
ammonia may have been due to the additional 
surgical trauma involved in catheterizing the portal 
vein.

During the different experiments the rumen- 
ammonia concentration at which ammonia appeared 
in peripheral blood was not constant. Therefore the 
results of the experiments described above, and of 
some other comparable experiments, are given in 
Fig. 5 in the form of a curve in which the concentra
tion of ammonia in rumen contents is plotted 
against that in peripheral blood. The curve has been 
drawn with moving averages for units of 10 on the 
abscissa. It is apparent that ammonia appears in 
peripheral blood when the rumen concentration 
exceeds 55—60 m-moles/1. However, Annison, 
Chalmers, Marshall & Synge (1954) found rumen- 
ammonia levels as high as 85 m-moles/1. in sheep 
receiving diets containing protein supplements, and 
no toxic affects were observed. On the other hand,

Head & Rook (1955) found a significant ammonia 
concentration (O^S m-mole/1.) in the peripheral 
venous blood of the cow when the rumen ammonia 
was as low as 30—40 m-moles/1.; signs of ammonia 
poisoning were not reported. These authors further 
suggest that under conditions of high rumen- 
ammonia production ammonia may pass in quantity 
from the rumen to the small intestine. As part of an 
investigation into the absorption of materials from 
the small intestine of the sheep the experiment 
illustrated in Fig. 4 was carried out, and it is in
cluded to show that ammonia absorption can occur 
from the small intestine and is, in fact, extremely 
rapid.

Although the experiments of McDonald (1948 a) 
and Chalmers et al. (1954) have suggested that 
ammonia production in the rumen may lead to 
appreciable loss of nitrogen, it has not yet been 
possible to obtain any quantitative information. 
This could be investigated by the determination at 
frequent intervals of blood flow and ammonia 
concentration in the portal vein, coupled with the 
assessment of nitrogen excretion. It is, however, of 
interest at this stage to attempt some approximate 
calculation of nitrogen loss on the figures which are 
now available. Schambye (19566) has reported 
flows of around 37 ml./min./kg. of body wt. in the 
conscious sheep. In a 40 kg. sheep receiving 800 g. 
of hay plus 50 g. of casein daily the average rumen 
ammonia may be estimated at 40 m-moles/1., with 
a portal-ammonia concentration of around 0*65 mg./ 
100 ml. Assuming an average flow of 1500 ml./min. 
in the portal vein, then the actual amount of 
ammonia nitrogen carried to the liver over 24 hr. 
is in the region of 14 g. Even if a considerable

20 40 60 80 100 120 140 160 180 200 
NH3 concn. (m-moles/l. of rumen contents)

Fig. 5. Correlation of ammonia concentration in rumen 
contents and peripheral blood of sheep, x, Moving 
average values over units of 10 (0-120) or 20 (120-200) 
m-moles of ammonia/1, of rumen contents; •, actual 
observed points. Results were collected from experiments 
reported and some other comparable ones: thus condi
tions of feeding and time were varied.
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proportion of this nitrogen is returned to the rumen 
in the form of salivary urea, the nitrogen loss to the 
animal must represent an appreciable proportion of 
the dietary intake. This approximate calculation 
emphasizes the need for more accurate estimations 
of nitrogen loss in animals receiving different diets 
and particularly in animals maintained under 
normal conditions of husbandry. Attempts are now 
being made to obtain this information.

SUMMARY

1. A technique is described for taking repeated 
samples of portal blood in the sheep.

2. Changes in the rumen-ammonia concen
tration of sheep fed on various diets were 
paralleled by changes in portal-blood ammonia 
concentration.

3. At the maximum rumen-ammonia level 
attained as a result of feeding (60 m-moles/l.), an 
increase in ammonia concentration was not detected 
in peripheral blood.

4. When this concentration was exceeded by 
adding ammonium acetate solution to the rumen, 
ammonia was present in peripheral blood.

5. As the concentration of ammonia in peripheral 
blood exceeded 0-6-0-9 m-mole/1. toxic symptoms 
developed.

The authors wish to acknowledge the technical assistance 
of Mrs E. N. Hills, Mr F. Hills and Mr P. Wright.
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The nutritional significance of the volatile fatty 
acids (VFA) acetic, propionic and butyric, which 
are produced during ruminal digestion, is well 
recognized, and much information is available on 
the relative quantities of individual acids which 
arise under different feeding conditions (cf. Phillip- 
son & Cuthbertson, 1956). Several groups of 
workers have studied the rates of absorption of 
these acids from the sheep rumen and the conflicting 
conclusions which have emerged no doubt reflect 
the different conditions under which the observa
tions were made (Gray, 1947, 1948; Kiddle,
Marshall & Phillipson, 1951; Masson & Phillipson, 
1951; Johnson, 1951). Earlier workers studied the 
absorption of VFA from the rumen of anaesthetized

sheep, but observations on conscious sheep were 
made by Pfander & Phillipson (1953), although as in 
the previous investigations the rate of disappearance 
of VFA added to the rumen was used as a measure 
of their absorption.

A more direct method of assessing the amounts of 
VFA and other metabolites which are absorbed 
from the rumen and other parts of the alimentary 
tract lies either in the analysis of the blood draining 
individual organs or in the analysis of portal blood. 
The study of rumen absorption by the examination 
of the blood draining that viscus has not attracted 
a great deal of attention since the now classical 
work of Barcroft, McAnally & Phillipson (1944). 
This approach has, however, been adopted by
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Schambye & Phillipson (1949) and Schambye (1951), 
who used the London-cannula technique to obtain 
successive samples of portal blood from conscious 
sheep maintained under stall-fed conditions. This 
enabled them to follow the changes in concentration 
of rumen, portal and arterial VFA when the sheep 
were fed on various diets. The results provided 
useful information on the relative concentrations of 
the total VFA in portal blood compared with the 
corresponding concentrations in the rumen, but 
owing to the limitations of the London-cannula 
technique sufficiently large samples of portal blood 
could not be obtained for the complete analysis of 
the VFA. This information itself is of sufficient 
interest to justify a renewed attack on rumen- 
portal absorption problems, but in view of recent 
developments in our knowledge of the metabolic 
activities of rumen epithelium (Pennington, 1952) 
the need for detailed analyses of portal blood has 
assumed even greater importance. The development 
of methods for the complete analysis of the VFA in 
10-20 ml. of blood (Annison, 19546), which were 
based on the vapour-phase chromatographic 
method of James & Martin (1952), made possible 
a detailed study of the VFA produced and absorbed 
during rumen fermentation, provided frequent 
samples of portal blood could be obtained. For this 
purpose a method of catheterizing the portal vein in 
sheep was developed which allowed the repeated 
withdrawal of relatively large volumes of blood 
(Lewis, Hill & Annison, 1957).

With these techniques, observations have been 
made on the VFA content of portal and peripheral 
blood and of rumen contents of sheep maintained 
under animal-house conditions and fed on various 
diets. In addition, the absorption of the individual 
acids, acetic, propionic and butyric, has been in
vestigated together with the changes brought about 
in circulating glucose and ketone bodies when these 
individual acids were placed in the rumen.

A preliminary communication of some of this 
work was given to the Biochemical Society (Annison, 
Hill & Lewis, 1955).

MATERIALS AND METHODS

Experimental animals and surgical procedures
Clun Forest sheep, each with a permanent rumen fistula and 
an exteriorized loop of the carotid artery, were kept in the 
animal house for at least 2 months before any experiments 
were carried out, and received the following diets in the 
daily amounts shown: hay (1 kg.), sheep 1; hay (800 g.) and 
casein (150 g.), sheep 2; alkali-washed straw (600 g.; for 
details of preparation see Annison, 1956), starch (100 g.) 
and casein hydrolysate (100 g.), sheep 3. During this initial 
period the animals were trained to consume the whole of 
their ration over a period of 1-2 hr., and so provide a 
somewhat exaggerated picture of the normal ruminal 
events.

A polythene catheter was placed in the portal vein at a 
subsequent operation and a series of experiments carried 
out. Details of the surgical technique are described else
where (Lewis et al. 1957). The time taken for complete 
recovery varied with individual sheep, the most frequent 
post-operative complication being reluctance to consume 
the whole of the daily ration in a short period, an essential 
feature of the experiments. Hence in some of the experi
ments part of the diet was added directly to the rumen 
through the rumen fistula.

Chemical determinations
Volatile fatty acids. Blood was analysed for VFA by the 

procedure of Annison (19546), in which individual VFA are 
separated by vapour-phase chromatography (James & 
Martin, 1952). Since a minimum of 10/nmoles of VFA was 
required for chromatography, 15 ml. of arterial blood or 
10 ml. of portal blood was used. Rumen VFA were ex
amined as described earlier (Annison, 1954a).

Blood reducing sugar. The method of Somogyi (1952), 
coupled with the colorimetric procedure of Nelson (1944), 
was employed.

Ketone bodies. The method of Greenberg & Lester (1944), 
as modified by Pennington (1952), was used.

Ruminal administration of volatile fatty acids
The VFA were ‘laboratory reagent’ quality (British Drug 

Houses Ltd.) and were homogeneous when examined by 
vapour-phase chromatography. The acids were titrated 
with 2N-NaOH to pH 6 0, and added to the rumen in a 
concentration of 1 m-mole/ml., unless stated otherwise. 
Since the portal-vein catheters remained patent for only 
a limited time (1-3 weeks), experiments were carried out 
with the shortest possible time interval between them, 
consistent with the good condition of the animal. The sheep 
were not allowed access to food on the days when experi
ments were carried out. The sheep used for these experiments 
were fed on a diet of chopped hay (1 kg./day).

RESULTS

Absorption of volatile fatty acids under 
normal feeding conditions

Several series of observations were made over 
periods of 8—10 hr. on the concentrations of VFA in 
the portal and peripheral (arterial or venous) blood, 
and rumen contents, of sheep 1—3 (Expts. 1—3 
respectively). Samples were withdrawn immedi
ately before feeding, and at intervals of 1 hr. 
throughout the experiment. Earlier work (Annison, 
19546) had shown that the concentration of VFA 
in the sheep rumen declined steadily for 24—48 hr. 
after feeding, indicating that the increases in rumen 
VFA levels observed in the present studies were 
due to the ruminal fermentation of the food eaten 
during the experiments. Uneaten food was removed 
after 2 hr. The total VFA concentrations in portal 
and arterial blood, and rumen contents, are shown 
in Fig. 1, and the amounts of individual acids 
are shown in Tables 1-3. In Expt. 1, portal- and
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arterial-blood samples were examined for their 
haemoglobin content to check for possible variations 
in the plasma:red cell ratio, which may have 
influenced the analytical results, since in sheep 
blood the VFA are not distributed equally between 
red cells and plasma (Annison, 19546). Good 
agreement was found between the haemoglobin 
content of samples taken at the same time. Glucose 
and ketone-body estimations were also made on the 
blood samples withdrawn in Expts. 2 and 3 (Fig. 2).

There was good correlation between the total 
VFA concentrations in rumen contents and portal 
blood in two of the three experiments reported 
(see Fig. 1). Examination of the individual acids 
indicated a low concentration or complete absence 
of butyrate from portal blood, although compara
tively large amounts were present in rumen con
tents. In addition, ketone-body levels were 
significantly higher in portal than in arterial blood 
(Fig. 2). These results obtained in vivo confirm that 
considerable quantities of butyrate are metabolized 
by rumen epithelium, as was shown by the in vitro 
studies of Pennington (1952), who found that 
butyrate was utilized by rumen epithelium with the 
production of ketone bodies. Kiddle et al. (1951) 
demonstrated that the amount of butyrate relative 
to the levels of acetate or propionate in blood 
draining the rumen was much less than would be 
expected from the relative concentrations of the 
three acids in the rumen.

Blood-glucose concentrations in portal and

HILL AND D. LEWIS

arterial blood showed little variations throughout 
the sampling periods, the portal—arterial differences 
being negligible. These results confirm those of 
Schambye (1951).

2-0 £

Time after feeding (hr.)

Fig. 1. Changes in total volatile fatty acid (VFA) levels in 
rumen contents (Q) and in portal (□) and peripheral (A) 
blood of sheep receiving rations of hay (a), hay and 
casein (6) and casein hydrolysate and chopped straw (c).

Fable 1. Volatile fatty acid content of samples of rumen contents, portal blood 
and arterial blood, from a sheep on a diet of hay

Time f

after Total VFA
feeding concn.

(hr.) Sample (m-moles/1.) Formic
0 Rumen contents 47 0
0-75 67 0
1-5 80 0
3 94 0
4-5 89 0
7 84 0

10 72 0
0 Portal blood 0-96 6
0-75 1-30 4
1-5 1-67 5
3 1-78 4
4-5 1-53 4
7 110 7

10 105 5
0 Carotid blood 0-73 5
0-75 0-82 5
1-5 0-92 4
3 0-71 5
4-5 0-58 6
7 0-52 4

10 0-51 5

Molecular percentage of VFA
A

iso-
v

Valeric +
iso- n- 2-methyl- n-

Acetic Propionic Butyric Butyric butyric Valeric
66 28 1 5 0 0
64 29 1 5 0 1
64 29 1 4 1 1
58 29 2 7 3 1
68 26 1 4 1 0
61 30 1 6 1 1
60 32 1 5 1 1
83 11 0 0 0 0
83 13 0 0 0 0
79 17 0 0 0 0
75 21 0 Trace 0 0
81 15 0 0 0 0
82 11 0 Trace 0 0
84 11 0 0 0 0
95 0 0 0 0 0
95 0 0 0 0 0
96 0 0 0 0 0
92 3 0 0 0 0
92 2 0 0 0 0
96 0 0 0 0 0
95 0 0 0 0 0
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Table 2. Volatile fatty acids present in samples of rumen contents, portal blood and jugular blood, 
taken simultaneously from a sheep on a diet of hay and casein

Molecular percentage of VFA

Time
after

feeding
(hr.) Sample

Total VFA 
concn. 

(m-moles/l.)

r

Formic Acetic Propionic
iso-

Butyric
»-

Butyric

iso-
Valeric + 
2-methyl- 

butyric

-------- )

n-
Valeric

0 Rumen contents 62 — — — — — — —
2 92 0 69 25 0 4 1 1
3 103 0 68 28 0 4 1 1
4 90 — — — — — — —
5 85 0 65 30 0 3 1 1
6 81 — — — — — — —
8 72 0 69 29 0 2 0 0
0 Portal blood 1-56 5 88 7 0 0 0 0
2 1-57 5 87 8 0 0 0 0
3 1-70 4 88 8 0 0 0 0
4 1-85 4 87 9 0 0 0 0
6 1-79 4 88 8 0 0 0 0
8 1-77 4 90 6 0 0 0 0
0 Jugular blood 0-60 7 93 0 0 0 0 0
2 0-60 8 92 0 0 0 0 0
3 0-85 7 93 Trace 0 0 0 0
4 0-94 6 93 1 0 0 0 0
5 0-73 7 93 Trace 0 0 0 0
6 0-66 6 94 0 0 0 0 0
8 0-52 8 92 0 0 0 0 0

Table 3. Volatile fatty acids found in samples of rumen contents and portal and jugular blood 
taken from a sheep receiving a diet of casein hydrolysate and chopped straw

Molecular percentage of VFA
r

Time iso-
after Total VFA Valeric +

feeding concn. iso- n- 2-methyl- n-
(hr.) Sample (m-moles/1.) Formic Acetic Propionic Butyric Butyric butyric Valeric

0 Rumen contents 68 0 59 24 3 11 2 1
2 78 0 63 22 2 10 2 1
4 ----------  - 87 0 61 25 2 9 2 1
6 77 0 63 24 2 9 1 1
9 70 0 64 25 1 8 1 1

0 Portal blood 1-91 7 84 7 0 2 0 0
2 1-98 8 82 8 0 2 0 0
4 2-49 6 84 8 0 2 0 0
6 209 7 84 7 0 2 0 0
9 1-55 7 83 8 0 2 0 0
0 Jugular blood 0-66 12 88 0 0 0 0 0
2 0-74 12 88 0 0 0 0 0
4 0-94 11 89 0 0 0 0 0
6 0-83 10 90 0 0 0 0 0
9 0-64 14 86 0 0 0 0 0

Addition of sodium butyrate to the rumen

In a preliminary experiment, 300 m-moles of 
sodium butyrate in 150 ml. of water, pH 6 0, was 
added to the rumen of a sheep fasted for 24 hr. 
Samples of rumen contents, portal blood and venous 
blood were then taken at intervals, and examined 
for total VFA, butyrate, glucose and ketone bodies.

The results are shown in Figs. 3 and 4. The main 
points of interest were: (1) the low concentration of 
butyrate in portal blood when the concentration of 
butyrate in the rumen was high (40 m-moles/1.); 
and (2) the markedly enhanced levels of ketone 
bodies in portal blood compared with those of 
peripheral blood during the first 2 hr. of the experi
ment.
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At this stage it was decided to investigate the 

effects of slowly increasing the concentration of 
butyrate in the rumen. Sodium butyrate (five doses 
of 50 m-moles each) was added to the rumen of a 
sheep through the fistula at intervals of 1 hr.; 
a further 100 m-moles was added 1 hr. later. 
Samples of rumen contents, portal and arterial 
blood were taken immediately before the first dose, 
30 min. after the second dose, and 30 min. after 
each further dose of butyrate. The rumen contents 
were analysed for VFA, and blood samples for VFA, 
ketone bodies and blood sugar. The results are

Time after feeding (hr.)
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Fig. 2. Glucose and ketone-body concentrations in the 
portal and venous blood of sheep receiving diets of hay 
and casein (A) and chopped straw and casein hydrolysate 
(B). O* Portal glucose; A, portal ketones; □, venous 
blood glucose; •, venous blood ketones.

Time (hr.)

o
Q_

Idg. 3. Total VFA concentrations in rumen contents (O) 
and portal blood (A), and butyrate levels in the rumen 
(□) and portal blood (•), when butyrate was put into 
the rumen.

shown in "Table 4 and Fig. 5(7. Good correlation 
between butyrate concentrations in the rumen and 
in the portal blood was observed, but most of the 
portal butyrate was removed by the liver, since 
only a small amount appeared in arterial blood. 
Although concentrations of ketone bodies in portal 
blood showed considerable increases as the rumen 
and portal-blood levels of butyrate rose, there was 
only a rough correlation between rumen butyrate 
and portal-blood ketone levels. Portal blood- and 
arterial blood-sugar concentrations rose slightly 
throughout the dosage period.

Since the pH of rumen contents influences the 
rate of absorption of VFA (Gray, 1948), control 
experiments were made to investigate the pH 
changes in the rumen of a sheep dosed with sodium 
butyrate under the conditions of the experiments. 
During the dosage period the pH of the rumen fluid, 
measured by a glass electrode, varied between 6*3 
and 6-8, a change which is unlikely to affect appreci
ably the rate of absorption of the acid. Similar 
experiments with sodium acetate and sodium pro
pionate indicated that the pH of the rumen contents 
remained within the pH range 6-0-7*0 under these 
conditions, which suggested that the following 
absorption experiments were not carried out under 
grossly unphysiological conditions.

Addition of sodium propionate to the rumen
Propionate was added to the rumen of a sheep in 

doses of 50 m-moles, at 1 hr. intervals, with the 
final addition of 100 m-moles as described for 
butyrate: samples of blood and rumen contents 
were removed for analysis at the same time intervals. 
The results are shown in Table 4 and Fig. 5B. Close 
correlation between portal and rumen levels was 
again found and considerable quantities of pro
pionate ‘spilled over’ into the arterial blood.

Time (hr.)

Fig. 4. Glucose concentrations in portal (•) and jugular 
(O) blood, and ketone-body levels in portal (A) and 
jugular (□) blood, when butyrate was put into the rumen.
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Table 4. Changes in the concentrations of volatile fatty acids, glucose and ketone bodies in rumen contents, and 
portal and arterial blood, after addition to the sheep rumen of successive doses of acetate, propionate or butyrate

Volatile fatty acids Blood glucose Ketone bodies
Volatile Time Amount Time of (m-moles/1.) (mg./100 ml.) (mg./lOO ml.)

fatty acid _______added f > r f
added (hr.) (m-moles) (hr.) Rumen Portal Carotid Portal Carotid Portal Carotid

Acetate 0 50 Before dose 38 1-98 1-37 59 59 4-6 4-0
1 50 H 51 1-85 — 57 — 4-8 —
2 50 2* 67 2-37 — 60 — 5-2 —
3 50 31 49 2-08 1-40 60 54 2-6 20
4 50 H 53 2-80 — 67 — 2-8 —
5 100 H 59 3-58 1-60 72 70 3-2 2-7

Propionate 0 50 Before dose 44 1-90 1-20 64 62 30 3-6
1 50 H 50 2-20 — 69 — 3-2 —
2 50 21 54 219 — 73 75 3-2 —
3 50 31 60 2-09 1-31 75 — 3-9 2-9
4 50 41 53 1-83 1-62 78 — 30 —
5 100 5* 60 2-22 1-70 76 80 2-8 21

Butyrate 0 50 Before dose 58 1-61 1-35 48 48 2-4 2-4
1 50 H 76 1-77 — 54 — 6-9 —
2 50 21 80 1-89 1-35 58 53 41 3-5
3 50 3| 92 2-41 — 62 — 5-2 —
4 50 92 2-31 1-98 58 58 5-9 61
5 100 5J 116 2-92 2-32 70 60 9-3 8-2

~50

Time (hr.)
Fig. 5. Changes in acetate (^4), propionate (B) and butyrate 

(C) concentrations in rumen contents (O). portal blood 
(A) and arterial blood (□), when aqueous solutions of 
these acids were added in successive doses to the rumen 
of sheep, in separate experiments.

