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Chapter IV 

1HE OMASUM AND ABOMASUM 

4 : 1  LITERATURE REVIEW 

The omasum is a difficult organ to inves ti gate becaus e o f  i ts ana­

tomical pos ition . Wester ( 1926) was the firs t to pres ent th e resul ts 

of a systematic  inves tigation of the movements of the omasum in the 

cow . He p alpated the omasum, made recordings of pressure changes by 

inserting bal loons , and he made obs ervations on s ome acute prepara­

t i ons . The conclusions Wester ( 1926) came to were that during 

reticul ar contraction the reticular groove formed a funnel  round th e 

reticulo-omas al orifi ce which di lated at the s ame time . Reti cul ar 

contents then rushed through into the omasum and the ret iculo- omasal 

orifice clos e d .  Fol lowing this a wave o f  contraction pass ed over the 

omasum towards the abomasum and then a weaker wave which Wester cal l ed 

an "antiperistaltic wave of contraction" moved in the revers e 

direction . He als o reported that a b al loon placed in th e abomas al end 

of the omasum recorded a sudden drop in pressure during the s econd 

wave of each reticular contraction . Sch alk and Amadon ( 19 2 8) to a 

l arge extent confirmed these findings , whereas Czepa and Stigler 

( 1926 , 1929) , who studied sheep radiographical ly ,  s aid they could s ee 

only peristalti c  contractions occurring . However , Magee ( 19 32) , who 

also used radiography reported that he could s ee no contractions of 

the omasum in sheep although trickl es of barium could b e  s een pas s ing 

from the reti cul um th rough the omasum into the abomasum at the s tage 

of the s econd reticular contraction . Ph illipson ( 19 39) confirmed this 

latter finding but added that ''blobs" of barium coul d be seen entering 

the abomasum at other times th an those rel ated to reticular contrac­

tions . Still  us ing radiography , B enzie  and Phil lips on ( 1957) reported 

in sheep s ome movement of the omasum apart from those associated with 

contractions of the reticulo-rumen . This  movement was an elongation 

which occurred during the latter stages of the ret iculo-ruminal cycle . 

Balch et al . ( 19 5 1) used balloons to record pressure changes in the 

reticulo- omasal ori fi ce in cows and noted that the ori fice was open 

60 - 70% of the time and that it had a b iph as ic contraction ,  th e first 

associated with the first reticular contracti on , and the second with 
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contraction o f  the cranial p i l l ar .  They also recorded in th e omas al 

body a s l ow pressure wave which dropped suddenly in association with. 

the s econd reticul ar contraction . Thes e findings were confirmed by 

Stevens et al . ( 1960) and were added to . The pressures in th e b ovine  

omas al canal chan ged with the reti culo- ruminal cyc le and fol lowed the 

changes in the reti culo-omas al orifi ce . However, pressure ch anges in 

the b ody of the omasum did not follow the reti cula- rumen cycle except 

that there was a p ressure drop at the time of the cranial pi l l ar con­

traction . Sel l ars and Stevens ( 1966) reported that back flow o f  

material from the b ovine omasum to the reti culum can occur from time 

to time and suggest ed that the pass age of food through the omasum is  

controlled by  conditions with in both the reticula- rumen and th e 

abomasum . Two types  of contractions o f  the omasum of sh eep have b een 

des crib ed by Ogha et al . ( 1965)  one of whi ch was related to the 

reticulo- ruminal cycle and the other of which involved main ly the 

caudal part of the organ and las ted for two or more cycles . 

In a review of omasal phys iology Bos t ( 19 70 )  admitted that not much 

information concerning the movements of th e omasum had been forth­

coming in the previous few y ears . Ehrlein and Hil l  ( 1969) in s tudies 

on goats reported detectin g  contractions o f  the omasum with b al l oons 

and strain gauges b ut could s e e  no changes radiographical ly . Not 

until  the pub lications of Bueno et al . ( 19 72) , Bueno and Ruckebus ch 

( 19 74) and Bueno ( 1975),  were any s i gnificant new obs ervations made 

on the motility of the sheep's omasum . Us ing recording el ectrodes , 

s train gauges and bal loons , a comprehens ive s tudy of omas al movements 

was conducted wh ich con firmed and added to much of the previous work . 

A brief summary o f  the col l e cted findings fol lows . The movements of 

the orad two thirds of the omasum are l inked to  the reti culo-ruminal 

cycl e .  Between the two phas es of the reti cular contraction , a wave 

of contraction s tarts on the parietal sur face of the omasum and 

extends over the greater curvature . With the second reticul ar con­

traction all activity of the omasum s tops . The mot i lity of the aborad 

th ird of the omasum is entirely independent of reti culo- ruminal 

activity and is characteri s ed by sustained periods of contracti on .  

Contraction o f  the omas al l eaves occur independently from the wall and 

take place every 2 to 3 minutes , passin g  from the free  edge o f  the 

leaves to their bas e .  The reticulo-omasal ori fice always dil ates 
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during the second ret icular contraction and this is fol lowed by a 

s eries of  opening and clos ing movements at a rate of 5 to 7 per 

minute . The flow.of material through the ori fice is  also cyclic, and 

l inked to reticular moti lity . Bueno ( 1975) , in a summary of omas al 

function, says "The function of the omas um s eems to be complimentary 

to that of the reticula-rumen . It regulat es by means of  the reticulo­

omasal ori fice the rate of flow into the abomasum . It facilitates, 

due to its enormous surface area, the res orption of metabolites 

result ing from microbi al fermentation .  I t  controls the mineral 

exchanges related to s aliva production . It  repres ents a remarkab l e  

anatomi cal and functional adaption with regard to the nature of  the 

food of ruminants under natural conditions " .  

The motility of the abomasum has been less wel l  studied than that of 

the other compartments of the ruminant s tomach . Schalk and Amadon 

( 1928) ins erted their  hands, and bal loons, through the reticulo- omas al 

ori fi ce into the fundic part of the abomas um and reported litt le 

activi ty except th at associ ated with reticul ar contractions . Czepa 

and Stigler ( 1926) us ing radiography reported th at in s heep there 

were strong peristaltic  contractions in the pyloric part of the 

abomasum but that in the body and fundi c part there was little 

activity except, again, that ass ociated with reticul ar contractions . 

These findings were confirmed by Magee ( 19 32)  and by Benzie and 

Phi l l ipson ( 1957) in radiographic studies . 

Ehrlein ( 1970) studied  the moti l ity of the abomasum in goats us ing 

s train gauges, induct ion coi ls and radiography . He detected no move­

ment of the fundic part of the abomasum except that imposed by con­

tract ions of the reti cula-rumen . However, in the pylori c part there 

were continuous peris taltic movements wh ich were intermittently inter­

rupted for a peri od o f  a few m inutes . Th e  frequencies of thes e abo­

masal peristaltic waves were more or l ess  constant at approximately 

5 . 6  per minute and they were propagated at about 1 cm per s econd. He 

went on to state that contractions of the pyl orus are a continuation 

of the peristalti c contractions of the pyl ori c antrum s o  that the 

contents at the end of a peristaltic  contracti on are forced b ack int o  

the pyl oric antrum with only a small amount passing out into the duo­

denum . No s imultaneous contractions of  th e pyloric antrum, as occurs 



in monogastric mamm als , has been seen in the abomasum o f  sheep 

( Ehrlein ,  1976) . 

Th e  electrical activity of the abomasum has been studied by Ruckebus ch 

and his col l aborators ( Ruckebus ch , 1970 ;  Ruckebusch and Kay ,  19 7 1 ;  

Ruckebus ch and Bueno , 1977) . 

Th e  pattern o f  el ectrical act ivity over th e abomasum has b een 

des cribed as having a s l ow wave which migrates towards the pylorus 

( Ruckebus ch , 1970 ; Bolton et al . ,  19 76) . This slow wave occurs about 

6 t imes per minute and its ve locity increas es as it approaches the 

pyl orus . The action pot entials of mus cle contracti on are superimposed 

on the s low wave . El ectromyographical investigati on of the pyloric 

part of the abomasum and the pylorus demons trated s trong p eristaltic 

activity moving towards the pylorus , w ith the relaxat ion of the 

pylorus coinciding with the arrival of a peristalti c wave ( Ruckebusch 

and Kay , 19 7 1) . Ruckebus ch ( 1970)  reported finding a coordination 

between contract ions of the abomasum and duodenum but this was sub­

s equently disproved (Ruckebus ch and Bueno , 19 77) . 