Ketone-body concentrations in portal blood re
mained unchanged, but as with butyrate there was 
a slight increase in blood-glucose levels with in
significant portal-arterial differences, throughout 
the dosage period. Arterial blood ketone-body

concentrations decreased to about one-half of the 
initial value.

Addition of sodium acetate to the rumen

The absorption of acetate from the rumen into 
the portal system was investigated by the same 
procedure as that described for propionate and 
butyrate. Increasing levels of acetate in the rumen 
were paralleled by those of portal blood (Fig. 5A), 
whilst blood-sugar concentrations increased slightly 
in both portal and arterial blood (Table 4). The 
portal and arterial ketone bodies decreased, 
although portal ketone bodies showed a slight 
increase in the first half of the dosage period.

DISCUSSION

The portal system drains the whole splanchnic area 
and thus contains VFA contributed by regions of 
the tract other than the rumen. Examination of the 
blood draining the different regions of the tract 
(Barcroft et at. 1944) revealed, however, that, apart 
from that from the rumen, only the blood draining 
the omasum and caecum contained VFA in signifi
cant amounts, and examination of the VFA of the 
contents of various regions of the tract (Annison, 
19546) indicated that only the rumen and caecum 
contained appreciable quantities. The concentra
tion of VFA in the caecum is about one-quarter of 
that in the rumen, and since the caecum has only 
about one-tenth of the capacity of the rumen it is 
probable that the contribution of VFA from the 
caecum is relatively very small compared with
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that of the portal blood. It is reasonable therefore 
to assume that any observations made on the portal 
blood will reflect changes occurring in the blood 
draining the rumen.

Sampling errors due to the possible occurrence of 
laminar flow in the portal vein have been discussed 
elsewhere (Lewis et al. 1957), but it would seem from 
a comparison of the general shape of the curves 
representing portal-VFA concentration and rumen- 
VFA levels that in most experiments errors due to 
this cause were not large enough to invalidate the 
results obtained. It is perhaps premature to discuss 
why there should be a close correlation between the 
rumen and portal ALA in some experiments and 
not in others, but it was felt that the occasional 
discrepancies observed did in fact represent a 
genuine phenomenon.

1 he demonstration that changes in the total 
VFA content of the rumen ingesta after feeding 
were paralleled by similar changes in the portal 
blood confirmed the findings of Schambye (1951), 
and in addition the detailed analyses provided 
information on the composition of the portal VFA 
compared with those of the rumen ingesta. Gray 
(194/), and Phillipson and his colleagues, have 
shown in experiments involving replacement of the 
rumen ingesta with mixtures of VFA at different 
pH levels that the rumen pH influences to a marked 
extent the relative rate of disappearance of VFA 
from the rumen. Thus at pH 7-2 the quantities of 
acetate, propionate and butyrate disappearing 
were similar (Elsden & Phillipson, 1948), whereas at 
pH 5-8 proportionately more butyric acid was lost 
from the rumen (Pfander & Phillipson, 1953). The 
exact significance of these findings in relation to the 
events occurring during normal fermentation is not 
very clear, since under these conditions there is a 
continual production and a varying concentration 
of VFA along with small changes in pH.

Little information on the relative rates of 
absorption from the rumen of acetic, propionic and 
butyric acids was obtained by comparing the 
quantities appearing in portal blood at known 
rumen concentrations. When rumen levels of each 
acid were plotted against portal concentrations, the 
results obtained throughout the whole study being 
used, a large scatter was observed with no apparent 
differences between acetate and propionate. Portal 
levels of butyrate, however, were always lower than 
those of acetate and propionate when compared at 
similar rumen concentrations, but this difference 
could be explained by the metabolism of butyrate 
by rumen epithelium and does not necessarily 
reflect a slower rate of absorption. The increase in 
rumen butyrate after the ruminal administration 
of 50 m-moles of acid at 1 hr. intervals, however, 
was much higher than that observed when acetate 
or propionate was given (Fig. 5), suggesting that
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under the conditions of these experiments butyrate 
was absorbed more slowly.

The analytical data providing the concentrations 
of propionate in the portal blood allow an estimate 
to be made of the actual amounts of propionate 
metabolized by the liver, since under normal 
circumstances this fatty acid is largely removed by 
the liver and very little appears in the peripheral 
blood (Annison, 19546). If it is assumed that the 
level in portal blood 8-10 hr. after feeding was 
representative of the amount present for the 
remainder of the 24 hr. period, then when diets 
based on hay, casein and casein hydrolysate were 
fed, 32, 20 and 26 g. of propionate respectively were 
metabolized/24 hr. Portal-flow rates based on the 
results of Schambye (1956) were used in these 
calculations, i.e. 37 ml./min./kg., and the portal- 
propionate concentrations were corrected for any 
propionate found in peripheral blood.

1 he fact that butyric acid was absent or present 
in low concentrations in portal blood, although 
present in comparatively large amounts in rumen 
contents, confirmed the observations of Masson &
I hillipson (1951). Since ketone-body levels were 
significantly higher in portal than in arterial blood 
the results indicated that considerable quantities of 
butyrate were metabolized by rumen epithelium 
with the production of ketone bodies, as was first 
shown by Pennington (1952).

There is a considerable amount of published data 
on the changes in blood sugar and ketone bodies 
which occur when acetate, propionate and butyrate 
are added to the rumen (Johnson, 1955; Clark & 
Malan, 1956). Propionate undoubtedly gives rise 
to glucose, but there is no convincing evidence that 
acetate affects blood-sugar levels in sheep. Although 
Potter (1952) found that sodium butyrate injected 
intravenously relieved insulin convulsions in lambs 
and caused a rise in blood sugar, no clear-cut 
effects of butyrate had been reported until Kronfeld 
(1956) showed that butyrate injected intravenously 
into sheep caused the blood sugar to either rise or 
fall, depending on the initial blood-sugar level. The 
butyrate (50 g.) was given over a period of 50 min. 
Several groups of workers have observed symptoms 
of distress when butyrate is administered intra
venously (Jarrett, Potter & Filsell, 1952; Johnson, 
1955), but the slow rate of injection was stated by 
Kronfeld to obviate this effect. The results of 
Kronfeld (1956) suggest that butyrate has a 
glucostatic action in sheep; it would be expected 
that accetate would have the same effect, since the 
metabolism of these substances follows similar 
pathways. There is no evidence on this point. The 
extra-hepatic tissues of sheep are not normally 
exposed to high concentrations of butyrate, the 
usual concentration in blood rarely exceeding 
10/xmoles/l. (Annison, 19546), a situation which
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reflects the rates at which butyrate is metabolized 
by the rumen wall and the liver. The significance of 
Kronfeld’s results is therefore difficult to assess, and 
it is possible that the effects observed were secondary 
to the pharmacological action of the high concentra
tion of butyrate employed. The increases in blood 
sugar observed in the present experiments diming 
dosage with acetate, propionate and butyrate are 
difficult to interpret, since they could have been due 
to excitement of the animal as a result of continued 
blood sampling, or to the administration of sodium 
(as the VFA salt), reported by Johnson (1955) to 
increase blood-sugar levels.

The concentrations of metabolites in the portal 
vein can only bo translated into actual quantities 
absorbed from the alimentary tract if the portal- 
blood flow is known, and elegant methods of 
measurement have recently been devised for this 
purpose by Schambye (1956). Portal-flow rates on 
blood for which analytical figures are available 
have, however, not yet been reported. It is hoped 
to obtain information of this nature in future 
studies.

SUMMARY
1. A study was made of the changes in the concen

trations of the individual volatile fatty acids present 
in the rumen, and portal and peripheral blood, of 
sheep fed on diets of hay, hay and casein, and of 
alkali-washed straw and starch. Considerable 
amounts of volatile fatty acids were absorbed from 
the rumen, and there was good correlation between 
the concentrations of total volatile fatty acids in 
portal blood and rumen contents.

2. Under normal feeding conditions there is 
a much lower concentration of butyrate, relative to 
the levels of acetate and propionate, in the portal 
system than in rumen contents. Concentrations of 
ketone bodies in the portal vein usually exceeded 
those in the peripheral blood. Only minor differ
ences in portal and peripheral blood glucose were 
detected.

3. The absorption of the individual acids, acetic, 
propionic and butyric, from the rumen into the

portal system was demonstrated, and the corre
sponding levels in peripheral blood were examined. 
Dosage with butyrate resulted initially in high 
ketone-body levels in portal blood, followed by a 
steady rise of concentration in peripheral blood.

We wish to thank Mrs E. N. Hills, Mr F. Hills and 
Mr P. Wright for skilful technical assistance.
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[From the Proceedings of the Physiological Society, 27-28 September 1957.] 
Journal of Physiology, 139, 26-27 P.

Collection of pancreatic juice from the conscious sheep. By K. J. Hill

and R. B. Taylor. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge

In the sheep the pancreatic duct joins the common bile duct so that a mixture 
of pancreatic juice and bile passes through a common duct into the duodenum. 
The following method has been developed to allow the collection of pancreatic 
juice by the Thomas technique (Hart & Thomas, 1945). The common bile 
duct was located and followed until it disappeared into the duodenal wall.

Gall-bladder

Polythene 
tubing \

Hepatic duct

Ligature

Pancreatic duct 
.Common duct

Pancreas

Duodenum

Perspex cannulaJejunum

End to side 
anastomosis

Fig. 1

A Perspex cannula was then inserted into the duodenum directly opposite the 
papilla of Yater, secured in position with a purse-string suture and brought 
out to the surface through a stab wound in the abdominal wall (Fig. 1).

The common duct was doubly ligated between the junction of the cystic 
and hepatic ducts and the entrance of the pancreatic duct. This prevented the 
flow of bile along the common duct and ensured that only pancreatic juice 
entered the duodenum through the sphincter of Oddi. An alternative channel 
for the bile was provided in the following manner. The initial part of the 
jejunum was transected and continuity of the tract restored by end to side 
anastomosis of the cranial cut end to a point on the jejunum about 40 cm 
caudal to the transection. The caudal cut end of the jejunum was then joined

[p. t. o.
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to the gall-bladder by means of a 15 cm length of 5 mm diameter polythene 
tubing. An adequate distance was thus obtained between the gall-bladder 
and the intestinal contents and the risk of reflux flow of ingesta into the gall
bladder minimized. A thin layer of plastic sponge (Ivalon) wrapped round the 
polythene tubing made it possible to anchor the tubing firmly into the intestine 
and the gall-bladder.

Pancreatic juice was collected by inserting a small polythene catheter into 
the common duct. Escape of duodenal contents was prevented by placing a 
screw cap on the duodenal cannula, the polythene catheter passing out through 
a small hole in this cap.
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Nervous structures in the reticulo-rumen epithelium of the goat.
By K. J. Hill. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge

Frozen sections were prepared from the reticulo-rumen sac of kids (2-28 days 
old) which had been perfused with buffered methylene blue solution im
mediately after death (Meyling, 1953). In several areas of the rumen a fine 
network of beaded fibres was present in the subepithelial connective tissue and 
from this network occasional fine fibres could be seen passing into the sub
mucosa proper. Fibres also entered the stratified squamous epithelium of the 
rumen and in suitable sections these fibres could be traced into the outermost 
keratinized layers of the epithelium where they appeared to end as fine single 
filaments.

In the region of the posterior ruminal pillar and in the reticulo-ruminal fold 
the fibres entering the epithelium gave rise to what appeared to be more com
plicated endings. These consisted of discrete branched, coiled, fibres which 
were beaded and which eventually terminated as fine filaments in the keratin
ized layer of the epithelium (Fig. 1). Investigations are in progress to 
ascertain whether similar structures occur elsewhere in the reticulo-rumen.

I am indebted to Mr A. M. Lawn, Royal Veterinary College, London, for details of the methylene 
blue perfusion technique.
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Reprinted from the Quarterly Journal of Experimental Physiology,
Vol. XLIII, 1958.

MEASUREMENT OF BLOOD FLOW AND HEAT PRODUCTION IN 
THE SPLANCHNIC REGION OF THE ANESTHETIZED 
SHEEP. By George Fegler and Kenneth J. Hill. From the 
Agricultural Research Council, Institute of Animal Physiology, 
Babraham, Cambridge.

(Received for publication 2%th August 1957)

Portal blood flow, total hepatic venous outflow and cardiac output were 
measured by the thermodilution method in sheep anaesthetized with chloralose- 
urethane. Portal blood flow was closely related to cardiac output and to flow 
in the thoracic vena cava, the correlation co-efficients being 0*87 and 0-86 
respectively and the portal flow being 30*8 per cent (S.D. ±5-6 per cent) of the 
cardiac output and 50*6 per cent (S.D. ±7*0 per cent) of the thoracic caval flow. 
Blood flow in the portal vein prior to laparotomy was predicted from the relation 
between cardiac output and portal vein flow. This averaged 45-8 ml./min./kg. 
(S.D. ±8*4 ml.). There was a high co-efficient of correlation (0-73) between the 
hepatic venous return and cardiac output. Provisional figures were obtained for 
heat production by the total splanchnic area by the liver and by the area drained 
by the portal vein.

This paper is concerned primarily with the application of the thermodilution 
method [Fegler, 1954, 1957 a and 6] to the measurement of portal blood flow 
in the anaesthetized sheep. The ultimate aim is to devise a method which 
in conjunction with catheterization of the portal vein [Lewis, Hill and 
Annison, 1957] will be applicable to the conscious animal and so allow 
frequent measurements of portal blood flow. It will then be possible to 
obtain quantitative data on the absorption of metabolites from the gastro
intestinal tract.

The data to be described include measurements not only of portal blood 
flow but of cardiac output and flow in some of the other vessels. Since, in 
addition, the method also provides data for the temperature of the blood 
flowing to and from the splanchnic area it has been possible to arrive at some 
provisional figures for heat production in this area.

Materials and Methods

Fourteen Clun Forest and two Welsh Mountain sheep, 3-24 months old and 
19-41 kg. in weight were used. Most of these animals were deprived of food for 
24 hr. prior to experiment although a few were brought off pasture directly to the 
laboratory. They were anaesthetized with an intravenous injection of chloralose- 
urethane (3-5 ml./kg. body weight of 1 per cent chloralose in 10 per cent urethane 
solution). Additional anaesthetic was given during the experiment as required. 
Heparin (Liquemin Roche) was given intravenously in an initial dose of 800 i.u./kg. 
body weight and was supplemented with doses of 300 i.u./kg. at three hourly intervals!

After tracheotomy and cannulation of the right carotid artery for recording blood 
pressure, constantan-copper thermocouples (gauge 36), enclosed in cardiac catheters 
or polyethylene tubes (external diameter 1-2-2-0 mm.), were placed in the thoracic
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aorta by way of the right femoral artery and in the vena cava by way of the right 
jugular vein. By the aid of X-ray screening the tip of the latter catheter was placed 
2-4 cm. posterior to the right auricle.

A thermocouple-catheter was then introduced through the right femoral vein into 
the vena cava 3-4 cm. cranial to the renal veins. This was done by reference to 
surface markings since the thickness of the abdomen precluded screening with our 
apparatus. The position of this thermocouple was checked when the abdomen was 
opened and if found to be incorrectly placed the results of the initial part of the 
experiment concerning flow in this vein were discarded.

Catheters for the injection of Ringer solution were introduced directly through the 
right jugular vein into the anterior vena cava and through the right femoral vein 
into the caudal part of the posterior vena cava. Cardiac output and flow in the vena 
cava were determined by “instantaneous” injections of Ringer solution (18-21° C.) 
into either the anterior vena cava or the caudal vena cava (4-10 ml.).

Total Hepatic Outflow.—In two experiments the total venous outflow from the 
liver was measured by recording thermodilution curves from the thoracic vena cava 
after blocking, by means of a balloon, the blood flow caudal to the hepatic veins 
[Fegler, 1957 6]. Injections of Ringer solution were made cranially to the block. 
In other experiments it was possible to ascertain total hepatic outflow by the difference 
between the flow in the abdominal vena cava anterior to the renal veins, and the flow 
in the posterior thoracic vena cava [Fegler, 1957 a and 6]. The hepatic flow measured 
by each of these methods included blood derived from diaphragmatic and adrenal 
veins.

Portal Vein Flow.—The abdomen was opened by a right paracostal incision and 
the portal vein exposed by retraction of the viscera. A thermocouple enclosed in a 
cardiac catheter or a polyethylene tube was then introduced into the portal vein either 
by way of one of the small mesenteric veins or directly through the wall of the portal 
vein. In the latter procedure a purse-string suture secured the catheter so that its 
tip, which contained the thermocouple, rested at the porta hepatis. A catheter for 
injection of Ringer solution was introduced into another small mesenteric vein and 
tied in position with its tip in the main mesenteric vein. Thermodilution curves were 
obtained from the thermocouple in the portal vein by the injection of 2—3 ml. of cool 
Ringer solution through the catheter.

In three experiments a thermocouple—catheter in the portal vein carried a small 
rubber balloon which, when inflated, completely occluded the lumen of the portal 
vein. Thermodilution curves recorded from the posterior thoracic vena cava before 
and after blocking the portal vein in this way then provided by difference an approxi
mation of the portal flow for comparison with figures derived from thermodilution 
curves from the portal vein itself.

In a further experiment a thermocouple-catheter with an inflatable balloon was 
introduced into the portal vein and placed so that the balloon rested at the porta 
hepatis. A short wide-bore “side” cannula was placed on the portal vein up-stream 
to the balloon. By inflating the balloon for short periods the whole of the portal 
blood flow could be diverted through the cannula, collected and measured. Thermo
dilution curves were obtained at intervals for comparison with the results obtained 
by direct measurement.

Heat Production in the Splanchnic Area.—In the experiments in which total venous 
outflow from the liver was determined, heat production by the whole splanchnic area, 
including the liver, was calculated from the flows and differences in temperature 
between the hepatic veins and aorta. Since thermocouples were not placed directly 
in the hepatic veins, the temperature of the hepatic venous blood was derived from the 
difference in temperature between the blood in the thoracic and abdominal vena cava. 
Heat production by the liver alone was given by the difference between the total heat 
production of the splanchnic area and the heat production of the organs drained by 
the portal vein.



Fig. 1.—Experiment No. 1/57. Sheep <$, 33-2 kg.

Before (A) and after (B) laparotomy. Temperature reeordings (1) in aorta, (2) thoracic posterior 
vena cava and (3) portal vein. Time intervals =5 sec. Single signals: in A, injections of 4, 3 
and 3 ml. Ringer solution (20-5; C.) into caudal abdominal cava; in B: injection of 4 ml. Ringer 
solution (20-5° C.) into caudal abdominal vena cava, 3 ml. into mesenteric vein and 3 ml. into 
caudal abdominal vena cava. Between the arrows: blocking of abdominal cava, caudal to the 
hepatic veins with injections made eranially to the block. Flows calculated; A: aorta (cardiac 
output) 4-90 1. min.; hepatic venous outflow, 2-34 l./min.; B: aorta, 3-41 l./min., portal v.

1*03 l./min., hepatic venous outflow, 1-84 l./min.

To face pa/je 191]
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Recording Instruments and Calculation of Results.—Critically damped Tinsley 
galvanometers (1-sec. period, sensitivity: 0-015-0-0320 C./l mm. deflection at 1 metre 
distance) or Cambridge Instrument Company galvanometers (l*8-sec. period, 
sensitivity: 0-010-0-0120 C./l mm. deflection) were used for temperature recording. 
Blood flow was calculated as previously described [Fegler, 1954, 1957 a.]

Results

Typical recordings are illustrated in fig. 1 and the results of four repre
sentative experiments are given in Table I. In each of them cardiac output 
and blood flow in the posterior thoracic cava were determined before and after 
laparotomy so that the influence of surgical trauma on these values could be 
determined. Total venous outflow from the liver was also determined in 
three of these experiments.

The values for flow in the portal vein determined either by thermodilution 
in the vein itself or by thermodilution in the thoracic vena cava before and 
after blocking the portal vein were in good agreement with each other despite 
a marked fall in blood pressure when the portal vein was occluded [Table I, 
Expt. 2/55). Good agreement was also observed between the portal flow 
determined simultaneously in one experiment by thermodilution (0*73 l./min.) 
and by direct collection from the portal vein (0-77 l./min.).

The sheep seems particularly sensitive to abdominal trauma since fre
quently there was a considerable decrease in arterial blood pressure and in 
cardiac output following manipulations in the peritoneal cavity. It appeared 
likely therefore that the portal vein blood flow before laparotomy would be 
greater than that observed under the conditions of our experiments. In 
order to obtain some idea of what this value would be the portal vein blood 
flows observed after laparotomy were correlated with the simultaneously 
observed values of cardiac output, blood flow in the thoracic vena cava and 
the arterial blood pressure. The correlation coefficients for portal vein 
blood flow* with these values were respectively 0-87, 0-86 and 0*54, indicating 
that the portal flow was, in fact, better correlated with cardiac output and 
with blood flow in the thoracic cava than with arterial blood pressure. This 
relation is shown graphically in fig. 2 where the portal flows measured in all 
the experiments are plotted against the cardiac output, and the arterial 
blood pressure determined simultaneously. The high degree of correlation 
between portal blood flow and cardiac output and between portal flow and 
flow in the thoracic cava suggested that it would be useful to express the 
mean value of flow in the portal vein as a percentage of either of these. 
Because it is easier to estimate cardiac output than blood flow in the thoracic 
cava, it was considered more practical to express portal flow as a percentage 
of the cardiac output. This was found to be 30*8 per cent (S.D. ±5.6 per 
cent). If this value, derived from laparotomized animals can be legitimately 
used as a basis for similar calculations on animals prior to laparotomy, then 
the portal vein blood flow in the latter would have been 45-8 ml./min./kg. 
(S.D. ±8-4 ml./min./kg.).
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The two methods described for the determination of total venous outflow 
from the liver gave comparable results and as with the portal flow there was a 
high coefficient of correlation (0-73) between the hepatic venous flow and
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Fig. 2.—Portal v. blood flow plotted against art. blood pressure (A), 
and against cardiac output (B).

cardiac output. The mean value expressed as a percentage of cardiac output 
was 47-0 ±9-4 per cent and providing the cardiac output was available it 
was thus possible to predict approximately total liver venous flow in those 
experiments where this was not determined directly. When this was done 
the mean initial hepatic venous outflow was 62-9 ±7*4 ml./min./kg.

Heat Production in the Splanchnic Area

The results of experiments on dogs in which heat production in the 
splanchnic area was calculated from determinations of flow and temperature 
by thermocouples have been reported previously [Fegler, 1957 6]. The results 
of some similar determinations on the anaesthetized sheep are given in 
Table II. It will be seen that the mean heat production by the splanchnic area 
amounted to 9-9 ± 1-9 g. cal./min./kg. or about 300 cal./min./total body weight. 
Assuming as a very rough approximation that the total body heat production 
per square metre was 700 g. cal./min. then the contribution of the splanchnic 
area would amount to about 40 per cent of the total. There appears to be 
no significant difference in the contribution of the splanchnic area whether 
this is related to surface area or body weight.
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Discussion

The only available data on blood flow in the portal vein of the sheep are 
those reported by Schambye [1955]. His methods (dye-dilution and infusion 
of 32P labelled red cells) were, in principle, comparable to the thermodilution 
method used in the present experiments and were used by him on both 
conscious and anaesthetized sheep. He reports an average portal blood flow 
for the anaesthetized sheep of 29 ml./min./kg. with individual flows varying 
from 11 -0 to 49-0 ml./min./kg. These figures were obtained after the abdomen 
had been opened and, as Schambye himself recognized, after an appreciable 
reduction in cardiac output had occurred.

The average figure, from the results described here, of portal flow 
determined after opening the abdomen was 32*6 ml./min./kg. and although 
this agrees reasonably well with Schambye’s results both these figures are 
much less than the mean initial portal flow predicted from the cardiac output 
determined prior to laparotomy. This averaged 45-8 ±8-4 ml./min./kg. and 
is somewhat greater than the 37 ml./min./kg. reported by Schambye for the 
conscious sheep. The close relation between cardiac output and portal 
blood flow observed in the present experiments emphasizes the necessity for 
frequent, preferably simultaneous, determinations of cardiac output when any 
measurement of blood flow is being attempted in the anaesthetized animal 
and particularly if any comparison is intended between different methods of 
measuring blood flow. Whether this close correlation holds in the conscious 
animal is not known, but experiments are now in progress in which this 
problem is being investigated. Should there, in fact, prove to be a close 
correlation between cardiac output and portal flow in the conscious animal 
then it will be possible to derive a good approximation of the portal flow 
merely by determining the cardiac output. This is of considerable practical 
significance since measurement of cardiac output is a relatively easy procedure 
compared with estimation of portal blood flow.

Although there was a fair measure of agreement between the total liver 
outflow measured by different methods the results were less consistent than 
those for portal blood flow. It seems probable however that this was mainly 
because of difficulties in correctly positioning the thermocouple or 
thermocouple-balloon in the abdominal vena cava. In the sheep there is 
only a short distance between the junction of the renal veins and the vena 
cava and the opening of the most posterior hepatic veins into the vena cava 
and since there appears to be considerable individual variation in this region it 
is difficult, by surface markings alone, to place a thermocouple or thermocouple- 
balloon exactly cranial to the renal veins and caudal to the hepatic veins.

On the few occasions when the thermocouple-balloon technique was used, 
the results were reasonably consistent indicating that a combination of 
occlusion of the abdominal cava and thermodilution offers a reliable technique 
for the estimation of total venous outflow from the liver.

The results of the experiments on heat production in the splanchnic area 
are in substantial agreement with similar estimations made on the dog



196 Fegler and Hill

[Fegler, 1957 6]. They should, however, only be regarded as approximate 
for the time being since a number of factors which might influence these 
results have not been fully investigated. Thus allowance has not been made 
for the blood derived from extra-splanchnic sources, e.g. from the dia
phragmatic and adrenal veins; nor for the possible occurrence of direct 
heat exchange between arteries and veins in the abdomen, particularly of the 
mesenteric branches [Bazett, Love, Newton, Eisenberg, Day and Forster, 1949]. 
It is quite possible too that arteriovenous anastomoses in the mesenteric 
circulation may introduce apparent anomalies in heat production by 
the splanchnic area. Moreover, it may be that the act of opening the abdomen, 
even if it is carefully closed before any records are taken, might create 
temperature gradients which would not appear in the intact animal. Experi
ments are now in progress in which these and other factors are being 
investigated.
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Nervous structures in the reticulo-rumen epithelium of the lamb.
By K. J. Hill. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge

Previous findings (Hill, 1957) of nervous structures in the reticulo-rumen 
epithelium of the kid have been confirmed and extended in material from 
young lambs. Frozen sections were prepared from the reticulum and rumen 
after the animals had been perfused with buffered methylene-blue solution 
(Meyling, 1953).

Fig. 1. Transverse section of papilla in the reticulum. Central core of nerve fibres 
with filaments entering the stratified squamous epithelium. ( x 440.)

Single beaded fibres entered the basal layers of the epithelium and passed 
between the epithelial cells to terminate in oval bulbs in the outermost layers 
of the epithelium. Occasionally one or two fibres would enter the core of a 
papilla where they would branch and give rise to several fibres which entered 
the epithelium. More frequently several fine beaded fibres would enter the 
core of a papilla and form a cylindrical network of interlacing fibres. From 
this central core fine beaded filaments passed out into the stratified epithelium
(Fig. 1).

[P.T.O.
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The various structures which stained with methylene blue were only found 
in the oesophageal groove, along the reticulo-rumen fold, in a small area of 
reticulum adjacent to this, in certain areas of the dorsal rumen sac and along 
the right longitudinal groove of the rumen.
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number of fibres from the dorsal abdominal vagus. It is perhaps, also 
significant, that the endings tend to be localized to areas which are known 
from physiological evidence to be sensory.

Thus Colin [1854], who appears to have been the first to recognize reflex 
effects within the reticulo-rumen, showed that digital stimulation of the 
cardiac region provokes a series of contractions in the reticulum and rumen. 
Later work has confirmed this finding and has also shown that stimulation 
of the rumenal mucosa initiates rumination. There is, however, some 
divergence of opinion as to which areas of the fore-stomach are the most 
sensitive. Schalk and Amadon [1928] considered the anterior dorsal sac to 
be particularly sensitive whilst Eownie [1954] obtained his best results after 
stimulation of the right end of the reticulo-rumen fold. Ash and Kay [1957], 
who investigated the effects of stimulation of the rumenal mucosa of the 
conscious sheep, found that rumination was produced by stimulation of the 
anterior and longitudinal pillars, the reticulo-rumenal fold and cardia and 
the oesophageal groove region. These are all areas where the histological 
demonstration of nerve endings was possible.

Eructation has also been shown to be a reflex act, the effective stimulus 
being stretch of the stomach wall [Weiss, 1953; Dougherty and Meredith, 
1955; Dougherty, Habel and Bond, 1958] and the suggested location of the 
receptors being around the cardia and in the posterior dorsal sac of the rumen. 
There is evidence too that mechanical stimulation of the cardiac region 
modifies the activities of the salivary glands through vagal afferent fibres 
[Clark and Weiss, 1952; Comline and Kay, 1955]. Distension of the 
reticulo-rumen also evokes increased salivary secretion [Reid and Phillipson,
1958]. u u

More direct evidence for the existence of gastric afferent icceptors has been
provided by Iggo [1955 and 1956] who recorded impulses in single afferent 
fibres in the cervical vagus during mechanical stimulation of the stomach. 
The receptors were located in the oesophageal groove region and although the 
exact location of a receptor in a particular layer of the stomach wall was not 
established Iggo considered that the endings are tension receptors in series 
-with the muscle fibres.

While it seems reasonable to assume that the endings described in this 
paper are the receptors involved in the various reflexes initiated in the 
reticulo-rumen it is a matter for further experiment to test the validity of this 
assumption and to determine whether a particular type of ending is associated 
with a particular reflex. Finally it may be noted that the description given 
here is based on material from very young animals and may not apply to the 
adult.
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nerve endings are restricted to particular regions of the reticulo-rumen which 
correspond roughly with the areas of the mucosa seen to stain more darkly 
when the rumen and reticulum are examined macroscopically. As shown in 
fig. 17 the endings are found mainly in the oesophageal groove, cardia and 
omasal orifice, the right end of the reticulo-rumenal fold adjacent to the 
groove, the right longitudinal pillar of the rumen and part of the dorsal sac 
of the rumen.

Discussion

Habel [1956] has recently pointed out that although there is ample 
physiological evidence for the existence of sensory receptors in the reticulo- 
rumenal wall this has little or no histological basis. Habel himself, although 
he found myelinated fibres in close proximity to the epithelium of the reticu
lum and has provided a description of the terminal nervous network in the 
rumen and reticulum, could not find any receptor organs or free endings in 
the epithelium. He does, however, mention that both Noack [1883] and 
Ellenberger [1906] found fine fibres in the reticulum and rumen which ended 
freely within the epithelium. This finding has been confirmed in the present 
work.

There seems to be little doubt that the structures described here are in 
fact neural elements since their appearance conforms closely to that of 
nerve-networks and free-endings described in other tissues [Weddell, 1940; 
Weddell, Palmer and Paillie, 1955]. However, the present findings are 
derived entirely from preparations stained with methylene blue and it is 
possible that more information might be obtained by the use of alternative 
staining methods. On the other hand Weddell and Zander [1950], after a 
critical evaluation of the methods used to demonstrate tissue neural elements 
have concluded that methylene blue is the most useful routine stain for this 
purpose. More recently Oppenheimer, Palmer and Weddell [1958] have 
pointed out that under optimal conditions methylene blue gives a very clear 
and undistorted picture of nerve fibres of all calibres although great care is 
needed to produce good results. They list several disadvantages of the 
method of which non-specific staining, due to excessive concentration of the 
dye or too prolonged application, is one of the more important and is a 
difficulty which has been met in the investigations reported here. Neverthe
less, in the present work it has been possible to obtain some preparations free 
from non-specific staining and in these the fibres and endings showed up with 
exceptional clarity.

The intra-epithelial position of the endings suggests that they are sensory 
in function although it is not possible to be certain how the endings are 
innervated. In a few sections myelinated fibres could be traced into the 
subepithelial network from which the endings originated but it was extremely 
difficult to follow' these fibres for any distance. A further point of interest 
is that the endings were restricted mainly to the right side of the reticulo- 
rumen; that side of the fore-stomach, in fact, wdiich receives the greatest
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The intrapapillary networks of adjacent papillae were connected at their 
bases by the subepithelial network which was, however, much less extensive 
here than elsewhere and consisted of only a few fibres. The relation of the 
subepithelial and intrapapillary networks to each other was clearly shown 
when small areas of epithelium were separated from the underlying muscle 
coats, cleared and mounted flat. By focusing on the areas of epithelium 
between the papillae the subepithelial network was seen as a system of inter
communicating fibres linking the bases of the papillae (figs. 13 and 16). The 
epithelium of each papilla was well supplied with nerve endings whilst the 
zone of epithelium surrounding each papilla contained relatively few.

An additional structure seen in some preparations was a plexus of fine 
beaded fibres closely resembling the terminal network that has been described 
in the reticulo-rumen by Habel [1956] and in other organs by Meyling [1953]. 
This was seen particularly well in the muscle coats and in the walls of the 
larger blood vessels present in the submucosal and muscle layers. It was not 
possible to discover the relation of this network to other structures in the 
stomach wall.

Examination of blocks of tissue removed at random from the reticulo- 
rumen showed that only relatively small areas contained nerve endings. 
Moreover not only were nerve endings apparently localized to particular areas 
but even within these areas they were sometimes concentrated at one particu
lar point. Thus, in parts of the reticulo-rumenal fold, endings were found 
mainly in the epithelium on the actual tip of the fold.

In an attempt to define the areas of the reticulo-rumen which contained 
nerve endings a new born lamb was perfused with methylene blue solution 
and after appropriate fixation the entire rumen and reticulum were divided 
into suitably sized blocks of tissue and a careful note made of the precise 
area from which each block was taken. Ten to twelve sections from each 
block were examined. The results confirmed the previous findings that

Plate III
Fio. 13.—Epithelium from posterior dorsal sac of rumen of lO-hr.-old lamb. Stripped 
from muscle coats, cleared and mounted flat. Fibres connecting bases of intrapapillary

networks faintly visible. x 154.
Fio. 14.—Diagrammatic representation of the intrapapillary network and the beaded 

epithelial fibres which pass into the stratified squamous epithelium. C/. Pg. ».
Fig. 15.—Diagrammatic representation of a T.S. of a papilla with the intrapapillary

network. Cf. fig. 10.
Fig. 16.—Diagrammatic representation of a surface view of a cleared, flattened prepara- 
tion of rumenal epithelium. A—rumen papillae; B—fibres cormecting intrapapillary 

networks; C—intrapapillary network and intra-epithehal fibres. O/. Pg. id.

Plate IV
Fio. 17.—Reticulo-rumen of lamb, 1 month old. Opened along left side. Approximate 

distribution of epithelial nervous structures indicated by white circles.
1. Reticulum. 4. Right longitudinal pillar of rumen.
2. (Esophageal groove. 5. Ventral sac of rumen.
3. Dorsal sac of rumen. 6. Anterior transverse pillar.

7. Reticulo-rumen fold.
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reticulo-rumenal fold where papillary development was minimal, nerve fibres 
were seen to leave the subepithelial network and to pass into the stratified 
squamous epithelium. Here they branched repeatedly and ended in fine 
naked, beaded terminals among the cells of the epithelium (figs. 5 and 6). 
A few fibres passed straight from the network into the epithelium and ended 
without branching (fig. 7). Many of the epithelial fibres terminated just 
beneath the outermost keratinized layers of epithelial cells and isolated fibres 
actually ended within the keratinized layers. All the endings appeared to be 
extracellular in position.

In the reticulo-rumenal fold and the dorsal sac of the rumen, where the 
papillae were better defined, the subepithelial network gave rise to a cylindrical 
intrapapillary network which occupied the connective tissue core of the 
papilla (fig. 8). It was stained to a varying extent in different sections, but 
in the better preparations and in transverse sections of the papillae, it was 
seen to be made up of interlacing fibres (figs. 9 and 10). Figs. 14 and 15 
provide a diagrammatic representation of this structure. Fine beaded 
terminal fibres originated from the central network and passed out into the 
surrounding epithelium (figs. 11 and 14). The length of these fibres varied 
according to their point of origin from the intrapapillary network. Those 
coming off near the top of a papilla tended to be comparatively short whilst 
those arising near the base were somewhat longer. Some of these fibres passed
to the most superficial layers of the epithelium whilst others terminated at a 
deeper level (fig. 12).

EXPLANATION OF PLATES
All the figures with the exception of fig. 13 are from material obtained from a new-born 
Clun h orest lamb which had been perfused with Meyling solution containing 0-01 per cent

methylene blue, pH 5-5.

Plate I

I ig. 1. Ganghon cells in the oesophageal groove region. x 110.
Fig. 2. V.S. dorsal reticulum close to cardia. Myelinated and amyelinated fibres.

x 125.
Fig. 3. As fig. 2. A myelinated fibre giving rise to an amyelinate fibre. Composite

photograph. x 360.
Fig. 4.—As fig. 2. Part of the sub-epithelial network. x 360.

Fig. 5.—As fig. 2. Branched free ending in the stratified squamous epithelium. x 680.
Fig. 6. V.S. reticulum near oesophageal groove. Branched free ending in stratified

squamous epithelium. x 900.

Plate II
Fig. 7. Reticulo-rumenal fold near oesophageal groove. Single free ending in stratified

squamous epithelium. x 558.
Fig. 8. V.S. reticulum. Intrapapillary networks in three adjacent papillae. x 170. 

Fig. 9. V.S. reticulum papilla with part of the intrapapillary network. x 470.
Iig. 10. Reticulum. T.S. through a papilla. Intrapapillary network with fibres 

running out into the stratified squamous epithelium. x 439.
Fig. 11—Right longitudinal pillar of rumen. V.S. through epithelium with headed 
hbres trom intrapapillary network running into stratified squamous epithelium. x 439.
Fig. 12.—As fig. 11. High-power view of several of the intra-epithelial fibres. x 900.
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through coiled glass tubes in a water-bath at 37° C. When the perfusate emerging 
from the portal vein and vena cava was practically free of blood, the aortic cannula 
was connected to a second reservoir of Meyling solution to which had been added 
0-01 per cent methylene blue (Gurr’s) and 40 I.U./100 ml. of hyaluronidase (Rhondase, 
Evans Medical Supplies). Oxygen was bubbled through this solution throughout 
the perfusion. After about 20 min. when 2^—5 litres of fluid had been used, the 
perfusion was stopped and the reticulo-rumen removed and opened. The epithelial 
surface was gently washed in Meyling solution free of methylene blue and was then 
allowed to blue in air for about 10 min. and after immersion in 8 per cent ammonium 
molybdate solution for 24 hr. the entire reticulo-rumen was placed in 8 per cent formol 
saline for 24-48 hr. Frozen sections (15-30 ^i), prepared from blocks of tissue removed 
from various areas of the reticulo-rumen, were carefully dried on the slide, counter- 
stained with 1 per cent aqueous eosin or light green, cleared and mounted in DePex 
(G. T. Gurr, Ltd., London). By experiment it was found that some staining of nervous 
structures was achieved at all pH values less than 6*0 but a pH of 5*5—5’ i was optimal 
for epithelial endings. Speed in the cannulation and washing out procedures was also 
necessary for good results.

Observations

The whole of the mucosal surface of the rumen and reticulum was usually 
stained blue, but certain areas were stained more deeply than others. These 
were in the oesophageal groove region, the reticulo-rumenal fold, part of the 
reticulum adjacent to the fold and along the lumenal edge of the right longi
tudinal pillar of the rumen. Microscopic examination showed that nerve 
fibres and endings were mainly restricted to the deeper staining areas.