Apart from these studies on the moti lity of the abomasum there have 

been a number of invest i gations into flow of material into and out of 

the abomasum ,  s ome of which have already been menti oned under the 

control of the reticulo- omas al orifice . The flow into the abomasum is 

influenced by the degree of fil l ing of the abomasum , the volume of 

flui d  in the rumen, and whether the animal is feeding or ruminating 

( Ph i llips on , 1939 , 1952 , 1963;  Weiss , 1953 ; Titchen , 1958 , 1960 ; 

Briggs , 196 1 ; Ash , 1962 , 1962a) . The flow o f  digesta from th e abo­

masum is influenced by the degree of dis tension of the abomasum and 

by the degree of dis tens i on of the duodenum w ith distens ion o f  the 

duodenum inhib iting flow through the pylorus (Ph i l l ipson ,  195 2 ;  Hogan 

and Phil lips on , 1960 ; Ash and Kay ,  1963) . The ch emical compos ition of 

the abomas al contents (Bolton et al . ,  1976) and the pH and chemical 

compos ition of the duodenal contents (Bell  and Wats on ,  1975 ; Bel l and 

McLeay ,  1978) also affect abomas al emptying . Whi l e  the normal flow o f  

contents through the abomasum is  aborad, reports o f  orad movements 

have been made . Ph il l ips on ( 19 39)  reported that gas from the abomasal 



gas cap passed back through the omasum to the reticulum and that food 

materi al could flow from the duodenum back through the pylorus into 

the abomasum (Phillipson , 1952) . The passage of mi lk through the 

abomasum in suckling an imals is much slower than adult rumin ant 

digesta . Hill et al . ( 1969) found that when a cal f drinks milk, 

pass ing i t  directly to the abomas um it immediately forms a clot 

which then takes 12 - 18  hours to pass into the duodenum . 

In the work reported here , radiological observations were made of the 

motility of the omasum and abomasum,  and the passage of contents 

through thes e organs . 

4 : 2  MATERIALS AND METHODS 

4 : 2 : 1  The Omasum 

The ob j ective of this series of observations was to determine whether 

any radiographic evidence of omas al contractions could be obtained . 

The omasums of each o f  5 sheep were viewed for 30 minutes in the 

fas ted and replete state . Video- tape recordings , cine- film and spot­

films were taken and later s crutinized for any evi dence of omasal 

contract i ons . 

The five animals used  were sheep 6 ,  7 ,  8 ,  9 and 12 , all New Zealand 

Romneys b etween 13 and 16 months o l d  and femal e .  They w ere hous ed in 

individual crates at Massey Univers ity and fed a diet of chaffed 

lucerne ad l ibitum with water freely availab l e . Sheep 6 ,  7 and 8 had 

no surgical modi fication; sheep 9 and 12 had a rumen fis tula inserted 

four months previous ly (See 3 : 2 ) .  
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Radiogr�phic observat ions : The sheep in their crates were pos itioned 

between the x-ray tube and the image intens i fier as des cribed in 

Chapter I I .  They were drenched w ith 50 ml o f  barium sulphate and, 

us ing the magnifi cati on facili ty on the image intens i fier, the omasum 

was observed continuous ly for 30 minutes ; a video-tape recording was 

made during the entire period .  Cine- film was taken at 12 frames per 

second during one reti culo- ruminal contract ion sequence and during the 
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quiescent period between contractions . Serial spot-fi lms at 2 per 

s econd were taken at two s imilar periods . The video- tape  was reviewed 

and the cine-film analys ed by proj ecting it at fast and slow speeds 

and by tracing the outl ine of  the proj ected image onto paper to deter­

mine any smal l changes in outline . The spot- fi lms were examined and 

compared with the others from the same sheep by overlaying them . 

For the first recording sess ion ,  which was with the animals  in the 

replete state , food was availab le up to and during the period of  

observation . The animals were fasted for 18  hours prior to the second 

sess ion which was separated from the first by 7 days . 

4 :  2 : 2  Abomasum 

The obj ect of the first ser ies of observations was to estab l i sh the 

characteristics of abomasal mot il ity in unweaned , partial ly weaned and 

weaned sheep . The obj ec t ives of the s econd s eries of obs ervations 

were to examine the relationship between abomas al motil ity patterns 

and smal l intest inal motility and how these were affected by dis­

t ension of the abomasum to various degrees and with different sub­

s t ances . 

Animals and their preparation : Ten an imals were used for this series 

of  investigat ions (Table IX) . 

These sheep were all housed in individual pens at the Rowett Research 

Institute and the weaned animals were fed dried gras s ad l ibitum with 

a smal l amount of  concentrate ration occas ional ly added . Water was 

freely availab l e . 

Abomas al cannulae were inserted in Sheep 1 and 5, and an abomas al 

c atheter was inserted in Sheep 4 two weeks prior to the first invest­

i gations. . Abomasal cannulae were ins erted in Sheep 2 and 3 after the 

first inves tigation and 2 weeks prior to the second investigation . 

The surgical techniques us ed have been previous ly described ( Dougherty , 

195 5 ;  Hecker , 1974) and were as fol l ows : 

Fol l owing a thorough antiseptic preparation of the s ite , a l ow right 
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TABLE IX 

SHEEP USED TO INVESTIGATE ABOMASAL FUNCTI ON 

Sheep Breed Age Sex Feeding Management 
No . 

1 So ay 7 mths F Weaned 

2 So ay 7 mths F Weaned/bottle- trained 

3 So ay 7 mths F Weaned/bottle-trained 

4 Dorset/Suffolk 9 mths F Weaned 

5 Dorset/ Suffolk 9 mths F Weaned 

2 1  Dors et/ Finnish 12 mths M Bottle- fed  800 ml 
cow ' s  milk 3 times / 
day 

22 Dorset/ Finnish 3 wks F Bott le- fed 150 ml 
cow's mi lk 8 times/ 
day 

2 3  Dors et/ Finnish 3 wks F Bottle- fed 150 ml 
COW IS mi lk 8 times/ 
day 

Lamb I Dorset/ Finnish 1 wk M Feeding from mother 

Lamb I I  Dorset I Finn ish 1 wk F Feeding from mother 
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flank paracostal incis ion was made into the abdominal cavity . Great 

care was taken to stem al l haemorrhage before opening the peritoneal 

cavity . Once the peritoneal c avity was opened,  the abomasum was 

ident ifi ed and the s ite for the ins ertion o f  the catheter or cannul a 

exterioris ed, emptied of contents , and isolat ed from the rest of the 

abomasum by a pair o f  rubber-shod bowel clamps . The s ite s e l ected for 

catheteris ation or cannulation was in the b ody of the abomasum on its 

right s ide approximate ly half way between the greater and l es ser 

curvatures . 

Catheterisation : Th e  catheters us ed were made up from polyvinyl ­

chloride tub ing ( Portex Plas tics Ltd . )  o f  9 mm external diameter and 

7 mm internal diameter and were 30 cm long . Two 20 mm diameter 

alkathene discs were welded to one end of this tub in g ,  one s et 3 mm, 

the other 8 mm beh ind it , b ack from the lip (P late 50) . Into the 

other end of the catheter was welded the plastic boss from the end 

of an 18  gauge Luer hypodermic needl e .  Us ing 2/0 chromic gut with a 

swaged- on curved atraumatic needl e ,  a purs e-s tring suture was p l ac ed 

in the abomasal wal l l arge enough to accommodate the alkathene disc . 

An incis ion was then made in the centre of the purs e-string suture 

into the lumen of the abomasum . The disc c l osest to the tip of the 

catheter was inserted through into the lumen and the purs e-s tring 

tightened , pulling the abomas al wal l up agains t the tub ing between the 

two discs . Care was taken to ensure the abomas al wall was inverted as 

it was pul led inwards . A s econd purse-string suture was then p l aced 

as close to the catheter as was feasib le and again care was taken to 

ensure inversion as this suture was pul led up tight . The bowel c lamps 

were removed and the abomasum returned to the peritoneal cavity . A 

sma l l  loop of cath eter was l e ft c lose to the abomasum to al low for any 

movement which might take p l ace . The free end of the catheter was 

then passed up in the peritoneal cavity and brought out through a 

s t ab wound high in the right flank . The l aparotomy was clos ed l ayer 

by l ayer, using 1 chromic gut and a continuous suture . The s kin was 

c losed us ing 2/0 nyl on in vertical mattress sutures . 

The expos ed part of  the catheter was buried  in the wool on the sheep's 

back and held in p l ace by tying it to the wool . It was then fi l l ed 

with normal s aline and clos ed off with a s mal l rubber bung . Th e  
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catheter was flushed out daily with 10 ml  of normal s aline . 

Examinations were carried out postmortem at the comp l etion of the 

experiments 3 to 9 months after the surgery . The findings were as 

fol l ows . The intraperitoneal part of  the catheter had become com­

pletely encas ed  in a l ayer of fibrous tissue 1 - 2 mm thick and to 

this parts of the omentum had become adherent . In no animal were 

there any adh esions to othe r  intra-abdominal organs . At the site 

where the catheter entered the abomasum, the outer disc was comp letely 

encas ed in fibrous tis sue , and the abomas al wal l for approximately 

10 mm di ameter round this was thickened. There were no adhes ions to 

the abdominal wal l but in s ome animals the omasum h ad b ecome adherent . 