Organized nerve endings in the form of compact or encapsulated structures 
were not found in any of the sections of reticular or rumenal epithelium 
examined. Free nerve endings were present, however, either as single or 
branched fibres or as more complex arrangements within the rumenal or 
reticular papillae. The ganglia of the myenteric plexus were present in the 
deeper layers of the stomach wall (fig. 1) and were particularly numerous in 
the lips of the oesophageal groove [c/. Ellenberger, 1906; Renzoni, 1956]. 
There was no evidence of a well defined submucous plexus in any layer.

Nerve fibres (fig. 2) were present in many sections but it was only rarely 
that a fibre could be followed for any distance. This may have been due to 
the tortuous course of the fibre in the stomach wall and because the composi
tion and pH of the perfusion fluid, while optimal for epithelial endings, were 
not suitable for the more deep-lying structures. For these reasons and 
because of the difficulty of cutting very thin frozen sections it w as not possible 
to be certain of the origin or termination of the majority of the fibres present. 
Myelinated fibres, some w ith twro axis cylinders w ithin the neurilemmal sheath 
[cf. Weddell, 1940] were present between the bundles of muscle fibres. From 
here they passed into the submucosa wrhere they branched (fig. 3) and became 
amyelinated, as assessed by a marked reduction in size and by the loss of 
the pale staining sheath around the larger fibres. In a fewT preparations these 
non-mvelinated fibres coursed through the submucosa and entered into a fine 
network of fibres w'hich lay close beneath the epithelium (fig. 4). In areas 
such as the oesophageal groove, the cardia and the right extremity of the
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NERVOUS STRUCTURES IN THE RETICULO-RUMENAL EPI
THELIUM OF THE LAMB AND KID. By K. J. Hill. From the 
Agricultural Research Council, Institute of Animal Physiology, 
Babraham, Cambridge.

(Received for publication 20th August 1958)

In frozen sections of the rumen and reticulum of young lambs and kids, 
prepared after the whole animal had been perfused with methylene blue solution, 
ganglia of the myenteric plexus were found in all areas but were especially 
numerous in the oesophageal groove. Myelinated fibres between the bundles of 
muscle fibres branched repeatedly in the submucosa and then gave rise to fine 
amyelinate fibres which entered a subepithelial network. No organized endings 
were found in the rumen or reticulum but single and branched free endings 
passed from the subepithelial network into the epithelium. In the connective 
tissue core of the rumenal and reticular papillae the subepithelial network formed 
a well-defined structure from which free nerve endings originated and entered 
the surrounding epithelium. Endings were found mainly in the oesophageal 
groove region, the cardia and omasal orifice, the right end of the reticulo-rumenal 
fold adjacent to the groove, the right longitudinal pillar of the rumen and part 
of the dorsal sac of the rumen. In a brief review of the physiological evidence 
on the existence of sensory areas within the reticulo-rumen attention is drawn 
to the close correspondence of these areas with those found to possess nerve 
endings. These nerve endings may be the receptors for the reticulo-rumen 
reflexes.

Introduction

Although there is ample evidence that reflex effects may be initiated in the 
reticulo-rumen, there is little or no histological information about the sensory 
receptors involved [Habel, 1956]. This paper describes nervous structures 
which have been found in the rumenal and reticular epithelium of young 
ruminants and which may, it is suggested, be receptor organs. This sugges
tion is based on the morphology and intra-epithelial position of the endings 
and on the fact that their distribution conforms with that of known sensory 
areas within the reticulo-rumen. Some of these findings have already been 
briefly described [Hill, 1957 and 1958].

Materials and Methods

Three kids and five lambs, new born except for one lamb 21 months old, were 
used. Each animal was killed by an overdose of pentobarbitone (Abbotts Veterinary 
Nembutal) given intravenously. The chest and abdomen w'ere then rapidly opened 
and a glass cannula with its tip directed caudally inserted into the thoracic aorta. 
The abdominal aorta was ligated caudal to the renal arteries and after severing the 
portal vein and vena cava Meyling solution without methylene blue and buffered to 
pH 5-5-6-0 was perfused through the aorta [Meyling, 1953]. The perfusion reservoir 
was placed about 1 metre above the animal and the fluid was heated by passing it
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A Method for Closed-circuit Anaesthesia in the Pig
BY

K. J. HILL and J. S. PERRY
Agricultural Research Council, Institute of 
Animal Physiology, Babraham, Cambridge

SUMMARY.—1. A method of anaesthesia is 
described suitable for large pigs.

2. After pre-medication with chlorpromazine, anaes
thesia is induced with pentobarbitone given intraven
ously and is maintained with cyclopropane used in a 
closed circuit.

3. The necessary apparatus is described, including 
a combined trolley and operating table.

INVESTIGATIONS undertaken at the Institute of 
Animal Physiology necessitated repeated laparo
tomies on pigs weighing 100 to 250 kg. and so a safe 

and easily controllable method of anaesthesia was 
required. Apart from difficulties of administration, 
inhalation anaesthesia using chloroform is associated 
with a grave risk of respiratory failure (Wright, 1952 
and when ether is used adequate surgical anaesthesia 
is difficult to attain without special apparatus. The 
barbiturates, given intravenously, are moderately 
satisfactory but they act only for a short period and 
repeated intravenous injections are often troublesome 
and inconvenient to give during an operation.

In view of the fact that closed-circuit cyclopropane- 
oxygen anaesthesia with carbon dioxide absorption 
has proved successful in the dog, goat, sheep (see 
Wright, 1957) and horse (Dyce, Jones & Wadsworth, 
1952) and is used routinely for general anaesthesia in 
goats and sheep in this Institute, this method appeared 
to merit a thorough trial in the pig.

Special Apparatus
(a) Combined Operating Table and Trolley

Fio. 1.—Combined operating table and trolley.

This paper describes a satisfactory routine pro
cedure using cyclopropane, which has been developed 
in the course of 87 operations on a total of 26 pigs, 
most of which have undergone three or four laparo

tomies. The procedure includes preliminary sedation 
of the animal with chlorpromazine and is facilitated 
by the use of a combined trolley and operating table 
which reduces the considerable handling problems 
associated with large anaesthetised pigs.

The essential features are shown in Fig. 1. The 
table is made of 18-gauge galvanised steel sheet 
attached to a rectangular frame of angle-iron strength
ened by 2 longitudinal members and 4 corner brackets, 
the whole being mounted on 4 rubber-tyred castors. 
Four metal lugs, attached to the frame as shown, rest 
on trestles and so convert the trolley into an operating 
table. The trestles are welded from 1-in. steel tube, 
and one is 6 in. higher than the other so that the table 
has a 20° slope. The anaesthetised pig is held in 
position by a detachable steel support which can be 
bolted to the frame, and by ropes looped around the 
animal’s legs and tied to the steel handles which 
project from the sides of the table.

Fio. 2.—Jaw retractor, laryngoscope and Magill endo
tracheal tube.

(b) Jaw Retractor (Fig. 2)
This is a scissor-type retractor actuated by a screw 

with a square-cut thread of coarse pitch. The arms 
are made from f-in. steel rod and the tips are rubber 
shod.

(c) Illuminated Laryngoscope (Fig. 2)
This is made from f-in. Perspex rod, slightly curved, 

and cut to provide a spatulate tip. The metal battery 
case forms the handle.

id) Cuffed Endotracheal Tube (Fig. 2)



It has not been found necessary to use a tube of 
larger diameter than the Magill No. 10, but it is con
venient to have one of more than standard length 
(British Oxygen Company).

(e) Anaesthetic Apparatus
A portable anaesthetic apparatus (British Oxygen 

Company, MS 95, with rebreathing attachment and 
flowmeter unit) has been used, but the 1-gallon 
rebreathing bag supplied with the apparatus has been 
replaced by a 2-gallon bag.

Pre-medication
Food is withheld for 24 hours prior to operation 

and the animal is weighed during this period to avoid 
unnecessary excitement immediately before anaes
thesia. On the morning of operation chlorpromazine 
hydrochloride (Largactil, May & Baker) is injected 
intramuscularly in a dose of 2 02 to 2-5 mg. per kg. 
bodyweight. The pig then remains undisturbed in its 
pen for 1 to 1£ hours, which allows time for the 
sedative effect of chlorpromazine to develop. The 
degree of sedation produced by this dose of chlor
promazine has varied considerably. In some animals 
there was a marked drowsiness and lethargy whilst 
in others there was no apparent change in behaviour. 
This individual variation has also been noted in the 
pig by Ritchie (1957) and in the horse by Graham 
(1956) who suggests that it may be due to the dis
similarities in temperament of different animals. To 
achieve adequate sedation therefore it may be neces
sary to exceed the stated doses for individual pigs. 
Nevertheless, in practically all the animals which 
received 2 0 to 2-5 mg. per kg. chlorpromazine, 
whether they showed obvious sedation or not, sub
sequent intravenous injection was facilitated and the 
anaesthetic properties of the induction agent, pento
barbitone, appeared to be potentiated.

Induction
After washing and shaving the ear, anaesthesia is 

induced with an injection of sodium pentobarbitone 
solution into one of the veins on the back of the ear. 
This can be done in the animal’s pen and the injection 
may be given with or without restraint, depending on 
the degree of sedation brought about by the chlor
promazine. When restraint is necessary, a rope noose 
around the upper jaw with the free end attached to a 
ring in the wall is satisfactory.

As the veins on the dorsum of the ear provide the 
most convenient route for intravenous injection in the 
pig it is important to conserve them as far as possible 
if repeated operations are to be performed upon the 
same animal. Two practical points which appear to 
help are the use of a fine-bore needle (No. 16) and of 
an aqueous solution of pentobarbitone. The dosage 
has ranged from 10 to 20 mg. per kg. bodyweight, 
the required quantity of the powder (Abbotts Nem
butal Powder) being dissolved in 8 to 10 ml. of sterile 
normal saline a short time before use. The injection 
s given fairly rapidly, the aim being to produce 
moderately deep anaesthesia of short duration to 
facilitate the endotracheal intubation. Atropine 
sulphate (0-2 mg. per kg.) is injected subcutaneously

to reduce the secretion of saliva and mucus which may 
be troublesome during the subsequent intubation.

Intubation
The animal is placed on its left side on the trolley* 

and wheeled to the operating room where the endo-

Fig. 3 --Sow in position for intubation.

Fig. 4.—Jaw retractor in use, and endotracheal tube
inserted.

Fig. 5.—Interior of mouth, showing apex of epiglottis when 
the tongue is depressed by the laryngoscope,
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tracheal tube is inserted. This is made easier if the 
trolley can be raised as shown in Fig. 3 and held level 
at a height convenient to the operator. If the head is 
slightly extended the airway will be nearly straight. 
The mouth is opened by means of the retractors, 
which are placed so that pressure is applied to the 
hard palate and to the floor of the mouth, just behind 
the incisors (Fig. 4). The laryngoscope is introduced 
into the mouth over the dorsum of the tongue, and the 
root of the tongue is depressed by means of the 
spatulate end (Fig. 5). The apex of the epiglottis may 
now be visible although more frequently it lies on the 
pharyngeal side of the soft palate and cannot be seen 
at this stage. It is, however, a simple matter to raise 
the soft palate with the laryngoscope and so bring 
he epiglottis into view. The tip of the laryngoscope 

.s then used to hold the apex of the epiglottis against 
^e root of the tongue and so bring the interior of the 
*arynx into view. The tip of the endotracheal tube is 
^gently inserted between the vocal cords and pushed 
down into the trachea (Fig. 6). A metal rod in the 
tube serves to hold it straight until its tip is inserted 
into the larynx. The rod is withdrawn as the tube 
is passed into the trachea. The cuff is inflated and 
the retractor is then replaced by a small wooden gag. 
The tube is passed through a hole in this gag and is 
connected to the anaesthetic apparatus (Fig. 7). 
Before the connexion is made the trolley is lowered 
on to the trestles and the animal is secured in the 
appropriate operating position. The slope of the 
table, primarily designed to hold the animal in a 
supine position with the shoulders lower than the 
pelvis, makes it possible to arrange the anaesthetic 
apparatus so that mucus, and fluid formed by con
densation within the gas line', flow downwards towards 
the rebreathing bag.

Maintenance Anaesthesia 
Immediately the endotracheal tube is connected to 

the anaesthetic apparatus, oxygen and cyclopropane 
in the proportions of 2 or 3 to 1 are run into the 
circuit until the rebreathing bag is moderately full. 
For pigs weighing 100 to 150 kg. the gas flows are 
then adjusted to 250 to 350 c.c. oxygen and 50 to 
100 c.c. cyclopropane, per minute. Heavier pigs 
consume more oxygen ; they also require appreciably

Fig. 6.—Dissection of head of sow with R. ramus removed 
to show route of intubation.

more cyclopropane per kg. bodyweight to maintain 
surgical anaesthesia. This is apparent from Fig. 8 
where the cyclopropane consumption per unit weight 
in 21 operations of similar duration is plotted against 
the bodyweight of the animal. Cyclopropane is 
readily soluble in body-fat and the increased cyclo-

Fig. 7.—Animal in operating position, and connected to 
the anaesthetic apparatus.
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Fig. 3.—The total cyclopropane requirement of pigs of 
varying bodyweight during operations of similar duration 

(H to 2 hours).

propane requirement may be related to the greater 
body-fat content of large animals.

The whole process between induction and connex
ion to the anaesthetic apparatus should be done as 
expeditiously as possible. This ensures that anaes
thesia proceeds smoothly as the effect of the pento
barbitone wanes. During the first 15 to 30 minutes 
of cyclopropane administration the depth of anaes
thesia is assessed at frequent intervals. The corneal 
reflex, and the response when the skin is pricked with 
a needle, are useful guides at this stage. The aim is 
to maintain the animal at a medium depth of anaes
thesia, i.e., with a sluggish corneal reflex and loss of 
the response to skin pricking. This is done by 
increasing the flow of cyclopropane, and when a 
suitable depth of anaesthesia has been established it
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Table I
Progress of a Typical Operation 

Animal—Large White Sow

Date : 14.8.56 Number : BL 19 Weight : 126.4 kg.
Permedication : Chlorpromazine, 250 mg., i.m. 9.30 a.m. 
Induction : Pentobarbitone 30 grains (2 g.), i.v. 10.36 a.m.
Atropine : 25 mg............................................ 10.38 a.m.
Connection to anaesthetic apparatus ............... 10.48 a.m.
Progress :

Cyclo-
Time, Oxygen propane Mixture Respira- 
a.m. c.c. per c.c. per per cent, tions Reflexes 

min. min. C,H4 per min.

10.50 350 50 14-2 ___ Corneal -f +
10.51 350 100 28-5 — Skin twitching +
10.52 350 100 28-5 9

Corneal +
10.57 _ — — 8
11.01 350 50 14-.2 — Quiet
11.05 350 100 28-5 — Skin twitching +
11.10 300 100 33-3 — Quiet
11.11 300 100 33-3 7 „
11.21 Incision
11.22 300 50 16 6
11.30 300 100 33-3 — Skin twitching +
11.40 300 100 33-3 7 Quiet
11.55 300 100 33-3 7 **
12.11 300 100 33-3 6
12.20 Operation finished

can usually be maintained by occasional adjustment 
of the cyclopropane flow. An example is given in 
Table I which shows how the flow of oxygen and 
cyclopropane, and the percentage of cyclopropane 
present in the gas mixture at any one time, varied 
during an actual operation. In the particular anaes
thetic apparatus used here the soda-lime container 
cannot be cut out of the circuit, and hence C02 
absorption goes on continuously. The soda-lime 
container holds about 400 gm., sufficient for an 
operation lasting about 2 hours.

Recovery
Immediately the operation has been completed the 

endotracheal tube is removed. Recovery is rapid, 
vigorous reflexes being present after 1 to 2 minutes and 
movements of the head and limbs occurring after about 
5 minutes. The majority of pigs stand within 2 hours 
of operation and will usually take food shortly after
wards. Pigs which have been operated upon are kept 
in a recovery pen for 2 to 3 days.

Complications
Cessation of respiration after giving pentobarbitone 

has occurred on a number of occasions. This is a 
common complication in large pigs but it is usually 
easy to overcome by applying artificial respiration 
(Wright, 1957) which is facilitated by tracheal intuba
tion and the use of a closed circuit. There have been 
2 deaths during anaesthesia in the course of 87 
laparotomies undertaken on adult pigs. Both animals 
were large sows; in one case breathing stopped after 
intubation but before cyclopropane was administered, 
and in the other cyclopropane administration had 
begun but surgical anaesthesia had not been achieved. 
Artificial respiration was ineffective in both cases.
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Experiments were made to ascertain -what factors are responsible for maintaining 

continuous gastric secretion in the sheep since the gastric glands do not secrete 

spontaneusly (Hill, 1955)* hen sheep with vagally innervated gastric pouches 

(G-regory, Hallenbeck & Code, 1942) were fed at frequent intervals abomasal secretion 

was ata continuously high level with only minor fluctuations in volume and acid 

output. Pasting for 24 hours reduced the secretion. Feeding then caused a marked 

secretory response, the magnitude and duration of which varied with different foods. 

This may have been related to volatile fatty acid (VFA) production in the rumen since 

the rumen VFA and gastric secretory curves were closely parallel and individual 

VFA*s added to the rumen had a secretagogue effect.

Oesophagostomised sheep when sham fed failed to show a secretory response.

In sheep in which the rumen had been completely emptied, normal feeding was also 

without result and the i.v. injection of insulin, a known vagal stimulant, was 

either without effect or produced a very small response seen mainly as an increase 

in the pepsin concentration of the juice. When insulin was given i.v. to animals 

with a full rumen a marked secretory response occurred and this was attributed to 

the increased flow of ingests frcm the rumen to the abomasum caused by rumenal 

hypermotility (Hill, 1954).

It is concluded that the cephalic phase of secretion is of little significance 

in the sheep and that presumably the gastric phase is primarily responsible for 

maintaining continuous abomasal secretion.
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Some Aspects of Abomasal Physiology

Apart from the processes which occur in the fore-stomachs our understanding of 

how material is digested and absorbed in the ruminant tract lags behind that of 

aninals with simple stomachs, it is reasonable to assume that these processes 

are not much different from those occurring in man, dog, pig etc. since it is 
known that the digestive tract is well provided with the usual secretions and 

enzymes but even so the anatomical arrangement of the ruminant tract does introduce 
additional factors which must be considered in any assessment of the digestive 

activity of the abomasum and lower tract.
The abomasum is the true secretory stomach of the ruminant and developes, 

as do the fore-stomachs, from the primitive stomach spindle. In the foetal lamb 

peptic cells, containing pepsinogen granules, are present in the mucosa from 

roughly half-term and gradually increase in number up to birth, pepsin can also 

be demonstrated in the foetal abomasal contents but as the pH of this material 

remains close to neutrality throughout gestation the pepsin must remain in its 

inactive form, pepsinogen. The most striking feature of the glandular development 

however is the marked scarcity of the secreting cells during foetal life, it 

is in fact only after the first 24 hours of life that pafcietal cells are seen in 

any number. This is due to a rapid multiplication of these cells during this 

period. Coincidentally with this increase in the parietal cell population the pH 

of the stomach content gradually falls and by 36 hours after birth is around pH 3.0. 

in other words the conditions for peptic digestion in the abomasum are not optimal 

until some 36 hours after birth and for most of this period proteolytic activity 

is probably negligible. The abomasal contents also contain rennin but, as the
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optimal pH for its action is somewhat higher than that of pepsin, milk coagulation 

proceeds from birth. The close correspondence between the delay in the onset of 

gastric proteolytic activity and the period when immune globulins are absorbed 
from the colostrum is worthy of note. It would appear that this is a mechanism 

which will allow the colostral globulins to pass unharmed through the stomach 

and so enter the intestines where they are absorbed (Hill, 1956). It would be 

interesting to discover whether any mechanism exists which protects the colostral 

globulins from the other digestive enzymes and in this respect the antitrypsin 

present in colostrum may be of importance since its presence has been shown to 

lead to increased absorption of globulin (Woodbring & Olsen, 1957).

The change-over period from what is essentially a simple-stomached animal 
to a ruminant is of particular interest and considerable information is available 

on the metabolic changes which occur in this period. It is disappointing to find 

so lit ole information on the activity of the digestive glands at this time since 
the few observations available suggest that a better understanding of these events 

might be of considerable practical importance. Kuimov (1948) for example prepared 

Pavlov pouches in 2 week old lambs and followed the changes in abomasal secretion 

until the animals were 6 months old. During the suckling period a gradual increase 

in the amount and acidity of the gastric juice secreted occurred but when plant food 

was introduced into the diet the peptic activity and acidity of the juice were 

markedly reduced. These and other findings may be of significance in devising 

correct methods of weaning animals. More work on the abomasal and other secretions 

during early life is needed.