When the abomasum was opened , there was very litt le  change to b e  s een 

on its mucous membrane lining . In one animal there was s ome s light 

thickening and hyperaemia wh ere the edge of the intra- luminal disc had 

been in contact . 

Cannulation : The cannula used was fl anged and made of ebonite .  The 

tot al length of  the cannul a  was 40 mm and it had an external diameter 

of 10 mm and an internal diameter of 7 mm . The diameter of the 

fl an ges was 35 mm and the external fl ange was held in pos ition with a 

l ock nut . 

The internal flange was introduced into the lumen o f  the abomasum 

us ing a doub l e  purs e-string technique as for the catheter . The 

cannula was then brought out through the abdominal wall as high as 

pos s ib l e  without pul ling the abomasum out of pos ition ,  and the 

external flange screwed on firmly and held in place with the lock nut . 

The cannul a was clos ed with a rubber bung . 

Examination of these animals pos tmortem showed that there was a marked 

adhes ion between the abomasum and abdominal wall where the c annula 

pas sed through . Where the abomasum was adherent to  the abdominal wall 

there was a marked fibrous thickening of the visceral and parietal 

peritoneum . The abomasal mucous membrane under the internal flange 

was thickened,  hyperaemic , and in one cas e ulcerat ed.  
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Radiographic observation : For radiograph ic viewing,  the sheep were 

restrained between the x-ray tube and the image int ens ifier in the 

holding crush as described in Chapter I I .  A video-tape recording was 

made throughout each session and a numb er o f  radiographs were taken to 

il lustrate the various features observed . The video- tapes were 

reviewed and compared to establish patterns of abomas al activity . The 

analys is of the various events seen was carried out using a s top watch 

and the "stop frame" on the video-tape recorder . At the beginning of  

each s es sion a short video- recording of  a s top watch was made , usin g  

a tel evis ion camera, and at each review this was compared with the 

actual s top watch to check that the play b ack speed match ed the 

recording speed.  No timing of events was taken from the video-t apes 

of the first series of observations . From the video- tapes of the 

s econd series the following measurements were made : 

( a) the time e l apsing between succes s i ve contractions of 

the duodenal bulb , 

(b) the time e l aps ing b etween succes s ive phases of rhythmic 

spiking activity ( RSA) seen in the j ej unum, 

(c) the time of abomas al activity in rel ationship to ( a) 

and (b) , and 

(d) the frequency of peris taltic contraction of  the pyl oric 

antrum during periods of abomasal activity . 

Sheep 2 and 3 were bott le-trained s o  that radio-opaque marker given 

from a bott le by mouth would pass directly into the abomasum ( See 3 : 2 ) . 

For the first seri es of obs ervations the weaned animals had food 

avai l ab le up to but not during the period of observation . The bottle­

fed animals were fed 90 minutes before the period of obs ervation and 

the bottle-trained animals were not given their bott le unti l  during 

the session . The b ottle- fed and bott le-trained animals were given 

25 ml of barium sulphate in 25 ml of cow's milk by mouth . The others 

were given 25 ml of  barium sulphate in 25  ml of water through their 

abomasal cannul a or catheter . The activit ies of the abomasum, 



duodenum and j ejunum were then viewed and recorded continuous ly for 

120 minutes . 
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The two suckling lambs were removed from their mothers for 3 hours by 

p l acing them in an a dj oining p en .  They were given 2.0 ml of barium 

sulphate by mouth and their abomas al activity was viewed for 15 

minutes . They were then returned to their mothers and al lowed to  

suck l e  before viewin g  the abomas al activity for a further 30 minutes . 

For the second series of observations the route of adminis tration and 

amounts of barium s ulphate us ed are given in Table X .  The weaned 

sheep ha d food avai l able up to but not during the s ess ions . Bot t l e­

fed and bott le-trained animals were not fed prior to the sess ions , 

which meant that the period of fasting for the bott le- fed animals 

ranged from 18  hours with sheep 21 fed 3 t imes per day , to 3 hours 

with sheep 22 and 2 3  fed every 3 hours . The abomasums in s ome of 

th es e sheep were then dis tended by giving various vo lumes of mi l k ,  

whey o r  s aline , or b y  inflating a bal loon in the abomasum. The 

details of thes e treatments are given in Tab le X .  Abomas al activity 

was viewed and recorded continuous ly for 100 minutes at each sess ion . 

4 : 3  RESULTS 

4 : 3 : 1  The Omasum 

Barium sulphate w as seen to  pass  into the omasum at the height of  the 

s econd phase of the first reticular contraction that occurred .  Th is 

gave a complete outline of the omasum and omasal l eaves but made it  

impos s ible  to detect the arrival of  any further material during sub ­

sequent reticulo-ruminal contraction s equences . The contrast material 

could  be s een trickling through into the abomasum at various times 

which could not be related to the reticul o-ruminal cyc l e . However ,  

there was cons istently an increase in this flow shortly after the 

second reticul ar c ontraction . 

As the reticulum contracted the omasum was rotated and displ aced ven­

tra lly and bent in its middle with the concave asp ect of the b end 
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TREATMENTS OF SHEEP TO AFFECT ABOMASAL MOTILITY 

Ses s ion No . 

I 

I I  

Ill 

IV 

Sheep 

1 

2 

3 

4 

5 

2 1  

22  

2 3  

1 

2 

3 

4 

s 

2 1  

22  

23  

2 

3 

3 

No . Treatment 

BaS04 infus ed through abomas al catheter 
at 0 . 8  ml/min . 

Bottle-fed SO ml B aso4 . 

Bottle- fed SO ml Baso4 . 

Baso4 infus ed through abomas al catheter 
at 0 . 8  ml/min . 

Baso4 infus ed through ab omas al catheter 
at 0 . 8  ml/min . 

Bott le- fed SO ml B aso
4

. 

No treatment . 

No treatment . 

infus ed through abomasal catheter 
at 0 . 8  ml/min . Abomasum distended 
by infus ion of SOO ml isotonic 
saline at lOO ml/min . 

Bott l e- fed SO ml Baso
4 plus SOO ml whey . 

Bott l e- fe d  SO ml Baso
4 

plus SOO ml whey . 

Baso4 infus ed through ab omasal catheter 
at 0 . 8  ml/min and bal loon in abo­
masum inflated with SOO rnl of air . 

Baso
4 

in fused through abomas al catheter 
at 0 . 8  ml/min and balloon in abo­
masum inflated with 100 ml of air .  

Bott le- fed SO ml Baso4 plus 500 ml mi lk . 

Bott l e  fed SO ml Baso4 plus 120 ml mi lk . 

Bott le- fed SO ml Baso4 plus 120 ml milk . 

Bott le- fed SO ml Baso4 balloon in abo­
masum infl ated w ith SOO ml air .  

Baso4 infus ed through catheter at 0 . 8 
ml/min . bal loon in ab omasum in­
flated with 500 ml air .  

Bott l e- fed 50 ml Baso
4 

plus 50 ml of 
whey . 



facing crani ally ( Fi g .  7) . It appeared that this action along with 

the as sociated disp lacement of the abomasum eith er pushed ,  sucked or 

washed s ome of th e contras t  material out of the omasum into the abo­

masum . There was a further s li ght rotational movement of the omasum 

associ ated with the more vigorous contractions o f  the cranial part of 

the ventral s ac of the rumen . No other movement of the omasum was 

detected radiographically . 

4 : 3 : 2  The Abomasum 
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The approximate position of the ab omasum could be ident i fied on the 

l ateral radiograph without the us e of a contras t agent (Plat e  4 1) . An 
almost constant feature was a smal l gas cap outlining the dors al 

fundi c region which was superimpos ed on the shadow of the cranial s ac 

o f  the rumen and lay b etween the shadows of the caudal wall of the 

reticulum and the cranial wal l of the ventral s ac of the rumen . 

Ventral to this gas cap, the remainder of the fundic region and the 

body of the abomasum coul d be dis tinguished from the reti culum and 

rumen be caus e its contents were more homogeneous and more dense . 

This part occupied a triangular space between the caudal wal l of the 

reti culum, cranial wal l of the ventral s ac o f  the rumen and the ven­

tral abdominal wal l ;  the ventral edge could be seen extending caud­

ally ventral to the v entral s ac o f  the rumen . 

When the contents o f  the abomasum were made radio- opaque by the intro­

duction o f  barium sulphate suspens ion ,  the out line of the abomasum was 

clearly demonstrated (Plate 42) . The fundic region was orientated 

vertical ly, extending ventrally to the abdominal floor where the 

body region curved caudal ly . After a short distance it turned dors o­

caudal ly toward the pyl oric region which was also orientat ed verti­

cally with the pylorus directed dors ally and complet ely superimpos ed 

on the shadow of the ventral rumen . 

The fol l owing general des cription of abomas al activi ty was derived 

from interpretation of all the s creening sessions and is  illustrated 

as far as possible  with s elected spot- films that were taken during 

each of these sessions . 
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PLATE 4 1  

Plain lateral radiograph o f  the abdomen . The gas cap in the fundus 

of the abomasum is visib l e  and part of the abomasum is outlined by 

the more homogeneous region b etween the cranial wal l of the ventral 

rumen and the caudal wal l of the reticulum . 

Ab abomasum ,  B b all-bearings in abomasum , D diaphragm, 

DRu dorsal rumen , G gas caps , Re reticulum,  S sp leen ,  

VRu ventral rumen . 



Ab 
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PLATE 42 

Lateral radiograph of the abdomen with abomasum out lined with 

barium sulphate . 

Ab abomasum, B ball-bearing in reticulum and abomasum, 

D diaphragm, DRu dorsal rumen, Du duodenum, J j ej unum, 

0 omasum, P pyl orus, Re reticulum, S spleen, VRu ventral 

rumen . 



DRu () 
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Bottle-trained or bottl e - fed sheep became obvious ly excited when they 

first saw the bottl e .  Radiographic s creening of these sheep showed 

that at the time the bot t l e  was firs t s ighted , the omasum moved 

s harply towards the cardia and the pole o f  the reticulum j erked a 

short distance dorsal ly . They then started to swallow some air, which 

passed directly into the abomasum and caused an increas e in s iz e  of 

the abomas al gas cap . When they first started sucking from the bottl e ,  

a small amount of the ingested fluid would l eak into the reticulum 

from the first bolus through the cardia but thereafter all  the liquid 

pas sed directly into the abomasum . A long with the liquid from the 

bottle ,  a large amount of air was swal lowed which on a number of 

occasions was estimated ( Appendix 2) to be almos t equal in volume to 

the liquid . By contrast the two lambs suckl ing from their mother 

s howed only a very smal l increas e in the s ize o f  the abomas al gas cap .  

Four distinct types of movement of the abomasum were identified . 

1 .  Passive Movements . These movements app eared to be impos ed by con­

tract ions of contiguous parts of the reticula-rumen : there was no 

obvious contribution by contract ion of the abomas al wall . It  was the 

on ly abomasal movement that could be rel ated to the contraction 

sequence of the reticule-rumen . The most pronounced of this group of 

movements was as sociated with contract ions of the reticulum . As the 

ret iculum contracted and the cranial sac of the rumen dilated, the 

cranial wal l of the fundic region of the abomasum was pul l ed cranial ly 

and dorsally while the dorsal wal l was pushed ventral ly , disp lacing 

the gas cap . The gas cap returned to its normal rest ing pos ition as 

the ret iculum rel axed . Contractions of the cranial ventral region of 

the ventral sac of the rumen were refl ected by displacement of the 

adj acent wal l of the abomasum . 

2 .  Peristaltic contract ions . The most common and pers istent type of 

contract ions of the abomasal wall  were peristaltic waves migrating 

towards the pylorus (Plate 43) . These waves were chracteristic of 

the aborad regions of the compartment : they were infrequent in the 

fundic region . The region of the abomasal wal l  where they were first 

s een appeared to depend on the degree of distens ion of the pyloric 

antrum . When the pyloric antrum was distended peris taltic waves were 

s een only clos e to the pylorus ; but as the pyloric antrum empti ed , 

the zone where peristal s i s  firs t appeared migrated orad . The e ffect 



PLATE 43 

Radiograph showing rings e f- p e:P-is-t-al tie ec:mt-:FaGti(}ns on- the pyloric 

antrum as they move towards the pylorus . 

Ab abomasum, E electrode , M loops of small intes tine , P pylorus . 
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of this orad migration was to push digesta into the antral region . As 

the pyloric antrum fi l l ed the zone of peristals is migrated aborad 

again and the cyc le was repeated . When the abomasum was rel atively 

empty peristals is was seen as far orad as the fundic region . This 

peristaltic activity was not cont inuous - there were frequent short 

periods and s ome more widely spaced longer periods when there was no 

visible contractions of the abomas al wall . Irrespective of the point 

of origin o f  these peristaltic waves , once initiated, they always 

travel l ed to the pylorus . As the rings of contract ion approached the 

pylorus they became closer together . This combined with the narrow­

ing diameter of the abomasal lumen,  reduced the volume o f  diges ta 

that could be contained between two consecutive waves of contraction 

(Plate 4 3 ,  Figure 8) . The excess digesta was expel l ed orad through 

the fol lowing contraction ring , causing e ffi cient mixing o f  abomasal 

contents . The pylorus functioned as an integral part of the abomasum, 

contracting as each ring of contraction arrived . 

3 .  Stationary contractions . Thes e contractions were seen as smal l ,  

sharply- defined indentations along the greater curvature in the body 

region (Plate 44) . They formed , disappeared and reformed , but did not 

mi grate either orad or aborad and did not appear to caus e any signi­

ficant movement of abomas al contents . This type of activity was 

superimposed on peristaltic contractions and lasted for p eriods of 

2 - 4 minutes . It  was not commonly s een and could not be related to 

any other activity . 

4 .  Fundic contract ions . These contractions were obs erved only in 

sheep which had the fundic region gros sly distended with gas after 

suckling from a bottl e .  Waves of contraction started up in the fundic 

region and migrated aborad round the l es s er curvature , with no corre­

sponding contract ion being vis ib l e  on the greater curvature as 

occurred in peris taltic contractions (Plate 45) . Also the frequency 

of the s e  was much greater than peristalt ic contractions in the same 

region . The main e ffect of these contract ions was to displace the gas 

around to the pyloric region from where it was rapidly e liminated 

through the pylorus . 

The mean time taken for 7 peristaltic contractions of the abomasal  



FI GURE 8 

Diagramatic representation of rings of contractions approach ing the 

pyl orus . Dotted lines connect the same contraction as it migrates 

towards the pyl orus ; arrows indicat e  movement of digesta . 

Ab abomasum , P pyl orus , Du duodenum . 
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P LATE 44 

Lateral radiograph of abdomen with abomasum outlined with barium 

sulphat e . Stationary contractions on the greater curvature of the 

body of the abomasum are outlined . 

Ab abomasum,. Ce caecum, CdP caudal pillar ,  CdVBS caudal ventral 

b l ind sac , DRu dors al rumen, G gas caps , P pylorus , Re reticulum, 

VRu ventral rumen . 





PLATE 4 5  

Enlarged area o f  a lateral radiograph o f  the abdomen showing the 

fundic region of the abomasum dis tended with gas . A number of 

fundic contractions are visib l e  on the l esser curvature . The 

thin white line curving acros s the lower left of the gas in the 

abomasum is an electrode lead . 

Ab abomasum, DRu dors al rumen, G gas in dors al rumen, 

M loops of small intest ine . 





99 

wal l to reach the pylorus in each sheep at each of the ob s ervation 

s es s i ons is given in Table  X I . Analy s is of variance ( Tab l e  XI I)  shows 

that this time was remarkab ly cons istent within individuals and within 

breeds, and that it was not affected by dis tens ion of the ab omasum . 

However, there was a highly s i gnificant difference betwe en the Soay 

sheep and the others (P < 0 . 01) . Only on one occas ion was the gas cap 

in the abomasum s een to pas s  up into the reticulo- rumen . 

Figures 9 ,  10 and 1 1  depict the time re lationships b etween pyloric 

antral activity, the pass age of a b olus through the duodenum and the 

rhythmic segmental activity of the orad j ejunum and the e ffects of 

ab omas al distens ion .  When the abomasum was in its normal undistended 

s t ate, digesta was prope l led down the duodenum at randomly spaced 

intervals of 1 to 5 minutes, follow ed by a bri ef period of approx­

imate ly 30 seconds when all abomasal activi ty ceas ed . A phas e  of 

rhythmic s e gmental activity s tarted every 30 - 65 minutes, and for a 

peri od of 10 - 15 minutes fo llowing this there was no abomas al 

activity except that impos ed by movements of the reticulo- rumen . 

Distending the abomasum, by whatever means, altered this pattern . The 

frequency with which diges ta was prope lled down th e duodenum increas ed 

and the periods of abomasal inactivity were abolished . The occurrence 

o f  a phase of rhythmic s egmental activity was delayed unti l the abo­

mas al di s tens ion was eliminated to the extent where the frequency of 

bolus es of digesta moving through the duodenum had returned to a l evel 

approximating that seen in the undis t ended state . 

The activity of the normal abomasum followed a cons istent and predict­

ab l e  pattern related to the occurrence of a phas e of rhythmic segmen­

tal activity in the j ej unum . During periods of comp lete abomas al in­

activity as s ociated with these, digesta in the pyloric antral region 

moved back towards the body of the abomasum . When activity recom­

menced, peristals is s tarted up in the body of the abomasum, pushing 

digesta up into the pyloric antrum . Once the pyloric antrum was 

fi lled, the point where peristals is appeared migrated aborad . Each 

peristaltic  contraction pushed digesta up to the pylorus and a 

variable volume pas s ed through into the duodenal bulb . The frequency 
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TABLE XI 

THE TIME TAKEN FOR 7 PERISTALTIC WAVES TO REACH THE PYLORUS 
IN SOAY (A) AND OTHER BREEDS OF SHEEP (B) UNDER A VARIETY 

OF CONDITIONS . 