In the adult ruminant the secretion of gastric juice is a continuous process.
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This is perhaps not surprising since food material from the rumen reservoir 

flows into the abomasum more or less continuously. It is of interest however 

to note that the gastric glands do not, as the perotid salivary glands do, 

possess the property of spontaneous secretion since the secretion of acid 

gastric juice ceases when the fore-stomachs and abomasum are emptied of ingesta 

(Hill, 1935)* Investigations on the factors responsible for initiating and 
continuing abomasa! secretion have shown that the cephalic phase of secretion 

is absent in the sheep. Thus when sheep with oesophagostomies are sham-fed 

there is no secretory response from the abomasum. Similarly when Sheep with 

the fore-stomachs empty of ingesta are fed, there is no increase in abomasal 

secretion even though the ingested food enters the rumen (Hill, 1959). This 
of course pin-points one of the differences between ruminants and non-ruminants 

in that in most instances in the ruminant food when eaten does not pass 

immediately to the secretory stomach. Teleologically, therefore, there would 

seem to be no necessity for a sudden outpouring of gastric juice, as is produced 

by the cephalic phase in the dog, to deal with food which has freshly entered 

the rumen. Nevertheless by feeding sheep for only a short period each day it 

is possible to demonstrate a marked secretory response. Since the act of 

eating is accompanied by hypermotility of the rumen and reticulum it is 

reasonable to assume that an increased flow of ingesta from the rumeno-reticular 

sac to the abomasum occurs and this has indeed been shown to be so (phillipson,

, Balch, ). Moreover Ash (1959) has demonstrated that an increased 

secretion of gastric juice occurs from abomasal pouches when rumen contents 

are perfused through the abomasum. It seems probable therefore that the main
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factor responsible for stimulating gastric secretion in the ruminant is the 

constant passage of ingesta through the abomasum with the resultant continuous 
stimulation of* th© pyloric phase of* secretion.

This may not be the whole story however since it has been shown that there 
is a close parallel between the volatile fatty acid concentration in the rumen 

contents and the secretory activity of abomasal pouches (Hill, 1959)• Thus 
under the conditions of our experiments when a meal of hay and concentrate was 

eaten there was a rapid increase in the vFA concentration in the rumen contents 

which attained a maximum some 2—3 hours after feeding. The gastric secretory 

curve showed similar time relations. The subsequent decline in VFA concentration 

was sometimes accompanied by a decline in secretion but more frequently the acidity 
of the juice diminished before the VFA concentration fell. The introduction of 

acetic acid, propionic acid and butyric acid into the rumen was accompanied in 
each case by a considerable increase in secretion from abomasal pouches although 

acetic acid produced much the greater response. Estimations of the VFA concentration 

of the abomasal content after the addition of fatty acid to the rumen showed no 
change. Russev (1959) has shown however that propionic acid added directly to the 

abomasum stimulates secretion and Ash (1959) noticed that buffers containing fatty 

acid had a secretogogue effect. It is possible therefore that small amounts of 

VFA may pass into the abomasum where they are absorbed quickly and exert a direct 

efiect on the gastric glands. It is also possible that the heat increment produced 
by these acids (Armstrong & Blaxter, 1957) may exert a stimulant effect on the 

gastric glands. Whatever the mode of action is found to be there is no doubt
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that this stimulus to gastric secretion occurs at a most opportune moment since 

it is apparently maximal during the period when an increased flow of ingesta 

into the abomasum occurs.

If the presence of ingesta in the abomasum is of paramount importance in 
the stimulation of gastric secretion it is obviously important to know something 

of the factors which affect the flow into and out of the abomasum since the 

passage of ingesta from the rumen to the reticulum is not a simple process.

From comparisons of the dry matter, nitrogen and lignin content of the rumen 
and abomasal contents Gray, pilgrim & Walker (1954) deduced that 33-64^ of the 

water entering the omasum is absorbed so that the material entering the abomasum 
is in a somewhat concentrated form. On the basis of the chloride concentrations 

of omasal contents, abomasal contents and gastric juice Masson & Phillipson (1952) 

calculated that this concentrated material would have to be diluted with 

approximately twice its volume of gastric juice to produce the chloride concentration 

normally found in the abomasal contents. If this estimate is correct, it 

underlines the necessity for the secretion of large volumes of gastric juice.

There is no information as yet on the volume of material leaving the omasum 

and flowing into the abomasum but measurements have been made of the amount of 

material leaving the abomasum, phillipson (1952) found for example, that the 

total outflow in a 50 Kg sheep was about 400 ml/hr. Assuming that this material 

consisted of one third ingesta and two thirds gastric juice the total output of 

gastric juice per 24 hr would be about 6 litres. An equally impressive figure 
was obtained by Kuznetsova (1950) for the volume of gastric juice secreted by a 

two year old heifer. She calculated, on the basis of collections from an abomasal
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pouch, that the total volume of gastric juice secreted by the abomasum amounted 
to about 30 litres daily.

The flow of material from the abomasum is fairly constant with little change 

in composition. There are however short periods of quiescence when the peristaltic 
activity of the pyloric region of the abomasum is in abeyance and when ingesta 

cease to flow. The mechanism for this delay is not understood but it is possible 

that inhibitory mechanisms may operate from the duodenum since the introduction 

of acid and other substances into the duodenum depresses or inhibits abomasal 
motility (singleton, 1951)* This suggests that the presence in the duodenum of 

ingesta with a low pH may be a factor in regulating the flow of material through 
the abomasum. Ash (1959) has indeed suggested that inflow to the abomasum, 

abomasal secretion and outflow from the abomasum are coordinated and that the 
acidity of the juice may be a factor controlling the movement of ingesta as a whole 

in the digestive tract. There is other evidence to support this concept of the 

abomasum as a regulator of the movement of ingesta through the digestive tract, 

phillipson (1959)9 for example, has shown that distension of the abomasum 
inhibits reticular movements and Comline (1949) found that in some cases 

stimulation of the central end of the abomasal vagus caused contraction of the 

reticulum. The interrelationship of these and other gastric reflexes is a 

complicated and fruitful field for investigation.

When we come to a consideration of the digestive function of the abomasum 

the rate of passage of ingesta is of some significance. How long in fact does 
material remain in the abomasum? Czepa & Stigler (1929) found the emptying time 

of milk clots from the abomasum of young suckling goats fed with milk and barium
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to be not greater than three hours. Unfortunately it is more difficult to 
determine the length of stay in the abomasum of the more liquid material passing 

to this organ from the omasum and direct evidence is lacking. From experiments 
in which a marker substance such as stained straw has been added to the diet it would 

appear that once food material has left the rumen it passes through the remainder 
of the tract very quickly. There may well be a differential passage however of 

the different kinds of food material through the abomasum which would permit 
varying degrees of exposure to the gastric juice. The arrangement of the abomasal 

mucous membrane into a series of deep spiral folds certainly facilitates this 
process since food material tends to accumulate in between the folds. If, as seems 

likely, most of the food material passes through the abomasum quickly it is 
difficult to see how much digestion can actually occur in this organ. There is 

in fact no information on the extent to which the digesta is attacked and 

broken down by the gastric juice. The pH of the abomasal content is usually 

about 3.0 and this may precipitate and coagulate the proteins and render them 

more susceptible to enzyme action further along the tract.

The material leaving the reticulo-rumen and entering the abomasum is mainly 
a mixture of the remains of several previous meals with rumen protozoa and rumen 

bacteria. Evidence has been available for many years that the rumen ciliates die 
and disintegrate in the abomasum and it appears that a similar fate befalls the 
bacteria (Masson, 1950). There does not appear to be any cultural work on the 

abomasum contents however, to determine if all the organisms are in fact killed.

The disintegration of the rumenal bacteria is obviously of importance from the 

point of view of liberation of their cellular proteins and other constituents 

and it is strange that so little information is available on this point. There
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is of course no doubt that most, possibly all, of the rumen organisms disintegrate 

as they pass through the tract and that amino-acids become available to the animal 
from this source. The relative amounts of dietary and microbial protein used by 

the animal under normal feeding conditions are now however known but it is probably 
that the extent of conversion of food protein to microbial protein in the rumen 

is over 5Q^ (McDonald, 1957)*
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Eructation in Insufflated Sheep and its Relation to the Rapid Blood Gas Changes.
R. W. Dougherty, W. E. Stewart and Max Nold, Cornell University;
Ivan Lindahl, ARS: USDA; Prank Campetti, Rochester University Medical School and
K. J. Hill, Institute of Animal Physiology, Babraham, England.

The report was made in an effort to bring up-to-date what is known about the
physiology of eructation in ruminants. This is considered to be a ’’key” part of
the bloat problem.
Previous work has shown that the following events occur during eructation:

1. Two contractions of the reticulum, clearing that organ of much of its ingesta.

2. Contractions of the ruminoreticular fold and anterior pillar, holding the 
ingesta away from the cardiaarea and preventing the immediate return of 
ingesta to the relaxed reticulum.
These events permit gas to come forward to the region of the cardia so that 
it is in a position to be eructated.

A. Relaxation of the cardia and prediaphragmatic sphincters, permitting rumen gas 
to distend the esophagus throughout its entire length.

5. Closure of the cardia and prediaphragmatic sphincters and relaxation of the 
pharyngoesophageal sphincter followed by an extremely rapid peristaltic wave of 
the oesophageal musculture clearing the oesophagus of the contained gas.

6. We also had demonstrated previously that there are receptors in a relatively 
small area around the cardia which inhibited eructation when this area could 
not be cleared of liquid, solid or foamy ingesta. These receptors were capable 
of differentiating between gases and other materials common to nujjen ingesta.
When this area (around the cardia) is covered for a few minutes with one percent 
butyn sulphate and the relatively full rumen is insufflated with gas, decerebrate 
sheep eructated any material that was in the vicinity of the cardia-gas, liquids, 
solids or a mixture of these components of rumen ingesta. This indicates that 
these receptors are fairly superficial and may act as tactile receptors. It 
must be borne in mind that during rumination the animal must be able to inhibit 
the inhibitors or regurgitation would be impossible.
A continuation of the work during the past year and especially during the summer 
and fall has thrown considerable light on pharyngeal events occurring during 
eructation. These are listed briefly as follows:

7. The soft palate closes against the posterior nares, blocking entrance of the 
bulk of the eructated gases into the nasal cavities.

8. The mouth and lips remain closed, although not tightly so.
Intrapharyngeal pressures rise sharply during eructation.9*



10. The glottis remains open and even widens during eructation, in the decerebrate 
sheep*

11. Intratracheal pressures rise sharply druing the oesophageal contraction phase 
of eructation. These pressures follow patterns similar to those occurring in 
the oesophagus during eructation.

12. Methane is not excreted through the lungs in measurable amounts when it is 
insufflated into the rumen.

13. When the sheep were insufflated with a 60/^0 mixture of CO2 and CH^, methane 
was found in the trachea and in the bronchi in appreciable amounts. This 
indicated that eructated gases get deeply in the lungs.

Recent studies of the intrapharyngeal phases of eructation are considered to be 
one of the most productive parts of our foui>-year study of this important 
physiological process. It.has led to our finding that considerable quantities 
of eructated gases get into the lungs, part of which is absorbed. The 
implications of this physiological process are far reaching. We have already 
found that this is the chief source of two important off-flavours in milk.
It may have considerable influence on what are considered to be normal milk 
flavours. It can be postulated that the ruminant recycles part of the eructated 
gas to conserve some of the carbon (CO2) that would otherwise be wasted. If this 
is so, then the entire picture of ruminant metabolism may have to be re-examined.
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INTRODUCTION

Poisoning oflivestock by the ingestion of the South African plant 
Dichapelalum cymosum has long been recognised. The toxic principle 
of this plant is fluoroacetate (Marais, 1944). More recently the 
introduction of sodium fluoroacetate as a rat and rabbit poison has 
provided another source of this toxic substance which may be 
potentially dangerous to the grazing animal. These facts justify a 
close study of fluoroacetate poisoning in ruminants since, despite a 
considerable literature on the biochemical nature of fluoroacetate 
poisoning in laboratory animals (Peters, 1952), there is little reliable 
information on its action and toxicity in the larger domestic animals. 
The most urgent problem however is to obtain an antidote. In 
some animals, acetate is protective in fluoroacetate poisoning. In 
ruminants, however, acetate is a major product of fermentation in 
the rumen, and the concentration of acetate in the blood of these 
animals is usually 3 to 10 times that of non-ruminants. It was not, 
therefore, anticipated that acetate would prove to be an effective 
antidote in sheep, but some protective action of acetate has been 
demonstrated in preliminary experiments which are described in this 
paper. Data on the toxic dose of fluoroacetate in sheep and some 
of its biochemical effects are also reported.

MATERIALS AND METHODS

Animals. Clun Forest and Welsh Mountain wethers and ewes kept 
under animal house conditions were used in this investigation. They were 
fed each morning with 700 g. of chopped hay and consumed the ration 
within four hours. On the day of experiment food was withheld. During 
long term experiments the animals were fed as usual. Several of the 
animals were fitted with rumen fistulae for the addition of fluoroacetate 
directly to the rumen; in other animals this was done by means of a 
stomach tube. Blood samples were removed from the jugular vein and 
clotting was prevented by heparin. Injections of fluoroacetate were 
given into the jugular vein.

Sodium fluoroacetate. This was obtained from Monsanto Chemicals Ltd. 
and used as a solution in 5 ml. distilled water. It contained no detectable 
inorganic fluoride and was 100.1 per cent sodium fluoroacetate on the 
basis of its fluorine content. Dose rates were calculated in terms of the 
free acid.

Monoacetin. A commercial preparation (B.D.H.) was used.

♦Present address: Faculty of Rural Science, University of New England, Armidale 
New South Wales, Australia.



Methods of Estimation
Blood sugar. Blood sugar was estimated initially by the copper- 

reduction method of Somogyi (1952) coupled with the colorimetric 
procedure of Nelson (1944). In later experiments the more specific 
glucose oxidase method of Huggett and Nixon (1957) was used. Blood 
glucose values were about 5 to 10 mg/100 ml less when measured by the 
latter method.

Blood lactate. The method of Barker and Summerson (1941).
Blood ketones. The method of Bakker and White (1956).
Plasma non-esterified fatty acids {NEFA). The method of Dole (1956) 

was used, except that extraction was made in the presence of phosphate 
buffer pH 6.0 instead of 0.1 N sulphuric acid. Recovery experiments 
have shown that acetate and lactic acid are not estimated in this fraction 
when this modified technique is used.

Blood volatile fatty acids (VFA). The method of Annison (1954) was used.
Tissue citrate. The method of Taylor (1953).
Liver and muscle glycogen. The method of Good, Kramer and Somogyi 

('933)-

14^ FLUOROACETATE POISONING IN SHEEP

TABLE 1
EFFECT ON SHEEP OF SINGLE OR DOUBLE DOSES OF FLUOROACETATE 

The second dose proved lethal in all cases

Sheep Dose rate {mg 
1st dose

.jkg. body wt.)
2nd dose

Route of 
administration

Interval 1st to 
2nd dose

G. 32 0-2 0-2 Intravenous 2 days
43 0-2 0-2 r 1 days
35 03 04 Rumen fistulac 4 clays
7« 0-2 03 Stomach tube

108 0-2 03 Stomach tube > 1 month
112 0-2

All 6 lived
03

All 6 died
Stomach tube J

H.85 04 Fatal Intravenous
D. 53 04 Fatal Intravenous

RESULTS

In the first experiments, dosage of sheep with 0.4 mg. fluoro- 
acetate/kg. body weight proved fatal within 4 to 6 hours, but, 
irrespective of the route of administration, doses of 0.2 and 0.3 
mg/kg body weight produced only slight hypersensitivity. Subse
quent experiments, however, indicated that after recovery from a 
sub-lethal dose, the animals exhibited an increased susceptibility 
to fluoroacetate, as indicated in Table 1. Thus two sheep (G32 and 
G43) which received 0.2 mg/kg. intravenously showed only slight 
symptoms, and yet an identical dose given after 2 and 11 day 
intervals respectively proved rapidly fatal. Similarly 0.3 mg./kg. 
which was also a sub-lethal dose was found to be fatal if adminis
tered to animals which had previously received a sub-lethal dose.
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This behaviour of the sheep is the opposite of that of the rat where 
a dose which itself is not fatal provides some protective effect to
wards further doses for some 24 to 36 hours (Chenoweth, 1949).
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I his cumulative effect was observed in additional experiments in 
which smaller doses of fluoroacetate were given at regular intervals 
(I able 2). Sheep B.14, for example, was given 0.1 mg./kg. at 3 day 
intervals. No symptoms were observed for the first three doses, 
yet a fourth dose of the same amount proved fatal. Of course, 
with these small divided doses, it is clear that if the total dose 
administered is considered, then the animals may tolerate more than 
a dose which would be fatal if administered as a single dose. Sheep 
B.91 for example received fluoroacetate equivalent to 1.2 mg./kg. 
before dying, and sheep D.48 1.1 mg./kg.

The intra-ruminal administration of 0.05 mg./kg. daily for 14 
days in one sheep was without effect. This one experiment was not 
in agreement with the results of Jarrett and Packham (1956), but 
differences in breed of sheep and diet probably accounted for this 
discrepancy.

Striking changes were observed in the blood lactate and glucose 
concentrations following the administration of a lethal dose of 
fluoroacetate (Fig. 1). Within 90 min. of injection the blood

Fig. 1

HOURS

tig. I. Changes in some blood constituents after giving a single lethal intravenous 
injection (04 mg/kilo) of sodium fluoroacetate (at time o). Blood acetate (mM/i) 

Blood glucose (mg/100 ml) •; Blood lactate (mg/too ml) O.

glucose had risen from 40 to 140 mg./100 ml. and the blood lactate 
from 10 to 70 mg./100 ml. During this period, the blood VFA
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concentration increased from 0.7 to 1.0 m.mol/1 although VFA 
production in the rumen was presumably minimal since the animal 
had been deprived of food for about 24 hours.

Although the increase in blood glucose and lactate concentra
tions was always found in experiments where a single injection of 
lluoroacetate proved fatal, the time sequence of these events showed 
some variation in dilferent experiments. Fable 3 for example

TABLE 3

BLOOD CHANCES AU ER A LETHAL DOSE OF FLUOROACETATE

Time after 
injection (hr.)

Blood glucose 
mg.! 100 ml.

Blood lactate 
mg.! 100 ml.

Ketone bodies 
as acetone mg.j 

100 ml.
NEFA

m-molej litre
VFA

m-molej litre

0 30 12-9 20 067 046

1-5 40 12-2 20 o-6i 0-67

2-5 37 93 37 1-24 091

4-0 63 36 i-79 1 '35

50 44 I I -2 4-3 1 87 -.1-51

5-75 66 394 30 1 23

6-5 130 126 25 o-99 2*20

records an experiment in which the increased levels of blood glucose 
and lactate only occurred 30 to 40 mins, before death. A notable 
feature of this experiment was the striking rise in blood VFA con
centration and a parallel rise in the plasma NEFA. There was also 
a transient slight increase in the blood ketone body concentration 
in this particular experiment although in other experiments this 
change did not occur.

Successive sub-lethal doses of fluoroacetate sometimes produced 
somewhat similar results in that each injection produced a sharp rise 
in the level of blood glucose and lactate (Fig. 2). This rise was how
ever not persistent and both glucose and lactate had usually re
turned to their pre-injection levels within 12 hours of injection. 
No significant changes were observed in the concentration of blood 
VFA, NEFA and ketone bodies.

In other experiments in which animals received successive sub- 
lethal doses of fluoroacetate, marked increases in the concentration of 
blood glucose and lactate following each injection did not occur 
(Table 4). In one case a blood sample obtained only 2 mins, before 
death showed blood glucose and lactate concentrations within 
normal limits (58 and 16 mg. per cent, respectively). This raises 
the question whether any such changes are due to secondary 
factors like sympathetic stimulation.
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Fig. 2

(mg/ioo ml)

Fig. 2. Changes in blood glucose and blood lactate following successive administration 
of a non-lethal dose of sodium fluoroacetate (o i mg/kilo). Injection of sodium 
fluoroacetate A; Blood glucose .fe; Blood lactate #.

TABLE 4
CHANGES IN BLOOD CONSTITUENTS

Repeated injections of o x mg./kg. body wt. sodium fluoroacetate at intervals of
three days

Fluoroacetate
injection

Sampling time 
(hr. after 
injection)

Blood
glucose

Blood
lactate

VFA NEFA

ISt 0 28 16 x-7 0-22
5 39 15 1 *4 0-20

2nd 0 47 23 08 Ol8

6 52 18 07 0-20

3rd 0 47 26 07 085
5 20 12 o*5 O24

4th O 36 3 04 o-6o
5 65 11 07 058

Died at 8

Examination of various tissues removed immediately after 
death showed that citrate accumulation occurred (Table 5) as 
has been demonstrated in the rat, with the exception that amounts 
in the heart were relatively much increased; lower increases were
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found in kidney, spleen and diaphragm. Enhanced concentrations 
of citrate in the tissues were also found in the one animal from which 
it proved possible to obtain samples of tissue immediately after 
death after receiving repeated injections of sub-lethal doses of 
fluoroacetate.

IS*

TABLE 5

CITRATE CONCENTRATIONS IN THE TISSUE OF SHEEP

Sheep Heart Kidney Liver Brain Spleen Diaphragm

Non-poisoned 0*21 026 o-i 1 0-24 O’iS o-33
Given 0’4 mg. 2-74 o-66 o-i 1 028 0-77 113
Fac/kg. i-6i 0-73 004 023 o-53 098

Given o-i mg./kg. at
3 day intervals

2-46

_______

r 06

________
Values are in (i, moles/g. wet weight of tissue. Samples of tissue were taken within 
15 minutes of death. The non-poisoned animal was shot, but death occurred 
spontaneously in the poisoned animals.

Analysis of the liver and muscle of animals wj^ich had received 
a single lethal dose of fluoroacetate and which exhibited a marked 
hyperglycaemia before death showed marked glycogen depletion. 
This was not so in the experiments in which repeated sub-lethal 
doses of fluoroacetate were given and in which there was little 
change in the blood glucose and lactate concentrations (Table 6).

With the above data in mind and since it was known that acetate 
affords some protection against poisoning by fluoroacetate in some 
animals (Chenoweth, Kandel. Johnson and Bennett, 1951) the 
protective effects of artificially raised intra-ruminal levels of acetate 
were investigated. The results of three experiments are summarized

TABLE 6
CHANGES IN GLYCOGEN LEVEL IN LIVER AND MUSCLE OF FLUOROACETATE

POISONED SHEEP

Liver glycogen Muscle glycogen
(abdominal)

Animal given o-i mg./kg. fluoroacetate at 3 day 
intervals. No blood sugar rise before death.

35 o-45

Animal given single dose of 0 4 mg./kg. fluoroa
cetate. Hyperglycemia and hyperlactacidaemia 
before death.

007 o-i 1

Glycogen expressed as g. glucose/ioo g. wet tissue.
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in Tabic 7. Continuous intra-ruminal administration for 24 hours 
of acetate sufficient to maintain the concentration of acetate in 
rumen fluid at 140 m.mol/1 protected one animal against a dose 
of 0.4 mg./kg. of fluoroacetate. Blood acetate levels of 2 to 3 m.mol./l 
were found throughout this period. In another animal in which 
larger amounts of fluoroacetate were given, the administration of 
large doses of acetate before and for long periods after dosage with 
fluoroacetate caused a marked delay in the onset of the symptoms 
of toxicity but did not prevent the ultimate death of the animal. 
Acetate administration for 6 hours after injection of fluoroacetate 
followed by monoacetin injected intramuscularly (20 m.mol/kg. 
body weight) in one animal was not demonstrably more effective 
in conferring protection against fluoroacetate (Table 7). In view of 
these unpromising results this approach was not continued.

TABLE 7
PROTECTIVE EFFECT OF ACETATE IN FLUOROACETATE POISONING

Exp. Sheep
Dose of sodium 
fluoroacetate 

mg./kg.
Acetate admin. Results

1 A 04 500 mM. with the 
poison 100 mM. per
30 min. for 7 hrs.

Hyperexcitability after 
24 hrs. No other signs.

2 A o-8 200 mM. every 90 min. 
for 6 hrs.

Collapsed after 24 hrs. 
Dead 2 hrs. later.

3 B As aljove. After last 
dose 22 mM monoace
tin subcutaneously

Found dead 14 hrs. 
later. Probably dead at 
least 4 hrs. before this.

DISCUSSION

Previous estimations of the lethal dose of fluoroacetate for sheep 
have indicated that it lies within the range of 0.25 to 0.5 mg./kg. 
when given by mouth (Jensen, Tebiska and Ward, 1948; Meldrum, 
Bignell and Rowley, 1957). The present finding that the fatal dose 
was 0.4 mg./kg., calculated as the free acid, is essentially in agreement 
with these results.

From the relatively small number of results obtained it appeared 
that when animals received successive sub-lethal doses of fluoro
acetate the outcome depended on the size of the dose and the time 
intervals between administration. If 50 to 75 per cent, of a lethal 
dose was given the animals became more susceptible to a further 
dose and 50 per cent, of the lethal dose then proved fatal. This 
cumulative effect was not at first appreciated and in our preliminary 
investigations on the toxic dose of fluoroacetate, animals which had
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received small amounts of fluoroacetate without showing any ob
vious effects were used a second time for toxicity tests. Even though 
several weeks elapsed between the administration of the two doses 
the animals showed increased sensitivity to fluoroacetate and 0.2 
mg./kg. body weight proved rapidly fatal.

The cumulative effect of fluoroacetate has been noted in other 
species and has been attributed largely to the slowness with which 
circulating fluoroacetate is cleared by the kidney (Chenoweth, 1949). 
This might also explain why a high concentration of acetate in the 
blood is only partially effective in preventing poisoning. If one 
assumes that acetate protects by preventing the formation of 
fluoroacetyl-CoA then this can only occur as long as the level of 
circulating acetate is high. If the concentration of circulating 
acetate falls, even after remaining high for a long period, there is 
still sufficient circulating fluoroacetate present to give rise to fluoro- 
acetyl-CoA and fluorocitrate and hence cause death of the animal. 
Supporting this notion is the evidence of Jensen et al. (1948) that 
the time elapsing between administration of fluoroacetate and death 
is roughly inversely proportional to the size of dose given.

A further point which may be relevant to any explanation of the 
cumulative effects of fluoroacetate relates to the increased levels of 
tissue citrate which are a concomitant of fluoroacetate poisoning. 
This increased concentration has been noted even when sub-lethal 
doses of fluoroacetate are administered and no obvious symptoms 
are seen. Thus Lindenbaum, White and Schubert (1951) showed 
that there was a general enhancement of citrate levels in the tissues of 
rats which had received daily doses of fluoroacetate, although there 
were no toxic effects. Their data further indicated that there was a 
certain critical level of citrate accumulation. Once this was reached 
in a vital organ, e.g. the heart, fatal symptoms developed. We did 
not demonstrate such rises in citrate following sub-lethal doses in 
the sheep, but it seems quite likely that they did occur. Certainly 
such changes would fit in satisfactorily with the observations show
ing that when 0.1 mg./kg. fluoroacetate was given every three days, 
periods up to three weeks were required before death occurred. 
It seems most unlikely that slow clearance of fluoroacetate by the 
kidney could explain such observations.

It is of interest that Jarrett and Packham (1956) found that 0.05 
mg./kg. daily of fluoroacetate given intra-ruminally caused death 
within two to three weeks in sheep which were fed on wheaten 
chaff. No ill-effects occurred if the animals were fed on lucerne 
chaff or if the wheaten chaff was supplemented with gluten. This 
might be related to the protective effects of acetate since undoubtedly 
there would be much greater production of VFA from diets of 
lucerne and wheaten chaff plus gluten.

The marked hypcrglycaemia observed in many ol our experi
ments indicated that fluoroacetate diabetes which has been described
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as occurring in the rat might also occur in the sheep. The con
comitant increase in blood lactate was also in accord with the theory 
that there was inhibition of glucose oxidation in the tricarboxylic 
acid cycle. However, the precipitous decline observed in the 
glycogen content of the liver and abdominal muscle might equally 
well have been the result of rapid mobilisation of tissue glycogen 
and this itself may have accounted for the hyperglycaemia, without 
there necessarily being any inhibition of glucose utilisation. Extensive 
glycogenolysis has also been reported to occur in the rabbit 
(Chenoweth, 1949). The effect is reminiscent of adrenalin release 
or intense sympathetic stimulation and in this connection it is of 
interest to note that Engel, Fredericks and Cole (1956) have em
phasised the shock-like condition of fluoroacetate poisoned rats.

The increase in the short and long chain fatty acid content of 
the plasma seems likely to reflect interference with the utilisation 
of these substances by fluorocitrate. Since however, Gordon and 
Cherkes (1956) has shown that in man plasma NEFA increases 
after injection of adrenalin, and Lindsay (unpublished) has shown 
that this is true also of the sheep, it is conceivable that the rise in 
fluoroacetate poisoning may be merely a consequence of adrenalin 
release or sympathetic stimulation as for glucose. However, the 
difference in time-course of changes in plasma NEFA and blood 
sugar made it unlikely that they arise from the same cause (i.e. 
sympathetic stimulation). Since the rise in NEFA and VFA corre
spond well in time and since the latter almost certainly arises from 
an inhibition of utilisation, it would seem plausible to suppose that 
the same is true of the long chain fatty acids.

It is of interest to calculate the possible inhibition of acetate 
oxidation. Lifson and Swanson (1953) found in the mouse that 
fluoroacetate inhibited about 50 per cent, of acetate oxidation, a 
figure confirmed by Gal, Peters and Wakelin (1956) for the rat. 
Using the data for the rise in blood VFA, mainly acetate, following 
fluoroacetate poisoning, the values of Annison and Lindsay (1958) 
for acetate utilisation, and the fraction of acetate utilised which is 
oxidised in the normal sheep, it may be calculated that fluoroacetate 
did not stop more than 25 per cent of normal acetate oxidation. 
The relatively lower figure in the sheep may reflect a partial pro
tection by the circulating acetate normally present.

In contrast to the blood NEFA and VFA, the marginal rise of 
ketone bodies to 4.5 mg. per cent, was the upper normal limit for 
the sheep and was quite different from the 20 mg. per cent, observed 
in the rat (Cole, Fredericks and Engel, 1955). This is perhaps 
surprising because ruminants are considered to be susceptible to 
ketosis. The small rise in blood ketones could be related to the less 
extensive inhibition of acetate oxidation in sheep. The explanation 
of chronic poisoning is at present obscure, especially because of the 
occasional absence of changes in blood constituents up to the end.
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The most striking change is in the citrate levels in the heart, the 
failure of which seems to be the usual cause of death.

CONCLUSIONS

A single dose of 0.4 mg/kg. sodium fluoroacetate was invariably 
fatal in sheep. Smaller doses may not produce any obvious symp
toms but apparently cause some irreversible change. Further such 
doses are then toxic.

Changes superficially resembling “fluoroacetate diabetes” are 
observed in the sheep, but are probably due to sympathetic stimula- 
tion. The main biochemical eflect seems to be an interference with 
fat utilisation, although no ketosis was observed.

Acetate had very limited prophylactic value.
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DIGESTIVE SECRETIONS IN THE 
RUMINANT

K. J. HILL
Agricultural Research Council Institute of Animal Physiology, 

Babraham, Cambridge

One of the more important features which distinguishes the rumin
ant from other animals is the continuous nature of its digestive 
processes. Because of the frequent feeding habits of ruminants and 
because the fermentation processes in the reticulo-rumen are essen
tially continuous, the flow of digesta along the alimentary tract is 
likewise a largely uninterrupted process. It is of interest, therefore, 
to examine to what extent the more conventional digestive pro
cesses, i.e., the secretion of digestive juices, participate in this 24- 
hour rhythm of digestive activity. The continuous nature of salivary 
secretion and its controlling factors have been the subject of intensive 
study and have already been considered by Drs R. S. Gomline and 
D. A. Titchen. This discussion will therefore be restricted to those 
topics we have been studying at Babraham, namely gastric, pan
creatic and bile secretion. I would like to take this opportunity of 
acknowledging the help I have received from my colleagues, Mr 
R. B. Taylor and Mr F, A. Harrison, who have allowed me to use 
their unpublished results on pancreatic and bile secretion during 
the preparation of this paper.

THE ABOMASUM
The fully developed abomasum resembles closely the simple 
stomach of non-ruminants in its blood and nerve supply and in its 
possession of a mucosal lining which contains the characteristic 
peptic and pyloric gland regions (Hill 1951; Sommerville 1957). A 
peculiarity of the abomasum is the way in which the mucosa of the 
peptic region is thrown into large folds. These start at the omaso- 
abomasal junction, rapidly attain their maximum height, which may 
be 2-2J in. in the sheep and goat, and then gradually taper down 
as they reach the commencement of the pyloric region. Consider
able variation in the degree of development of these folds occurs,
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although the reason for this is not known. Diet may be an im
portant factor since they appear to be smaller in animals maintained 
indoors on a hay diet.

During life, the position of the abomasum is such that the pyloric 
region forms an angle with the wider fold-containing fundic region 
and the pyloric sphincter thus lies at a higher level than the omaso- 
abomasal opening. This may be a factor which helps to retain 
ingesta in the abomasum for some time since examination of the 
abomasum in the anaesthetized animal frequently shows the fundic 
region to be distended while the pyloric region is practically empty. 
The mucosal folds appear to hang into this reservoir of material in 
the fundic abomasum and provide some obstruction to the flow of 
material into and through the abomasum and so may prevent certain 
types of food material from passing through the abomasum too 
quickly. The folds may also prevent stratification of the incoming 
ingesta. The wide opening between the omasum and abomasum 
would appear to make it relatively easy for backflow of ingesta into 
the omasum and it may be that the large mucosal folds help to 
prevent this occurrence when the pyloric region contracts. The 
available evidence suggests that the flow of ingesta through the 
abomasum is a fairly rapid process and it might, therefore, be in
ferred that the opportunity for peptic digestion is relatively limited. 
A strict comparison with the stomach of other species is not, however, 
justified, since the food material which enters the abomasum is in a 
finely divided state and is immediately immersed in a large volume 
of acid juice.

The continuous nature of abomasal secretion has been recognized 
since the early experiments of Bickel (1905), Grosser (1905) and 
Belgowski (1912) and has received ample confirmation in more 
recent studies (Masson and Phillipson 1952; Hill 1955). Calcula
tions of the volume of gastric juice produced during normal ad lib 
feeding have been made from the output of abomasal pouches and 
have revealed the relatively enormous quantities of juice produced 
by ruminants. Thus up to six litres per 24 hours have been calculated 
for the output of the sheep abomasum (Masson and Phillipson 1952) 
and up to 30 1. per 24 hours for the cow (Kuznetsova 1950). It is 
obvious that such large quantities of juice could only be produced 
by a large area of mucosa such as that formed by the abomasal 
folds. In non-ruminants there are periods between meals when the 
gastric mucosa is relatively inactive and when the peptic cells 
become recharged with pepsinogen granules in preparation for the 
next meal. It is an interesting point to see how the abomasum is able 
to maintain an uninterrupted output of pepsin without any inter
digestive resting period. Some preliminary observations suggest that 
this may be accomplished by a type of phasic activity of the peptic
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cells, since in sections stained with Bowie’s method for pepsinogen 
granules, peptic cells in all stages of activity have been seen. It is 
not uncommon for long established abomasal pouches to show 
periods of achlorhydria and one might speculate that it is usual for 
small segments of the mucosa to enter a temporary resting phase,
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Figure 1. The effect of a meal on the secretion of gastric juice from an innervated
abomasal pouch. F.A. = free acid

possibly during the renewal of parts of the mucosa. On the other 
hand, the regular passage of digesta to the abomasum ensures that, 
at least under ad lib feeding conditions, there is no sudden demand 
for a rapid outpouring of gastric juices of high enzyme content, such 
as occurs, for example, when the dog eats a meal. It may well be, 
therefore, that the synthesis of pepsinogen can keep pace with the 
relatively steady demand.

The marked stimulation of secretion which occurs in the dog when 
a meal is eaten is largely due to the cephalic phase of secretion.
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This phase is generally considered to be of little significance in 
ruminants (Popov 1932; Espe and Cannon 1937) since there is not 
normally any marked secretory response to feeding. After sheep and 
goats are fasted for 24 hours, however, eating a meal is followed by 
a considerable secretory response, the intensity of which appears to 
vary with different foodstuffs (Kuimov 1952; Hill 1960). Figure 1 
shows the type of secretory response obtained when a meal of con
centrate is given. There is increased secretion immediately after 
feeding which attains a maximum 1—1J hours later and gradually 
declines over the next 3 hours. Sham-feeding, using the classical 
oesophagostomy technique, and feeding with the reticulo-rumen 
empty have failed to provoke a secretory response and so have 
shown that the secretory response could not be due to a cephalic 
phase. Confirmatory evidence that the nervous phase of secretion 
is not concerned in this response is provided by the finding that 
denervated pouches produce essentially similar responses to feeding, 
at any rate, as far as the time relations of the response are concerned 
(Popov 1932; Hill 1960). It may be worth noting, however, at this 
point that, quantitatively, pouches with intact vagal innervation 
respond much better than denervated pouches (Hill 1960).

The secretory response obtained when a fasted animal is fed, 
appears, therefore, to be largely due to the chemical or pyloric phase 
of secretion. Additional evidence for this belief is derived from (a) 
the fact that feeding after a period of starvation is associated with an 
increased flow of ingesta into the abomasum, (b) perfusion of rumen 
contents through the abomasum provokes a secretory response with 
similar time relations to the feeding responses (Ash 1959b) and (c) 
distension of the abomasum, which one might reasonably expect to 
occur during an accelerated flow of ingesta, stimulates abomasal 
secretion (Ash 1959b; Hill 1960),

Artificial stimulation of the flow of digesta to the abomasum also 
provokes increased secretion of gastric juice. Thus, during insulin 
hypoglycaemia there is a marked increase in the movements of the 
fore-stomachs (Le Bars, Nitescu and Simonnet 1953; Hill 1954) and 
this is accompanied by a marked stimulation of abomasal secretion. 
That this increased secretion is caused primarily by an increased 
flow of food material and not by a direct effect of vagal stimulation 
on the gastric glands is shown by the smallness of the response when 
the reticulo-rumen is emptied, prior to giving insulin. It is worth 
noting, however, that pepsin secretion is stimulated by insulin hypo
glycaemia even when the rumen is empty of ingesta, so indicating 
that the peptic glands are under vagal control. Since sham-feeding 
produced no changes in pepsin secretion, the location of vagal 
receptors possibly concerned with pepsin secretion presents an 
interesting problem.
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Although the increased flow of digesta into the abomasum appears 
to be the most important stimulus to gastric secretion it is of interest 
that there is some correlation between rumen volatile fatty acids 
(VFA’s) and abomasal secretion. The addition of VFA to the rumen 
provokes a marked secretory response, particularly with acetic acid 
and rather less so with propionic and butyric acids {Figure 2).
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Figure 2. The effect of acetic acid in the rumen on the secretion of gastric juice 
from an innervated abomasal pouch

Whether the VFA’s produce their effect after absorption from the 
rumen or after the passage of small amounts to the abomasum is 
undecided, since it has been shown (Popov 1932; Ash 1959b) that 
fatty acid added to the abomasum will stimulate abomasal secretion.

As in other species the secretion of gastric juice by the abomasum 
is subject to inhibitory influences from the duodenum: whether they 
are humoral or neural has not been elucidated (Ash 1959b). The 
composition of gastric juice, which is largely a function of its rate of 
secretion, therefore varies considerably under experimental con
ditions when the processes regulating secretion are deliberately 
exaggerated. Under pasture conditions it is probable that the
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amount and composition of the gastric juice only fluctuate within 
relatively narrow limits and Ash (1959a) has suggested that the in
flow of material into the abomasum, the outflow from the abomasum 
and the secretion of gastric juice are, in fact, co-ordinated so that 
conditions within the abomasum are maintained relatively constant.

SECRETION OF PANCREATIC JUICE AND BILE
There are separate pancreatic and bile ducts in cattle, but in the 
sheep and goat the pancreatic duct joins the common bile duct so

Posterior vena cava

adder

Figure 3. Diagrammatic representation of the region of the pancreas and biliary
tract of the sheep

(By courtesy, Research in Veterinary Science)

that a mixture of bile and pancreatic juice enters the duodenum 
{Figure 3). There is a characteristic ramifying duct system within the 
pancreas, the three main branches of which unite to form the main 
pancreatic duct. This is very short and only 2-3 mm in diameter. 
Presumably the secretion pressure within the pancreatic ducts is 
sufficient to prevent bile from entering the pancreas and is aided 
by the narrowness of the pancreatic duct. Patent accessory pan
creatic ducts have not been found. The method used to collect pan
creatic juice has been described (Taylor 1960) and this has been 
modified slightly to permit collection of bile.