Time ( s ec) 

100 

Sheep Sess ion No . of Breed Treatment mean + s tandard 
readings 

* 

no . no . 
dev1ati on 

A 1 1 Baso
4 

through 22 49 . 50 + 2 . 32+ 
-

cannula 0 . 8  ml/ min . 

A 1 2 5 00 ml saline 19 50 . 37 + 2 . 09 
through cannula 

-

A 2 1 5 0  ml Baso
4 

per os 18 5 1 . 6 7  + 2 . 2 8  
-

A 2 2 50 ml Baso
4 

+ 500 27  50 . 96 + 1 . 79 
ml whey per os 

-

A 2 3* B al l oon inflated 23  5 1 . 09 + 1 . 85  
-

w i th 500 ml air 

A 3 2* 50 ml Baso
4 

per os 25 5 1 . 48 + 4 .  77 
-

A 3 2 *  50 ml Baso4 + 5 0  18 50 . 2 8 + 3 . 14 -
ml whey p er os 

A 3 3 50 ml Baso4 + 500 16 48 . 63 + 1 . 9 3 -
ml whey per os 

A 3 4* Balloon inflated 24 5 1 . 1 7  + 3 . 76 -

500 ml air 

B 4 1 BaSO through 17  58 . 88 + 1 . 73 
cannftla  0 . 8  ml/min . 

-

B 4 2 500 ml of air into 13 59 . 00 + 3 . 2 7  -
abomasum 

B 5 1 B aSO through 8 56 . 5 7  + 2 .49 
cannftla 0 . 8  ml/min . 

-

B 5 2 Balloon inflated 10 60 . 20 + 1 . 69 
with 500 ml air 

-

B 2 1  1 50 ml B aS0
4 

per os 29 59 . 2 8  + 2 . 85  -

B 2 1  2 50 ml BaS04 + 500 24 59 . 71 + 2 . 63  
ml  milk per os 

-

B 2 2  1 B e fore feeding 7 5 8 . 4 3  + 3 .  73  -

B 22 2 After feeding 7 56 . 14 + 3 .02 
-

B 2 3  1 B e fore feeding 7 5 7 . 71 + 3 . 2 5  
-

B 2 3  2 After feeding 12  58 . 17 + 1 .  75  
-

To s imp l i fy  further an alys is and achieve a cons tant subs amp l e  
size for the mean readings within sheep , thes e readings have 
not been included in the analys is of variance . 

+ Excluding quies cent periods . 
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TAB LE XI I 

ANALYSIS OF VARIANCE 

Variati on d . F  Sum of Mean Square F Ratio 
Squares 

Between breeds 1 2 38 . 44 2 38 . 44 24 . 33 (P < 0 . 01) 

Between sheep 6 8 . 2 3 1 . 37 0 . 14 NS 
with in breeds 

Between s essions 8 14 . 1 1 1 .  76 0 . 18 NS 
within sheep 

Between readings 245 2400 . 2  9 . 80 - -

within s es sions 



F I GURE 9 

Depiction of the relat ionship between abomas al pylori c antral 

activity (solid l ine) , onward passage of a bolus from the 

duodenal bulb ( dots ) and rhythmic s egmental activity in the 

j ejunum (broken l ine) . Time s cale in minutes . 

Graph A after bott le- feeding 50 ml Baso4 : graph B after bottle­

feeding 50 ml Baso4 mixed with 500 ml whey . 
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FIGURE 10 

Depiction of  the relationship between abomasal pylori c antral 

act ivity (solid l ine) , onward pas s age of a bolus from the 

duodenal bulb (dots) and rhythmic s egmental activity in the 

j ej unum (broken l ine) . Time scale in minutes . 

Graph A B aso
4 

infus ed through an abomas al catheter at a rate 

of 0 . 8  ml/min : graph B Baso
4 

infus ed through an abomas al 

catheter at a rate of 0 . 8  ml /min and a b alloon ins erted in 

the abomasum inflated with lOO ml of air (downward pointing 

arrows) then defl at ed (upward pointing arrows) . 
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FIGURE 1 1  

Depiction o f  the relationship between abomasal pylori c antral 

activity (solid  l ine) , onward pas s age of a b olus from the 

duodenal bulb (dots) and rhythmic s egmental activity in the 

j ejunum (broken l ine) . Time scale in minutes . 

Graph A after bottle feeding 50 ml of Baso
4 

: graph B bott l e  

feed 5 0  ml Baso
4 

mixed with 500 ml mi lk over t ime marked with 

arrows . 
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of peristal tic contractions at the pylorus during periods of abomasal 

activity was consistent  within sheep and within breeds so the pyloric 

antrum acted as a pump with a constant s troke frequency but a vari­

able  stroke volume . The duodenal bulb and initial as cending part of  

the duodenum gradual ly became fi l l ed with di gesta ; then contraction 

of the duodenal bulb initiated a wave of contraction which rapidly 

propel led the diges ta to the j ej unum. The number of p eristaltic 

waves arriving at the pylorus required to push enough digesta into 

the duodenum to initiate a contraction was variab l e . The only type 

of activity which did not fit into this pattern were the static 

waves seen in the body of the abomasum . 

During this series of observations , two isolated but interesting 
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events were recorded.  The firs t of these occurred in Sheep 2 1  when it 

was 12 weeks old.  At this time , it had not b e en weaned and was fed 

cow ' s mi lk from a b ottle 3 t imes per day . It was housed in a pen on a 

bedding of  sawdus t ,  s eparated from its neighbours by a s 1atted wooden 

partit ion . From time to time , it had been obs erved to push its head 

between the sl ats and nibbl e  at the wool of  i ts companions on either 

s ide . At one session ,  after being fed 500 ml of cow ' s  mi lk mixed with 

50 ml of barium sulphate sus pens ion , a radiolucent ob j ect outlined 

with barium was seen within the omasum . Th is obj ect approximated the 

omasum in si ze and shape (Plate 46) . Over the fol lowing 5 minutes , i t  

was seen t o  be s l owly extruded from the omas um eventually t o  drop into 

the abomasum , where it floated at the interface between the gas cap 

and the liquid abomas al contents . This obj ect was s ti l l  visible  

floating at  the interface the following day (Plate 47) . Seven days 

l at er it had sunk through the digesta to lie on the abomasal floor 

(Plate . 4 8) , where it was s ti l l  visib l e  6 weeks later . The s econd 

event was obs erved in Sheep 2 3 ,  which was 3 weeks old and was main­

tained by bottl e- fee ding with 120 ml of cow ' s milk every three hours . 

I t  had been bottle- fed with 120 ml of cow ' s  mi lk mixed w ith 50 ml of  

barium sulphate and had swall owed s ome , but not an excessive volume , 

of gas . Video-tape recording of abomas al motility was commenced 

immediately feeding had finished . A large piece of what appeared to 

b e  curdled milk mi xed with barium caus ed an obstruction in the pyloric 

antrum, so when the gas cap was displaced round from the fundic region , 

it was unab le to es cape through the pylorus . The result of this was 



PLATE 46  

Later radiograph of  the abdomen of  Sheep 2 1  taken immediately after 

bott le- feeding w ith 50 ml of Baso
4 

mixed with 500 ml of mi lk . An 

obj ect out lined with B aso
4

, can b e  s een being extruded from the 

omasum . 

Ab abomasum, B b all-bearings , ORu dors al rumen , E electrodes , 

G gas caps , H obj ect b eing extruded , 0 omasum, Re reticulum ,  

VRu ventral rumen . 
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PLATE 4 7  

Lateral radiograph o f  the abdomen o f  Sheep 21  taken the day fol low ing 

the radiograph · in Plate 46 . The extruded obj ect can be seen floating 

in the ab omasum . 

Ab abomasum, DRu dors al rumen , E el ectrodes , G gas cap ,  

H extruded obj ect , 0 omasum, VRu ventral rumen . 
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PLATE 48  

Lateral radiograph of  the abdomen of Sheep 21  taken 7 days after 

the radiograph in Plate 46 . The extruded obj ect has now sunk to 

the greater curvature of the abomasum . 

Ab abomasum, B ball  bearings , DRu dorsal rumen , 

E electrodes , G gas cap , H extruded obj ect , Re reticulum 

VRu ventral rumen . 
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that the gas - fi l l ed body of the abomas um floated dors ally ( Fig . 1 2 ) . 