Pancreatic juice collected by this method is a colourless, slightly
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viscous fluid with a pH 7*2-7*8 and a total protein content of 
3*0-4*5 per cent. This is comparable with that of bovine pancreatic 
juice on which very detailed studies have recently been made 
(Keller, Cohen and Neurath 1958). These authors have examined 
pancreatic juice collected from a steer with a Thomas fistula and 
have found that a large proportion of the total protein of the juice 
is composed of proteolytic enzymes including trypsinogen, chymo- 
trypsinogen, procarboxypeptidase and carboxypeptidase. As in 
other species the proteolytic activity of freshly collected juice is neg
ligible and it is necessary to activate the enzymes with enterokinase 
before assay. Amylase and lipase are also present in bovine juice, 
although at relatively lower levels than in other species. There is a 
long-standing belief that ruminant pancreatic juice possesses very 
little lipolytic activity and the findings of Keller et al. (1958) conform 
with this. We have not examined this problem in great detail, but 
using a relatively simple method of lipase estimation (Sammonds, 
Frazer and Thompson 1956) we have found that the actual concen
tration of lipase in sheep pancreatic juice is not a great deal different 
from that in dog juice although the actual output of lipase over 24 
hours is less. The electrolyte composition of sheep juice differs from 
that of the dog, mainly in its lower bicarbonate content, 15-50 m 
equiv./l., compared with 60-148 m equiv./l., and in its slightly higher 
chloride content, 110-126 m equiv./l. compared with 83-99 m 
equiv./l. The total amount of pancreatic juice produced over 24 
hours has varied between 279 and 422 ml with a mean volume for 
four sheep of 360 ml.

The control of pancreatic secretion appears to be similar to that 
of non-ruminants in that a well developed secretin mechanism 
exists and vagal stimulation promotes the secretion of juice of high 
enzyme content. As with abomasal secretion there is a continuous 
flow of pancreatic juice and bile into the duodenum (Schoregge 
1933; Kuimov 1955) and there is no marked increase in secretion 
after feeding {Figure 4). In contrast to abomasal secretion a fast of 
24 hours reduces pancreatic secretion only slightly, and even after 
the reticulo-rumen is emptied basal secretion still continues. The 
enzyme content of the juice is, however, considerably reduced under 
these conditions {Figure 5) and it is necessary to return the pan
creatic juice to the duodenum to maintain enzyme output (Taylor 
1958). Since solutions of similar electrolyte composition to pan
creatic juice fail to maintain enzyme output when introduced into 
the duodenum, it appears that the presence of the enzymes in the 
intestine is necessary to maintain the enzyme concentration in the 
pancreatic juice. Kuimov (1954) has reported that the concentra
tions of protease, amylase and lipase in sheep pancreatic juice 
depend on the type of food eaten, but we have been unable to confirm
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this since on a given diet the daily variation in enzyme output is 
considerable and as great as Kuimov obtained on different diets.

The continuous nature of bile secretion and the absence of a 
marked feeding response is illustrated in the experiment shown in 
Figure 6, where hourly collections of bile were made during a normal 
feeding regime. A constant feature of this type of experiment is the 
large initial volume of bile, of high dry matter content, which is 
obtained. After 1-2 hours the level of secretion falls considerably 
and thereafter remains relatively constant.

Feeding Feeding

pm am. p.nr
Time of day

Figure 4. Pancreatic volume output in relation to time of day and feeding

It seems probable that this large initial volume represents drainage 
of material stored in the gall-bladder and the somewhat higher dry 
matter content of the bile over that obtained subsequently indicates 
that slight concentration of bile has occurred in the gall-bladder. 
This is borne out by the fact that gall-bladder bile removed from 
freshly killed animals has a dry matter content of T'O-Q'O per cent. 
The relatively slight degree of bile concentration in the gall-bladder 
is in agreement with previous findings (Schmidt and Ivy 1937) and 
again conforms with the general pattern of digestion in the ruminant 
where there is little need for a sudden outpouring of concentrated 
bile such as occurs in the dog after a single, often fatty meal. 
Kuimov (1955) has also reported on the continuous nature of bile 
secretion and as with pancreatic secretion has concluded that 
different foods produce a characteristic volume response. Again, 
we have so far been unable to confirm this finding since the varia
tions on any one diet exceed that found by Kuimov on different 
diets.
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Figure 5. Pancreatic amylase output (a) when pancreatic juice was returned to 
the duodenum and (b) when pancreatic juice was not returned to the duodenum

Sheep K81 Biliary fistula Non return E33 — 
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Figure 6. A comparison of bile secretion during drainage of bile and during the
return of bile to the duodenum
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Bile secretion is diminished after starvation and although an even 

greater reduction in secretion occurs after the reticulo-rumen is 
emptied basal secretion of bile still occurs. As in other species the 
secretion of bile is greatly influenced by the presence of bile in the 
intestine, the so-called bile salt circulation. This can be demon
strated by comparing the volumes of bile obtained during drainage 
and during return of bile to the intestine; the return of bile main
tains the flow at a high level. Bile secretion by the liver appears to 
be particularly sensitive to the composition of the bile added to the 
intestine and it appears to be possible to regulate the composition 
of secreted bile by returning bile of varying solid content.

By analogy with other species it seems probable that the bile 
salts are the bile components involved in this process. It is obvious, 
therefore, that estimates of the volume and composition of bile 
secreted must be based on material collected under conditions 
where bile is continuously returned to the duodenum. The flow 
under these conditions is between 700-800 ml/24 hours.

In summary, it appears that the development of the reticulo- 
rumen and the resultant continuous passage of food material along 
the digestive tract is reflected by a similar continuous activity of the 
secretory glands. The mechanisms controlling these glands do not 
appear to be basically different from those found in other species 
and likewise in view of the similarity in the composition of the diges
tive juices it is reasonable to suppose that they carry out similar 
digestive functions. Our knowledge of enzymic digestion in the 
ruminant is, however, very limited and at the moment there is little 
evidence to indicate its extent and nature.

Before this can be adequately investigated it is necessary to obtain 
some idea of the composition of the material presented to the diges
tive secretions. A certain amount of progress has been made in this 
direction in recent years. Thus the work of McDonald (1954) and 
of Weller, Gray and Pilgrim (1958) has indicated that the greater 
part of the protein material entering the abomasum is in the form of 
bacterial protein and there is evidence that the bacterial bodies start 
to disintegrate in the abomasum (Masson 1950). The suggestion of 
Pounden, Ferguson and Hibbs (1950), that different organisms have 
varying susceptibilities to gastric digestion should, however, serve to 
remind us that the digestion of bacterial bodies may be a little more 
complicated than that of simple protein. The characterization 
by modern methods of analysis of the enzymic composition of the 
digestive secretions should prove a useful beginning to the solution 
of this and other similar problems.
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Anatomically and histologically the true gastric secretory stomach of the 
ruminant, the abomasum, is strictly comparable to the simple stomach of 
other mammals. The composition of the gastric juice is similar to that 
found in other animals and it is reasonable to assume that the basic 
mechanisms governing secretion are also essentially similar. The cranial 
part of the ruminant digestive tract is, however, considerably modified for 
the storage and fermentation of plant material and it is of interest to 
ascertain to what extent the function of the abomasum is modified by the 
three compartments of the forestomach which lie between it and the 
oesophagus. Previous investigations (Hill, 1955) have shown that the 
continuous flow of ingesta from the reticulo-rumen to the abomasum is 
responsible for its continuous secretory activity, and that the abomasal 
glands are not able to secrete spontaneously. The experiments to be 
described were carried out to obtain further information about the factors 
responsible for initiating and maintaining abomasal secretion.

METHODS 

Surgical preparations

One- to two-year-old Clun Forest sheep were taken from pasture and placed in individual 
pens in the animal house, where they were allowed a week or two to become acclimatized 
before operation. Mineral supplements and a daily ration of 1000 g of chopped hay were 
provided for all animals.

Rumen fistulas were prepared in all animals and were fitted with polyvinyl cannulae 
(Jarrett, 1948).

Abomasal fistulae. Perspex cannulae, 16 mm diameter and fitted with screw caps, were 
inserted into the pyloric region of the abomasum, and brought out through the abdominal 
wall.

Crocker-Markowitz fistula. The duodenum was transected immediately caudal to the 
pyloric sphincter and a stainless-steel cannula (external diam. in. (11mm), internal 
diam. -A in. (9*5 mm)) inserted into each end. The stems of the cannulae were brought out 
through the body wall and continuity of the digestive tract re-established by connecting 
the two cannulae with plastic tubing (Dougherty, 1955).

Vagally innervated abomasal pouches were prepared in nine sheep by a modified Hollander 
technique (Gregory, Hallenbeck & Code, 1942). Perspex or stainless-steel cannulae with

8-2
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stems of 16 mm diameter were placed in the pouches and brought out through stab wounds 
in the abdominal wall. The difficulties associated with the preparation of gastric pouches in 
ruminants have been discussed elsewhere (Hill & Gregory, 1951; Masson & Phillipson, 1952) 
but attention should again be directed to the importance of securing adequate drainage of 
the pouches, since the many large folds of mucosa frequently block the pouch end of the 
cannula and interfere with the collection of gastric juice. This difficulty was overcome in the 
present work by placing in the pouch a soft polyvinyl drainage tube made in the form of a 
perforated hollow sphere approximately 4 cm in diameter and with a stem 8 cm long. The 
drain was inserted into the cannula and pushed up into the pouch in order to hold the 
mucosal folds apart and so allow the gastric juice to drain freely. The experimental obser
vations described here were made several months, and in some cases a year or longer, after 
the pouches had been made.

Although a few experiments were carried out in the animal house the sheep were usually 
taken to the laboratory and placed in stocks. After a time they became accustomed to this 
procedure and would stand quietly in the stocks for many hours. Half-hourly samples of 
gastric juice were collected in a graduated centrifuge tube attached to a small plastic funnel; 
this was held under the pouch cannula by a cord secured around the sheep’s body.

Oesophagostomy. Two sheep were operated upon by the two-stage method described by 
Friedman (1951). In one sheep (No. 30) oesophagostomy with a 5-day interval between 
Stage I and Stage II was performed 3 months after an abomasal pouch had been prepared. 
In the other one (No. G103) Stage I was performed before making the pouch and Stage II 
3 months afterwards; both animals recovered rapidly from the second stage of the oesophago
stomy and ate well for several days, the food boluses being collected as they dropped from 
the oesophagostomy and returned to the animal through the rumen fistula. When this 
operative technique is used in the dog, the sides of the oesophagostomy can be closely 
approximated by placing a bandage around the neck, and the animal can then eat normally. 
In the sheep, although the edges of the incision were brought together in a similar manner, 
food boluses were always ejected during eating. This may have been because the boluses, 
which were 8—10 cm long and 25-35 mm in diameter, were too bulky to pass through the 
slightly narrower oesophagus at the operation site. Saliva was lost continuously from the 
oesophagostomy and although this was collected and returned to the rumen the loss may 
have been a factor which contributed to the decline in general condition which occurred in 
both animals 4-5 days after operation. Both animals attempted to ruminate but this 
merely resulted in the loss of regurgitated rumen contents through the oesophagostomy. 
Sham-feeding experiments were therefore done on these animals during the first few days 
after the oesophageal stomata had been established.

Venous catheterization. Small-bore (external diam. 1*5 mm, internal diam. l-Omm) 
polythene tubing was introduced through a wide-bore needle into the jugular vein and held 
in position with sticking plaster for the duration of each experiment. Heparinized saline 
(10 u./ml. Liquemin; Roche Products, Ltd.) prevented clot formation in the catheter.

Analytical
pH was determined with a glass electrode (Pye Universal pH Meter, Cambridge). Free 

and total acid of the gastric juice was determined by electrometric titration with 0*1 N-NaOH 
to pH 3*5 and 9-6, respectively. Peptic activity of the gastric juice was estimated by Hunt’s 
(1948) method. Blood sugar was estimated by the Shaffer-Somogyi method (Shaffer & 
Somogyi, 1933). Volatile fatty acids were determined by steam distillation, with precautions 
to exclude COa, and titration of the distillate with carbonate-free 0‘02N-NaOH and phenol- 
phthalein as indicator (Annison, 1954).
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RESULTS

The effect of a meal on secretion from abomasal poaches
Secretion of gastric juice was first observed under feeding conditions 

which simulated, as far as possible, those at pasture. The animals remained 
in their pens in the animal house and consecutive hourly collections of 
juice were made. Food was provided ad lib. and was eaten by the animal 
intermittently during the day. Under these conditions, although there 
was continuous secretion of acid gastric juice, there were minor fluctua
tions in the amount and acidity of the juice secreted each hour and an 
over-all trend towards higher secretory rates between 5.0 a.m. and 2.0 p.m. 
Over a 24-hr collection period the average hourly output of free acid was 
usually about 1-70 m-equiv, and of total acid about 1-90 m-equiv. Com
paratively large volumes of gastric juice were secreted by the pouches; 
sheep H 149 for example, produced an average of 526 ml./day with a total 
acidity of 88-5 m-equiv/1. during a collection period of 12 days. If, as 
seems likely from inspection of its area, the pouch mucosa formed about 
12 % of the total secretory mucosa of the abomasum, the total daily pro
duction of gastric juice would be of the order of 4-0-4-5 1.

When animals were deprived of food for 24 hr, the volume and acidity 
of the abomasal secretion were reduced although there were still minor 
fluctuations in the rate of secretion. Feeding was then followed by a 
marked increase in secretion and this was found to be even more pro
nounced in sheep which had been in the animal house for long periods; 
possibly because these animals ate a large proportion of their daily ration 
in a very short space of time. Figure 1 illustrates the secretory response 
obtained when 400 g of dried grass cubes were eaten during a half-hour 
period. The first 30-min sample showed an increase in the volume and 
acidity of the juice and this became maximal 1-1J hr after the start of 
feeding, gradually subsiding over the next 3 hr. When chopped hay or 
green stuff was eaten a similar secretory response was obtained but it 
tended to be short-lived. Collection of juice at 10 min intervals during the 
feeding response showed that the onset of secretion occurred within 10 min 
of the start of feeding and became maximal in about 60 min. Occasionally 
in the feeding experiments secretion was depressed during the first 30 min 
after feeding. This was particularly so if the secretory rate before feeding 
was at a relatively high level.

Although similar increases in volume and acidity of the juice were 
obtained in response to feeding from all the sheep with pouches, there were 
individual differences in pepsin secretion. Thus in Sheep 24 (Fig. 1) the 
pepsin concentration remained practically unchanged during the feeding 
response, although the output was naturally elevated when the secretory
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rate was high, maximum output being obtained during the early stages of 
the secretory response. Sheep H. 160 and 37, on the other hand, showed 
an appreciable increase in the concentration of pepsin in the gastric juice 
and consequently a greater output of pepsin. The maximum increase in 
pepsin concentration occurred 1—1^ hr after the start of feeding and co
incided with peak volume and acid output. In two further sheep, K94 
and 30, the pepsin concentration and output although increased, were less 
than those observed in Sheep H. 160 and 37. Atropine (10 mg subcu
taneously) completely inhibited the feeding response.
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Fig. 1. The effect on abomasal secretion of eating a meal (400 g dried grass cubes, 
between arrows). Sheep 24. Modified Hollander pouch.

Another feature observed in animals which had become accustomed to 
the feeding regime was what appeared to be a conditioned secretory 
response to feeding. Thus, when an animal had been fasting for 24 hr and 
the secretory activity of the abomasum had fallen to a low level, there 
was sometimes a transient increase in secretion at the usual feeding time. 
This response was not observed when the reticulo-rumen had previously 
been emptied of ingesta. Feeding other sheep in the presence of the experi
mental subject occasionally resulted in a slight increase in abomasal 
secretion as did the sight and smell of food.
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The effect of vagal denervation on abomasal secretion was studied in 

four sheep with Heidenhain pouches. In all these animals the amount of 
juice secreted in response to a meal was considerably less than from in
nervated pouches of comparable size, and it was frequently of very low 
acidity. The time relations of the secretory response to a meal were, how
ever. comparable to those of an innervated pouch.

The flow of ingest a during feeding
The rate of reticulo-rumenal contractions increases when a meal is 

eaten and it seemed probable, therefore, that there would be a concomitant 
increase in the flow of ingesta into the abomasum, which might be respon
sible for the secretory response observed after feeding. This point was 
investigated in Sheep G93, which had a modified Crocker-Markowitz 
fistula. During experiments the connecting tubing between the two 
cannulae was removed and the ingesta which issued from the cranial 
cannula were collected and measured. They were then returned to the 
duodenum through the second cannula. When the animal was deprived of 
food the flow of ingesta from the cannula adjacent to the pylorus was 
greatly reduced, but eating a meal then provoked an increase in flow which 
was maximal during the first hour after the start of feeding. This was 
followed over the next 3-4 hr by a gradual reduction to the pre-feeding 
level (Fig. 2).

The passage of relatively large volumes of ingesta into the abomasum 
demonstrated in this way would presumably bring about some degree of 
distension of this organ and since distension of the pyloric antrum is 
known to stimulate gastric secretion in other animals further experiments 
were carried out in which the effect of pyloric distension on abomasal 
secretion was investigated. Animals prepared with abomasal pouches and 
pyloric fistulae were used and the pyloric region was distended by the 
inflation (40 ml. air) of a balloon passed into the abomasum through the 
fistula. The results were variable but in three experiments out of six 
secretory responses were provoked by moderate distension of the pylorus 
(Fig. 3). Ash (1959) has recently reported that distension of the main 
body of the abomasum with a balloon containing 250-500 ml. 0-9 % NaCl 
solution also stimulates the secretion of gastric juice.

The effect of sham-feeding on abomasal secretion
Several feeding experiments were done on Sheep 30 and Sheep G103 

before oesophagostomy and in all of them typical secretory responses 
were obtained. After oesophagostomies had been established four ‘ sham
feeding ’ experiments were performed whilst the animals were still in good 
condition. In none of them was a secretory response obtained. It is well
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known, however, that in the dog the ‘ sham-feeding ’ response is capricious 
and easily inhibited by pain or apprehension and therefore the negative 
evidence obtained in the sheep did not necessarily constitute very good 
proof of the absence of a cephalic phase of secretion. Because of the 
peculiar nature of the ruminant digestive tract there is, however, no real 
need to perform oesophagostomy in order to observe ‘sham-feeding’, since 
a form of this may be simulated by emptying the reticulo-rumen. Because 
of the large capacity of the reticulo-rumen, food, when eaten, then merely

1--1 i 11 i i -J

Time after feeding (hr)

Pig. 2. The effect of eating a meal (500 g chopped hay, between arrows) on the 
flow of ingesta from the abomasum. Sheep G.93. Crocker-Markowitz fistula.

passes to the rumen and remains there for several hours without apparent 
change, providing the forestomachs have been completely emptied and 
washed out. Further experiments were therefore carried out in which such 
a preparation was used. After the reticulo-rumen had been emptied and 
washed free of ingesta the secretion from the abomasal pouches was much 
reduced in volume and contained no free acid. Food was then given to the 
animals and by observation through the rumen fistula it was possible to 
see the swallowed boluses entering the rumen where they gradually accumu
lated. The pouch secretion continued to be scanty and did not contain 
any free acid (Fig. 4). This was in marked contrast to the large secretory
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Fig. 3. The effect on abotnasal secretion of distension of the pyloric region of the 
abomasum; between arrows, pylorus distended with balloon (40 ml. air). Sheep 42. 
Modified Hollander pouch.
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Fig. 4. The effect on abomasal secretion of eating a meal, 150 g chopped hay 
(between arrows); reticulo-rumen empty of ingesta. Sheep H. 160. Modified 
Hollander pouch.
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responses to feeding obtained from the same animals when the fore- 
stomachs contained ingesta. No effect was observed on pepsin secretion 
in any of the animals, even though two of them, H. 160 and 37, had shown 
increases in both concentration and output of pepsin after normal feeding. 
In several of these experiments there was a slight to moderate increase in 
secretion some 2-2£ hr after feeding. Since ‘ sham-feeding ’ and feeding 
with the reticulo-rumen empty failed to provoke a secretory response 
from the abomasum it appeared that the large increase in secretion observed 
after normal feeding was caused by an accelerated flow of ingesta into the 
abomasum. There was, however, marked stimulation of pepsin secretion 
in some of the feeding experiments and as pepsin secretion is generally 
considered to be under nervous control it seemed desirable to investigate 
further the possibility of vagal participation in the secretory response.

The effect of vagal stimulation on ahomasal secretion
Vagal stimulation brought about by insulin hypoglycaemia has been 

employed extensively in studies in gastric secretion (see Bachrach, 1953) 
and although previous investigations (Hitchcock, Karvonen & Phillipson, 
1948; Hill, 19526) had indicated that insulin hypoglycaemia was inhibitory 
to abomasal secretion it was deemed worth while to reinvestigate this point.