This movement displaced the obstructing obj ect from the pylori c 

antrum and a llowed the gas to b e  el iminated through the pyl orus , and 

as this happened, the body of the abomas um s lowly returned to its 

normal pos i tion . 
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A marked rel ationship between meal frequency , meal s i ze and abomas al 

act ivity after feeding was observed . In Sheep 21 which was bott le- fed 

three times a day, the abomasum was distended with milk and gas and 

the pattern of motility observed in the ab omasum and duodenum· ( Fig . 1 1 )  

was altered for a cons iderab l e  time . In Sheep 22  and 2 3  which were 

fed smal l er amounts every 3 hours the ch anges to the pattern of 

motility after feeding were minimal ( Fi g .  13) . The two lambs which 

were suckl ing their mother had no detectab l e  change in the pattern of 

motil ity fol lowing s uckling . 

4 : 4  DISC USSION 

Ehrlein and Hill ( 1969) found there was no detectable change in s i ze 

or shape of the omasum during its contraction sequences . In the 

pres ent study no radiographic evidence of the sequences of contrac­

tion described by other workers ( Ogha et al . ,  1965 ; Ehrlein and Hil l ,  

1969 ; Bueno et al . ,  1972 , Bueno and Ruckebus ch , 1974 ; Buen o ,  19 75) 

was seen . It  seems probab le therefore that these contractions - which 

were demons trated by means such as bal loons , s train gauges and 

electromyography - are isometric rather than is otonic in n ature . 

The movement of the omasum towards the cardia , and the smal l dors al 

movement of the pole of the reticulum which occurred when b ottle- fed 

sheep s ighted the feeding bott le would mos t  likely indicat e  cl osure of 

the reticul ar groove (Titchen and Newhook , 1 9 75)  . This supports the 

observati on made by Wis e ( 19 39)  and Orskov e t  al . ( 19 70 )  that the 

s ight or smell of mi lk was suffici ent to caus e closure of the groove 

in trained animals . Further evidence that closure of the groove can 

be evoked by the anticipation of s uckling was given by two other 

obs ervations : air that was swal lowed during the period of excitement 

j us t  before the bottle was given passed directly into the abomasum, 

and oral ly administered bal l bearings passed direct ly into the 



FIGURE 12 

Drawings taken from video- tape recording of the abomas al funct ion 

o f  Sheep 2 3 .  Dotted area repres ents gas . 

A .  Immediately follow ing feeding with a moderate gas c ap 

in the abomasal fundus . 

B .  Gas has b een disp l aced into the body region caus ing it 

to disp l ace dorsally . 

C .  Dors al displacement of the b ody region o f  the abomasum . 

Du duodenum, P pylorus . 
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F I GURE 1 3  

Depiction of  the relationship between pyloric antral activity (s olid 

l ine) , onward pas s age of a bolus from the duodenal bulb ( dots )  and 

rhythmic s egmental activity in the j ej unum (broken l ine) . Time scale 

in minutes . 

Both graphs of activity after feeding 120 ml of milk mixed with 50 ml 

of BaS0
4 

in 24 day- old l ambs ( 22 ,  2 3) fed 150 ml mi l k  8 t imes each 

24 hours . 
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abomasum when they were given by the individual who bott l e - fed the 

sheep . This suggests that in bottle- fed animals the refl ex closure 
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of the reticul ar groove can be cortical ly mediated by the anticipation 

of feeding , before there is a respons e to b uccopharyngeal stimulation 

as demons trat ed by Comline and Titchen ( 19 5 1 ) . 

The l arge volume of air swal low ed by bott l e- fed animals has been 

demons trated previous ly (Benzie and Phi l l ips on ,  1957) and is probab ly 

the result of a comb ination of factors . The des ign of the teat and 

the bottl e  would b e  expected to  have the lar gest influence . The l ambs 

suck ling from the ir mothers swal lowed a much smal ler volume of air 

becaus e they coul d form a bett er s eal on the teat and they did not 

have to l et air back up into the bottle  to break the vacuum . Als o  the 

feeding regimen impos ed on bottl e- fed animal s  meant that they were 

hungry and drank more avidly than their ad l ibitum- fed counterparts 

suckling their mother .  The distens ion of the abomasum in bott l e- fed 

sheep , resul ting from the ingestion of a l arge volume of liquid and 

air , caus ed marked changes in the patterns of both abomasal and sma l l  

intestinal moti lity . This suggests that the changes in these patterns 

reported by Ruckebus ch and Bueno ( 1973) when calves are weaned off a 

bott l e  are a result of decreas ing abomas al distens ion rather than a 

direct e ffect of weaning . Normal motility p atterns of abomasum and 

s mall intes tine s imil ar to thos e in the weaned animal were found in 

lambs fed every three hours and in lambs suckling normal ly from their 

moth ers . Thes e findings indicate that if young ruminants have to b e  

fed artificial ly ,  a more normal s tate of aliment ary tract function 

would be achieved by feeding at frequent intervals and by us ing teats 

and bott l es des igned to keep the amount o f  swal lowed air to a minimum . 

Th e  pas sive di spl acement of the fundic region of the abomasum as socia­

ted with reticular contractions was firs t r eported by C z epa and 

Sti gler  ( 1926) and has been remarked on s ince by a number of authors 

including Benzie and Phill ips on ( 1957) and Ehrlein and Hi l l  ( 1970) . 

No function has s o  far been as cribed to this movement . Pos s ibly it 

plays some part in sucking or washing digest a  out of the omasum as 

mos t  of the flow from omasum to abomasum als o occurred during its 

cours e .  The s low flow of contrast material s e en would suggest a 

washing rather th an a sucking action . Another funct ion could be to 
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mix abomas al contents during periods of qui es cence in the motility of 

the organ . 

The radiographic obs ervations of the regul ar rhythmic contractions 

migrating acros s the pyloric antrum and the integrated acti on of the 

pyl orus , are simi lar to  thos e previous ly des cribed (Magee , 1932 ; 

Phi l l ipson ,  1939 ; B enzie and Ph i l l ips on ,  195 7 ; Ehrlein and Hil l ,  1 9 70 ; 

Ehrlein ,  19 76) . The timing of relaxat ion of the pyl ori c sphincter 

relative to the approaching rings of contract ion control l ed the amount 

of digesta passed through to the duodenum . No radiological evidence 

could be found to support the sugges tion made by Lauwers et al . ( 19 79 )  

that a plug formed by mucosal fol ds clos e  to the pyl orus acts to 

prevent pas sage of digesta . 

The frequency of contractions was found to be 8 . 3  � 0 . 2/minute for 

the Soay breed of sheep and 7 . 2  + 0 . 2/minute for the other breeds . 

Th is s ignificant between-breed difference ( P  < 0 . 0 1) may explain the 

dis crepancy between the present results and thos e of Ehrlein ( 1970)  

( 5 . 6  � 0 . 3/minute) , Bolton et al . ( 19 76) (6 . 6  � 0 . 05/minute) and 

Ruckebus ch and Bueno ( 19 77) ( 5 . 6  � 0 . 3/minute) working with other 

breeds of sheep . However,  this di fference could also be the result of 

other factors . The s light paus e s een in ab omasal contract ions after a 

bolus was prope l l e d  down the duodenum has not been des crib ed previous ­

ly and i f  it is not taken into account when calculat ing the frequency 

the fi gure derived woul d be l ower . Norma l ly bolus es pas s down the 

duodenum at approximately two minute intervals . During each two 

minute period there fore there is liable to be a period of about 30 

s econds when contractions of the abomas al antrum ceas e .  The frequen­

cies reported here were cal cul ated from counts taken over time inter­

vals that did not include s hort periods with out contractions . If the 

frequency of contractions in the breeds other than Soay is c alculated 

from counts taken over time intervals that included s uch a period 

every two minutes , the frequency cal cul ated woul d be within the 

figures previous ly q uoted by Ehrlein ( 1970) , Bolton et al . ( 19 76)  and 

Ruckebus ch and Bueno ( 19 7 7) . Whichever way frequencies are calcul ated, 

there woul d remain a di fference between the Soay and the other breeds 

used here . 



Extended periods of inactivity were reported by Ehrl ein ( 19 70) , and 

the observat ion that these periods were relat ed to a migrating phas e 

of rhythmic s egmental act ivity on the j ej unum confirms the findings 

of Ruckebus ch and Bueno ( 19 77) . 
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Previous investi gat ions of abomas al activity (Magee , 1932 ; Phil lips on ·, 

19 39 ; Ben zie and Phi l l ipson ,  195 7 ;  Kay , 1965 ; Ehrlein , 1 9 70 ; Rucke­

bus ch and Bueno , 1977)  have found no contract ions in the fundic 

regi on . I t  has been sugges ted that the fundi c region o f  the abomasum, 

like the corresponding region of the s imp le s tomach , acts as a 

res ervoi r and applies a tonic contraction pushing digesta towards the 

pyl oric antrum (Ehrlein , 1976) . This may wel l  be so mos t of the time 

in sheep . However , in the pres ent s tudy , under certain circums tances 

peris taltic waves of contraction s tarted up in the fundi c region and 

migrated towards the pyl orus . When the abomasum was re l ative ly empty , 

as in bottle- fed sheep fol low ing an overnight fas t ,  th e firs t con­

tractions o f  the ab omas um that occurred fo l lowing a period of in­

activity started in the fundi c region , but the site of origin then 

rapidly moved aborad as the pyloric antrum was fi lled.  It would 

appear that the ab omas al wal l orad of the pyl oric antrum is capab l e  of 

peris taltic  contract ion but that dis tension of the antrum exerts an 

inh ib itory e ffect which varies in degree in relation to the degree of 

antral fi l l . The s timulus for the contraction of the fundus s een 

after bott l e- feeding appeared to b e  gaseous distens ion of the fundi c  

region . These contract ions displaced the gas cap round the l esser 

curvature effective ly transporting it to the py lorus for elimination . 