Sheep H160 and 37 were deprived of food for 24 hr and a fine polythene 
catheter was inserted into the jugular vein immediately before the experi
ment. This made it possible to give injections and to remove blood samples 
with minimal disturbance to the animal. After a control period insulin 
(Burroughs Wellcome, 40 u./ml.) was injected intravenously (0*5 u./kg). 
For the next 30 min there was either no change or a slight depression in 
secretion, but thereafter the volume and acidity increased and reached 
maximum values 1-2 hr later. This secretory response coincided with the 
fall in blood sugar and was maximal at the time of most pronounced hypo
glycaemia. The pepsin concentration in the juice was slightly depressed 
immediately following the insulin injection and then gradually increased 
until it was approximately four times greater than the pre-injection level. 
Pepsin output was markedly elevated during the maximal volume response 
(Fig. 5). Although these results suggested that gastric secretory fibres 
were present in the vagi, another possibility was suggested by the results 
of previous investigations, which have shown that insulin hypoglycaemia 
also produces supermotility of the rumen and reticulum (Le Bars, Nitescu 
& Simmonet, 1953; Hill, 1954). It might therefore be that the insulin- 
stimulated secretion was caused by an augmented flow of ingesta to the 
abomasum. This point was examined in experiments in which the passage 
of ingesta to the abomasum was prevented by emptying the reticulo- 
rumen before the administration of insulin.
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As in the experiments described previously the pouch secretion, after 

the forestomachs had been emptied, was reduced in volume and contained 
little or no free acid. After the intravenous injection of insulin (0-5 u./kg) 
secretion of juice was depressed for 30-60 min, and was then only slightly 
stimulated. However, the pepsin concentration of this juice was again 
increased to about four times the pre-injection value, although the output 
was a great deal less than that obtained when the reticulo-rumen contained 
ingesta (Fig. 6).
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Fig. 5. The effect on abomasal secretion of insulin 0*5 u./kg i.v. at arrow. 
Retictilo*rumen containing ingesta. Sheep H. 160. Modified Hollander pouch.

Carbamyl-choline chloride (Carbachol; British Drug Houses) given 
intravenously in a dose of 0*5 mg to two sheep with abomasal pouches 
caused a pronounced increase in the volume, acidity and pepsin concen
tration of the juice and in the output of acid and pepsin. The same dose of 
carbachol given to these sheep after the reticulo-rumen had been emptied 
produced comparable stimulation of pepsin secretion but a smaller acid 
and volume response.
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Volatile fatty acids and abomasal secretion
On completion of those experiments in which the reticulo-rumen had 

been emptied it was the usual procedure to replace the ingesta through the 
rumen fistula. Whilst doing this it was noticed that there was frequently a 
sudden enhancement of abomasal activity. Although the obvious expla
nation was that this was brought about by the resumed flow of ingesta to 
the abomasum, it seemed possible that fermentation products present in 
the ingesta might have stimulated secretion after they had been absorbed 
from the rumen.
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Fig. 6. The effect on abomasal secretion of insulin 0‘5 u./kg i.v. at arrow. Reticulo- 
rumen empty of ingesta. Sheep H. 160. Modified Hollander pouch.

Confirmation of this idea was obtained from certain of the experiments 
in which sheep were given a meal after the reticulo-rumen had been 
emptied. As described previously there was, in some of these experiments, 
slight stimulation of secretion 2-2£ hr after feeding. Because of this time 
lag the secretion then occurring was unlikely to have been associated with 
the act of eating, and since the food boluses, when swallowed, entered the 
ventral sac of the rumen and remained there it was also unlikely that any 
material could have passed on to the abomasum. It was noted, however, 
that the food boluses lying in the ventral sac gradually lost their discrete 
nature and became semi-solid in consistency. This was probably partly 
because of their admixture with saliva but it may have been because some 
degree of bacterial fermentation had occurred. It is difficult to remove 
through a relatively small rumen fistula all traces of ingesta from the 
rumen and the changes observed might well have been brought about by 
bacteria which had remained in the rumen. As an indication, therefore, 
of whether or not fermentation had actually occurred in the rumen the
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concentration of volatile fatty acid (VFA) was determined in the ingested 
food material. In the 2 hr after feeding the food boluses remained relatively 
solid and it was only after this time that it was possible to obtain adequate 
fluid samples for VFA estimation. Their concentration was then found to 
increase progressively. It was during this period that the increase in 
secretion from the abomasal pouch occurred (Fig. 4).
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Pig. 7. The effect of eating a meal (between arrows) on abomasal secretion and on 
the concentration of volatile fatty acid (VFA) in the rumen: the meal was 380 g 
chopped hay -f- 200 g oats. Sheep K 94. Modified Hollander pouch.

Because of this apparent correlation between the increase in concen
tration of rumen VFA and the increase in abomasal secretory activity in 
sheep with the rumen empty the rumen VFA and abomasal secretory 
patterns were compared in normal feeding experiments (Fig. 7). In most 
of these experiments in which hay and oats were fed it was usual for the 
rumen VFAs to increase rapidly to between 100 and 120 m-mole/1. during 
the 2-3 hr after feeding and then to decline slowly over the subsequent 
few hours. For the first 1-2 hr after feeding there was always good cor
relation between the rapid increase in VFAs and the increase in secretion, 
but after this time there was only rarely any correlation between the two. 
It was in fact usual for the secretory response to subside about this time
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while the VFA remained high or declined only slightly. Neither does there 
appear to be any relation between the actual concentration of VFA in the 
reticulo-rumen and the rate of secretion from the abomasum, since consider
able secretion occurred after kale had been eaten when the rumen VFAs 
remained relatively low.

In an attempt to separate the secretory effects of an increased flow of 
ingesta to the abomasum caused by eating from possible stimulatory 
effects of VFAs, food was placed directly in the rumen through the rumen 
fistula. Five such experiments were carried out and in each of them there 
was a small to moderate secretory response. VFA production usually 
increased more slowly than after normal feeding and maximum concen
tration was not attained until some 3-4 hr after food had been placed in 
the rumen. Abomasal secretion followed a similar time course.

These experiments indicated that fermentation products, possibly fatty 
acids, might act as stimulants to gastric secretion, and consequently the 
effect of adding individual fatty acids to the rumen contents was investi
gated. Figure 8 shows an experiment in which three separate doses of 
250 m-mole of acetic acid neutralized to pH 5*5 with NaOH were added to 
the rumen contents at hourly intervals. The animal was deprived of food 
for 24 hr before the experiment and during the control collection period the 
secretion was much reduced in volume and acidity whilst the VFA concen
tration in the rumen remained steady at a relatively low level. During the 
30 min following the addition of the first dose of acetic acid there was 
considerable stimulation of secretion and this was even greater after the 
addition of the two remaining doses. The level of total VFA in the rumen 
increased rapidly to a maximum of 105 mM, which was well within the 
normal range. One hour after the addition of the last dose of acetic acid 
there was marked reduction in the secretion even though the VFA 
concentration in the rumen had not declined. Pepsin concentration 
and output were increased to approximately twice the control level. 
Acetic acid adjusted to pH 6*0, 6*2 and 6*5 with NaOH gave similar results, 
as did the addition of acetic acid to the empty rumen.

Experiments were also done in which similar amounts of propionic acid 
and butyric acid were added to the rumen. Both of them were found to 
stimulate abomasal secretion although to a lesser extent than acetic acid. 
The results with butyric acid were particularly variable, since either good 
or poor responses were obtained with the same dose of acid.

As it is generally held (Barcroft, McAnally & Phillipson, 1944) that the 
VFA produced during fermentation is absorbed from the forestomachs 
and that only small amounts reach the abomasum, it seemed possible that 
the secretagogue effects of the fatty acids were mediated after they had 
been absorbed and were not caused by direct stimulation of the gastric
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glands after they had passed to the abomasum. Investigations on the VFA 
content of the abomasal ingesta after the addition of 250 m-mole of acetic 
acid to the rumen gave support to this view, since this did not result in 
any significant change in the amount of fatty acid in the abomasum. 
When, however, larger amounts of acetic acid were added to the rumen 
there was a marked rise in the VFA concentration in the abomasal ingesta.
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Fig. 8. The effect of adding acetic acid to the rumen contents on abomasal secretion: 
each arrow marks addition of 250 m*mole acetic acid, pH 5*5. Sheep H. 160. 
Modified Hollander pouch.

DISCUSSION

Because of the relatively poor food value of plant material ruminants at 
pasture spend a considerable proportion of each 24 hr eating, and there is 
therefore frequent addition of fresh food material to the reticulo-rumen 
where it is subjected to microbial fermentation and whence there is a more 
or less uninterrupted flow of ingesta through the omasum into the abo
masum. It was therefore not surprising to find continuous secretion of 
highly acid juice in the experiments where natural grazing conditions were 
simulated by frequent feeding. Under these conditions there was no obvious 
correlation between feeding and the secretory activity of the abomasum,
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findings which are in agreement with those of Masson & Phillipson 
(1952). The estimated total daily output of gastric juice under these 
conditions was also in reasonably close agreement with the figures of these 
authors. Previous investigations (Grosser, 1905; Belgowski, 1912; Hill, 
1952a, 1959a; Kuimov, 1952), also confirmed here, have shown, however, 
that when food is withheld the level of secretion is reduced and that feeding 
is then followed by a marked secretory response. Kuimov also observed 
differences in the volume of juice secreted after different foodstuffs were 
fed, and this finding has received some confirmation in the present investi
gations, where the secretory response after hay was less than after concen
trate had been eaten. Variations in the gastric secretory response to 
different foodstuffs have been recognized in monogastric animals for many 
years, but they are of particular interest in ruminants where ingested food 
material does not pass directly to the secretory stomach and where the 
composition of the material which passes to the abomasum is probably of 
relatively constant composition. In view of the secretogogue effects of 
fatty acids it may be that differences in the amounts and relative pro
portions of these substances when concentrates are eaten are responsible 
for their more prolonged stimulation of abomasal secretion. Long-term 
experiments with animals on specific diets are needed before the influence 
of particular foods on abomasal secretion can be fully assessed.

The cephalic phase of gastric secretion in ruminants is generally con
sidered to be of little significance. Thus Popov (1932), who appears to have 
been the first to suggest that the reflex phase of secretion is not so marked 
in ruminants, found little difference in the secretory behaviour of vagally 
innervated and vagally denervated gastric pouches in sheep. Espe & 
Cannon (1937), who performed oesophagostomies in calves with Pavlov 
pouches and carried out ‘sham-feeding’ experiments with milk, also 
concluded that the psychic or cephalic phase was absent or of little 
importance.

The ‘ sham-feeding ’ experiments reported here also indicate that a 
cephalic phase of secretion is absent in the sheep and this was confirmed 
by the fact that the secretory response obtained when normal animals were 
fed was absent when the forestomachs were devoid of ingesta. These 
results show that the presence of ingesta in the reticulo-rumen is necessary 
for the development of a secretory response. Because of the considerable 
increase in reticulo-rumenal movements during eating and the concomitant 
increase in the flow of ingesta, it seems likely that this accelerated flow 
stimulates the pyloric phase of secretion and is mainly responsible for the 
secretory response. Some supporting evidence for this is provided by the 
increase in secretion observed after pyloric distension. It is recognized 
that there are species differences in the relative importance of the different



ABOMASAL SECRETION IN THE SHEEP 129

phases of gastric secretion (James, 1957) and it is perhaps not unreason
able to assume, because of the continuous nature of digestion in the sheep, 
that there is no necessity for a rapid outpouring of gastric juice of high 
enzyme content such as is produced during the cephalic phase of secretion 
in the dog.

The apparent conditioned response observed in some animals at the 
normal feeding time may be explained by the finding of Quin & Van der 
Wath (1938) and Dedashev (1959) that the movements of the reticulo- 
rumen can become conditioned to feeding and that there is supermotility 
of both chambers at the expectation of food. As the response was not 
observed when the forestomachs were empty of food it could not have 
been the result of a conditioned reflex affecting the gastric glands directly. 
The occasional responses obtained when animals witnessed the feeding of 
others probably have the same explanation.

The demonstration of a secretory response to insulin hypoglycaemia was 
at variance with previous results obtained in the lamb (Hitchcock et al. 
1948) and in the goat (Hill, 19526), where inhibition of secretion was noted. 
The reason for this discrepancy is not known but the over-secretion which 
occurred in the present experiments when the reticulo-rumen contained 
food material indicated that the vagi exert considerable control over the 
gastric glands. That this control was, however, mainly indirect, was shown 
by the small response obtained when insulin was given to animals in which 
the forestomachs were empty of ingesta. These results again indicate that 
an increased flow of ingesta into the abomasum, provoked by reticular- 
rumenal supermotility, is the most important factor in the stimulation of 
abomasal secretion.

The persistence of a small secretory response to insulin hypoglycaemia 
after the forestomachs had been emptied did, however, show that some 
secretory fibres were present in the vagi. The lack of response to sham
feeding with the rumen empty therefore suggests that, if there is a vagal 
component in the normal secretory response to feeding, then it must be 
mediated through afferents so situated that they are not stimulated by 
sham-feeding. Such would be the case if receptors were located elsewhere 
than the buccal cavity and in this respect it may be pertinent to note that 
sensory nerve endings have, in fact, been demonstrated in the reticulo- 
rumen epithelium (Hill, 19596). Whether these are concerned in the reflex 
control of gastric secretion remains to be seen but it is of interest that vagal 
afferents concerned with salivary secretion have already been described in 
the reticulo-rumen (Kay, 1958). Harper, Kidd & Scratcherd (1959) have 
also shown that stimulation of the central end of the abdominal vagus in 
the cat causes secretion of acid and pepsin in the gastric juice.

The possibility that a humoral mechanism stimulates pepsin secretion
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during the pyloric phase of secretion must also be considered in view of the 
long time lag, observed in the feeding experiments, before maximal secre
tion occurred. Although there is no conclusive evidence that pepsin 
secretion during the pyloric phase is controlled by other than nervous 
means yet the demonstration of a pepsin-stimulating hormone, gastro- 
zymin (Blair, Harper & Lake, 1953) would, if confirmed, provide an alter
native mechanism for pepsin secretion in the sheep.

Whether or not vagal stimulation plays a part in the secretory process 
the presence of vagal innervation appears to be important in ensuring 
maximum responsiveness of the gastric glands. This was shown by the 
diminished response of denervated pouches and conforms with the general 
conclusion in the literature that denervation reduces the secretory activity 
of the secretory glands to chemical stimuli.

The finding that volatile fatty acids, particularly acetic acid, had a 
pronounced effect on abomasal secretion was of interest because of the 
large amounts of these substances produced during rumen fermentation. 
Since it is well established that absorption of these acids takes place almost 
entirely from the reticulo-rumen and omasum (Barcroft et al. 1944) it is 
possible that their secretogogue effects are produced after absorption. On 
the other hand Popov (1932) and more recently Ash (1959) have shown that 
the addition of acetic acid directly to the abomasum stimulates gastric 
secretion and Russev (1959) has obtained similar results with propionic 
acid. Ash has also shown that rumen contents, when perfused through the 
abomasum, will increase secretion, and the possibility therefore exists 
that the VFAs only exert their effect when they reach the abomasum. 
Since the VFA levels in the abomasal ingesta are usually very low, stimu
lation of gastric secretion by this means may not be of very great signifi
cance. The lack of correlation between rumen VFA and abomasal secretion 
in the later stages of experiments, where there had been an initial cor
respondence between the two, calls for further enquiry but the decline in 
secretion may well have been due to inhibition brought about by the 
presence of highly acid gastric juice in the abomasum and duodenum.

SUMMARY

1. When sheep with innervated abomasal (gastric) pouches were 
allowed food ad lib., secretion of gastric juice was continuous and showed 
no obvious relation to feeding. Fasting greatly reduced secretion and the 
ingestion of food was then followed by a secretory response in which 
maximum output of acid and pepsin occurred 1-1J hr after feeding.

2. Smaller secretory responses with similar time courses were obtained 
from denervated abomasal pouches.

3. In a sheep with a Crocker-Markowitz cannula feeding after the
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animal had been deprived of food resulted in an immediate increase in the 
flow of abomasal ingesta, which was maximal 1-11 hr after feeding.

4. Distension of the pyloric region of the abomasum stimulated gastric 
secretion.

5. Sham-feeding and feeding of sheep in which the forestomachs were 
free from ingesta failed to stimulate abomasal secretion.

6. Insulin-induced hypoglycaemia produced a secretory response but 
this was mainly attributable to an increase in the rate of passage of 
ingesta to the abomasum brought about by reticulo-rumenal supermotility. 
Direct vagal effects on the gastric glands observed when the forestomachs 
were free from ingesta wrere confined mainly to stimulation of pepsin 
secretion.

7. Carbachol stimulated abomasal secretion which was not abolished 
by emptying the forestomachs.

8. The secretory response to a meal paralleled, in its early stages, the 
increase in concentration of volatile fatty acids in the rumen. Addition of 
food directly to the rumen also produced a secretory response, which 
paralleled the delayed increase in the concentration of volatile fatty acid 
observed under these conditions.

9. Acetic acid partially neutralized w ith NaOH was a potent stimulus 
to gastric secretion when added to the rumen. Propionic and butyric acids 
had smaller and less predictable effects.

10. It is concluded that the most important stimulus of gastric secretion 
in the sheep is the frequent passage of ingesta from the reticulo-rumen to 
the abomasum and that volatile fatty acids, particularly acetic acid, 
produced during rumen fermentation, may also play a part in the secretory 
response to feeding.

I am gratoful to Miss K. P. Bradley for her help with the surgery and to Miss V. H. 
Alabaster for technical assistance.
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Bile secretion in the conscious sheep. By F. A. Harrison* and K. J.
Hill. A.R.C. Institute of Animal Physiology, Babraham, Cambridge

By exteriorizing the bile flow from the gall-bladder to the arm of duo
denum, the method described by Hill & Taylor (1957) and Taylor (1960) for 
the collection of pancreatic juice was modified to allow the collection of bile 
from the conscious sheep. During experiments in which consecutive 
hourly collections were made for 24-30 hr, bile from the gall-bladder was 
allowed to drain freely into a container fastened to the animal’s side.

Experiments on Clun Forest sheep, which received a daily ration of 
1000 g hay chaff and 200 g oats, showed that the volume and total solids 
(TS) of the bile fell during the first 3 hr of collection and then continued 
at an average rate of 0*4 ml./kg/hr (TS 2-90 g/100 ml.). Emptying the 
reticulo-rumen reduced the secretory rate to 0-25 ml./kg/hr (TS 1*80 g/ 
100 ml.).

The return of bile to the animal by continuous slow infusion into the duo
denum modified the secretory pattern. Thus when bile (TS 3-05 g/100 ml.) 
was infused at 30 ml./hr the decline in volume and total solids of the bile 
secreted during the first 3 hr was less than observed previously and there
after secretion continued at a higher level (0-62 ml./kg/hr, TS 3-75g/100 ml.). 
This effect was dependent on the amount and TS of the bile returned and 
was probably attributable to its bile-salt content since a similar response 
was obtained by the infusion of a bile-salt preparation (Oxo Ltd., London). 
The marked drop in TS observed when bile was drained from the animal was 
therefore probably related to the removal of bile salts from the circulation.

Although these experiments provided an indication of the secretory 
activity of the liver, TS of gall-bladder bile obtained at post-mortem was 
always greater than that of bile collected from the gall-bladder cannula, 
and it appeared that in this preparation there was partial interference 
with the concentrating capacity of the gall-bladder. The volume of bile 
which normally enters the duodenum is therefore likely to be less than that 
obtained during the present experiments.

* Aleen Gust Fellow. Royal College of Veterinary Surgeons.
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isium Absorption in the Sheep

A.D.Care
The Animal Health Trust, Stock 

K.J.Iiill and T1* A. Harrison
A*B*C.Institute of. Animal Hiysiology, Babraham, Cambridge*

Attempts have been made to identify the sites of absorption of: 
magnesium from the alimentar^i tract in both anaesthetised and 
conscious sheep* factors which influence the absorption of magnesium, 
at these sites have also been studied.

Use has been made of both chemical and radio-isotope 
techniques in order to differentiate between net transfer and transport 
in any one direction*

Under normal physiological conditions relatively little 
absorption of magnesium has been found to occur from the upper part 
of the alimentary tract*

Magnesium transport between alimentary tract and extra- 
cellular fluid has been integrated in terms of the composition of 
the secretions entering each region and that of the ingesta flowing 
through it*