On only one occas ion out of nineteen was the gas cap s een to return 

through th e omasum to the reticulo- rumen as reported by Phi l lips on 

( 19 39 ) . 

The s tati c  contract ions of the ventral wal l  o f  the abomasum have not 

been reported previous ly . The pos sibil ity th at thes e  were "end on" 

views of the abomas al vela was cons idered but their orientation and 

distribution did not match thos e expected for vela . They als o  appear­

ed and dis appeared without any change in the position of the abomasum 

rel ative to the x- ray beam .  They were narrow bands of contraction 

wh i ch occurred at infrequent intervals and were maint ained for 2 to  4 

minutes . No explanation of the caus e or function of these 
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contractions can b e  offered . 

The effect of abomas al distens ion on the fl ow through the omasum has 

been reported ( Phil lips on , 19 39 ; Weiss , 195 3 ;  Titchen , 1958a,  1960 ) 

and on contract ion sequences of the reti culo-rumen ( Titchen,  1958a;  

Briggs , 196 1 ;  Ash , 196 2 , 1962a;  Carr , 1970) but there is little  infor­

mat ion on the effect of the fl ow of diges ta through the pyl orus to the 

duodenum . The observation of a great increase in the number of 

bolus es pass ing down the duodenum and the dis appearance of periods of 

abomasal inactivity resulting from abomas al dis tens ion would indicate 

a marked increas e in flow out of the abomasum . This increas e in fl ow 

was not accompli shed by an increase in moti l ity as was suggested by 

Ehrlein and Hil l  ( 19 70 ) . There was no demons trable increase in fre­

quency of the contractions of the pyloric antrum : the effect appeared 

to be achieved by pas s ing a greater volume of diges ta into  the duo­

denum with each antral contraction . 

The ob j ect observed b eing extruded into the ab omasum from the omasum 

was almos t certainly a ' 'hair bal l " . It was on ly outlined by the 

b arium sulphate whereas if i t  had been a clot of milk the barium 

s ulphate woul d have b e en dispers ed evenly th rough it . Als o the pro­

l onged survival in the acid environment of the abomasum indi cates 

material cons iderab ly more insolub le than mi lk . This obs ervation 

would s uggest that the omasum does act to filter out s ome material 

but it would appear to be of litt l e  purpos e  i f  a conglomerate of the 

coll ected mat erial is  eventually passed on to the abomasum . 

The second obs ervat i on of a dors al disp l acement of the abomasum 

sugges ts how displaced abomasum in cattle might occur . It would 

appear that the accumulat ion of a large volume of gas coup led with 

either a mechanical or phys iologi cal obstruction to the flow of the 

gas out through the pylorus would caus e ab omas al disp lacement . Th is 

displacement then can result in a partial rotation caus ing a total 

obs truction s o  the s ituation cannot resolve i ts elf as i t  did in the 

present instance . 



Chapter V 

MOTILITY OF THE SMALL INTESTINE 

5 :  1 LITERATURE REVIEW 

In 1899 Bayliss and Starl ing summed up the then current knowledge of 

motility of the smal l intestine as follows . "On no one sub j ect in 

phys iology do we meet with so many discrepancies of fact and opinion 

as in that of the phys iology of intes tinal movements . Among factors 

contributing to such divergencies mus t doubtless  be included the 

varying behaviour of the gut in di fferent animals ,  the varying con­

ditions of the animal with regard to feeding, or conditions of 

experiment such as exposure and cooling of intestines . Although in 

many cas es we have been able to explain the results obtained by 

previous ob servers by reference to one or other of the di sturbing 

conditions ment ioned above , we must confess that in some instances we 

have been absolutely unab le to reproduce effects des cribed by 

phys io logists of repute , however we might vary our method of experi­

ment ; and we have had to come to the unsatis factory conclus ion that 

these results are due to fallacy of ob servati on or experimental 

methods " .  
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These two authors carried out their research into intest inal mot i l i ty 

with dogs which were anaesthetised us ing morphia and a mixture of air , 

chloroform and ether , stating that the effect of  morphia on intestinal 

motil ity was so s l ight that it was better to give a large dos e of 

morphia than to rely completely on the gas eous mixture . The contrac­

tions of the intes tine were obs erved directly by opening the abdomen 

when the dog was immers ed in a warm saline b ath . Graphic recordings 

were also made us ing a piece of apparatus wh ich they des igned and 

cal led an ' enterograph ' which allowed the independent recording of 

contractions of the longitudinal and the c ircular mus cle  of the 

intestine . Their investigations were carried out on both intact 

intestine in vivo and i solated intestine in vi tro . They came to the 

conclus ion that two basic types of motil ity occurred in the smal l 

intes tine . The firs t of th es e was a pendul ar movement which was 

rhythmi cal and resul ted from simultaneous contraction of the circular 



and longitudinal muscles . Pendular movements occurred with a fre­

quency of 1 2  to 1 3  per minute and moved along the intes tine at 2 to 
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5 cm/second . Bayl iss and Starl ing claimed that thes e contract ions 

were myogenic in origin . The second type of  moti l ity was a peri­

s taltic contraction which was a wave of constriction that trave l l ed 

onl y  in an aborad direction . The peristaltic contraction was a re­

fle x  event which was init iated by mechanical stimulation and con­

trol led through Auerbach ' s  plexus . Bayliss and Starl ing demons trated 

that the re flex could be abol ished by the topical app l i cation of a 

local anaes thetic, and that it was not control l ed by higher nerve 

centres . From their obs ervations they formulated "A law of the 

intestine" , which states " Local st imul ation of the gut produces exci­

tation above and inhibition below the excited area" (Bayl iss and 

Starl ing , 1 899) . Although the effects were dependent on the local 

nervous sys tem, Bayliss and Starl ing also demonstrated the existence 

of some central nervous control over intes tinal motil ity . Stimulation 

of the splanchnic nerves was shown to cause inh ibition of moti lity 

while  stimul ation of the vagal nerves was shown to caus e an initial 

inhibition of short duration , fo l l owed by a period of augmentation . 

The earl ies t publicat ion on the us e of  x-rays to investigate al imentary 

tract funct ion is that of Cannon ( 1898) . He studied the movements of 

the stomach in cats , us ing subnitrate of b ismuth as a contras t agent . 

In  190 1 he reported to the Boston Society of Medical Sciences on his 

s tudies on the moti lity of the intes tines , again us ing x-rays as the 

method of observat ion . This remarkab le paper , published in 190 2 ,  

records his observations of intestinal motil ity in cats after they had 

been fed a mixture of canned salmon and subnitrate of bismuth ; he 

concluded that there were three different types of movement to be s een 

in the sma l l  intestine o f  cats (Cannon , 1902) . The first type of 

movement described was a pendular or swaying movement which corre­

sponded to the pendular movement seen by Bay l i ss and Starling ( 1899) . 

Also l ike Bayliss and Starl ing ,  he described peristaltic waves of con­

tractions but he  subdivided these into two different types . The firs t 

type of peristaltic activity was s een mainly when diges ta was passed 

on from the duodenum . It was a rapidly progress ing wave of contrac ­

tion whi ch propelled the gut contents continuous ly through a number 

o f  loops of intestine . The s econd type of peristals is was much s l ower 
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and passed the contents along for only a few centimeters before 

s topping . It could take several forms one of which could be associa­

ted with rhythmic segmental contract ions , the most common typ e of 

activity seen in the small  intes tine of cats . When rhythmic s egmental 

contractions were initiated , a column of digesta was broken up into 

s egments which were subdivided and reformed . He noted that digesta 

progress ed very slowly under this type of activity and s uggested it 

to be a mixing movement bringing the digesta into contact with the 

intestinal wall , so facilitating abs orption as wel l .  

Cannon ( 1902 ) , continued with some important obs ervations on the move­

ment of digesta through the al imentary tract . Food material did not 

pas s through the pylorus w ith every contraction of the pyloric antrum ; 

but when the py lorus did relax di ges ta was pushed through into the 

duodenum where it j oined,  or was then j oined by , other ej ections from 

the pylorus . When the duodenum was fi l led with digesta,  rhythmic 

s egmentation of the duodenum started up , usual ly with the intervals 

between each segment b e ing long s o  that the diges ta was shunted back 

and forth over a distance of some centimeters . A peristaltic contrac­

tion then occurred , carrying s ome of the gut contents for a cons ider­

ab l e  dis tance down into the small  intestine where they s ometimes 

remained s tatic for s everal hours . Following th is peri od of  quie­

s cence , rhythmi c s egmentation started at this s ite and was fo l lowed by 

p eristals is which propel l ed the contents towards the ileo- caecal 

valve . The trans it time from pylorus to ileo-caecal valve was usual ly 

4 - 5 hours , but depended on the nature of the ingesta . 

Although the pres ent revi ew is concerned with the mot ili ty of the sma l l  

intestine , Cannon ' s  ( 1902)  observations on the function of  the large 

intestine deserve note . He s tated that the il eo-caecal valve was 

always competent , never allowing the back flow of material from the 

l arge intes tine . Us ing h is fluoros copic s creen he watched the radio­

opaque material pass ing through the ileo- caecal valve into an empty 

colon and s aw that antiperistaltic waves carried it back up into the 

caecum . The contents bui lt-up in the colon to the level of transvers e 

and descending regions . As the faecal material moved down the colon , 

tonic contractions divided it into globul ar mas ses . During the act 

of defaecation the entire colon moved around so that the as cending 
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part came to l ie in the pos ition of the transverse  part and a ring of 

contraction occurred in the descending colon which moved towards the 

anus , expres s ing all  the material caudal to it . This  comprehens ive 

report of Cannon ' s  ( 1902) conc ludes with yet another interesting 

observation : i f  an animal was at al l dis tressed the movements of 

both the large and smal l intes t ines were enti rely inh ib i ted . 

Fol l owing on from Cannon ' s  work it might have been expected that 

radio logy would h ave become one of the main methods of investigating 

motil ity of the small intes tine , but this has not been the cas e .  Only 

a few inves tigations since have us ed radiology as a means of observ­

ing int estinal moti l ity ; Lilj e dah l et al . ( 1958) , Matts s on et al . 

( 1960)  and Friedman et al . ( 19 65) are am0ngs t the most important of 

these . Mos t investigations of the mus cular activity of  gut and i ts 

control have been made us ing o ther methods . Direct obs ervations were 

carried out eith er by opening the abdomen (Alvare z ,  1 9 1 4 ; Hukuhara , 

1930- 3 1 ; Dukes and Sampson ,  19 3 7) or by exterioris ing loops surgical ly 

prepared to various des igns ( B i eb l ,  1930 ; Douglas and Mann, 1 9 39 ;  Hiatt 

et al . ,  1966) . Some work was carried out us ing isolated s egments of 

gut ( Al varez ,  19 14 ; Di ament et al . ,  1961) . 

Many methods of making graphi c  recordings of contracti ons of the gut 

have b e en deve l oped . Changes in intraluminal pres sure have been 

recorded us ing bal loons either singly or in s eries ( Templeton and 

Lawson ,  19 3 1 ; Rowlands et al . ,  1950 ; Code et al . ,  195 2 ;  Hightower,  

1952 ; Smith , 1959) , open tipp e d  catheters (Brody and Quigley ,  195 1 ;  

Coomb e , 1966) and pressure s ens itive radiopills (Farrar and B ernstein ,  

195 8 ; Ramorino and Colagrande , 1964) . Information on the s trength and 

direction of contractions has b een obtained us ing. s mal l s train gauges 

(Bas s  et al . ,  1961 ; Re inke et al . ,  196 7 ;  Ruckebus ch , 1 9 70 ;  Grivel and 

Ruckebus ch ,  19 72) . However the method that has become widely used to 

investigate intestinal mot i l i ty has b een that of recording of the 

electrical activity of the mus cles of the gut wall ( Alvarez and 

Mahoney , 192 2 ;  B erkson , 19 3 3 ;  Bozler,  1946 ; Mi lton et al . ,  1955 ; 

Armstrong et al . ,  1956 ;  Holaday , 195 8 ;  Daniel et al . ,  1960 , 1960a; 

Bas s  e t  al . ,  196 1 ;  Bortoff, 196 1 ;  Coomb e , 1966;  Ruckebus ch , 19 70 ;  

Grive l ,  19 7 1 ;  Grivel and Ruckebus ch , 19 72 ; Ruckebus ch and Bueno , 1973) . 
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Alvare z and Mahoney ( 1922)  were the firs t to demonstrate e lectri cal 

activity of the gut wal l . Research done s ince then has estab l i shed 

that thi s  e lectrical activity has two components . One component 

which is always present is a s l ow change in pot ential occurring 

regul arly over the l ength of the small  intestine . This has been 

various ly cal led the "s low wave" , "paces etter potential" or ' 'bas ic 

electrical rhythm" . Bozler ( 1946) sugges ted that this  s low wave 

acted as the pacemaker for contractions of the gut wal l ,  a hypothesis 

als o supported by Code et al . ( 1968) . Bortoff ( 1961)  found that this  

rhythmi c change in  electrical potential occurred in the l ongitudinal 

mus c l e ,  and that the frequency and rate of propagation decreas ed from 

duodenum to il eum . The s l ow wave frequency and rate of p ropagation 

has been shown to be  cons is tent at a given s ite for each speci es but 

to vary b e tween species (Grivel and Ruckebus ch , 1972) . Th e  frequency 

and rate  of propagation als o change with temperature in s uch a way as 

to suggest they are a function of  the metaboli c rate ( Christens en 

et al . ,  1966) . The other component of intest inal electri cal activity 

is a rapid change in potential , called a "spike" or "act ion" potential , 

which is superimpos ed on the s low wave . Th is spike potent ial is the 

action potential of a contract ion of the circul ar mus c l e  (Mi l ton 

et al . ,  19 5 5 ;  Bass  et al . ,  196 1 )  and is ass ociated with both a visib l e  

contraction of  the gut wall and a rise i n  intraluminal pres sure 

(Danie l et al . ,  1960 ; Ruckebus ch et al . ,  1968) . The value of electri­

cal recordings as a means of moni toring gut moti lity lies in the fact 

that the different forms of gut contractions are as s ociat ed with 

specifi c  patterns of el ectrical act ivity . 

The different forms of contracti on of the small  intestine were obser­

ved and described by early workers , for examp le Bayliss and Starling 

( 1899) and Cannon ( 1902)  as noted. above ; more recent descriptions of 

the three bas ic forms have been given by a number of authors ( Ramorina 

and Colagrande , 1964 ; Grivel , 19 7 1 ;  Grivel and Ruckebus ch , 1972) . The 

firs t form of contraction cons ists of irregul arly occurring , smal l ,  

random, contractions of the circular mus cle which take p l ace through­

out the small intestine . These are s een electromyographi cally as 

randomly distributed spiking potenti als : this form of contraction is 

thus ass ociated with ,  and is  known as , irregul ar spiking activity 

( ISA) ( Ruckebus ch and Bueno,  1975) . The s econd form of  contraction is 
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a regul ar , rhythmic s eries of c ircular mus c l e  contract ions which 

travel aborad as a group : it is  called rhythmic segmentation and i s  

associated with regular occurring spiking activity (RSA) . Rhythmic 

segmentat ion was first recognised by Alvare z ( 19 14) and he  noticed 

that the frequency of these contractions decreased as they moved 

aborad , an obs ervation which l ed to the concept of the " intes t inal 

gradient" .  The presence of the gradient was firmly es tabl ished and 

was shown to be independent of an extrinsic nerve supply (Code et al . ,  

1968 ) . I t  was , however, part ly dependent on continuity with the orad 

parts of  the small  intes tine (Douglas and Mann, 1930 ; Douglas , 194 8 ,  

1949) . The third form of  contraction is a ring- like contraction o f  

the lumen of the gut which is progressive and moves cont inuous ly over 

a variab l e  distance (Ruckebusch , 1970) . Thi s  is perista ls is and is a 

manife station of the peristaltic refl ex, the stimulus for which is 

stretch o f  the gut wal l or tactile  stimul at ion of its l ining . The 

first s tep in peristalsis is a contraction of the longitudinal mus c le 

di stal to the stimulus which is  then fol lowed, 90
° 

- 1 80
° 

out of 

phase ,  by an aborad moving contraction of the circular muscle (Farrar 

and Zfas s ,  1967) . The electrical activity as sociated with peristals is 

is a burs t of spike potentials wh ich is seen to migrate rapidly acros s 

a series of el ectrodes placed along the smal l intestine (Ruckebus ch , 

1970) . 

The concept of a migrating myoe l ectrical complex (MMC) o f  the smal l 

intes t ine common to al l speci es has been propos ed (Code and Schl ege l , 

1974 ; Bueno et al . ,  1975) . The MMC is comprised of three peri ods - a 

period o f  qui escence , a period of ISA and a period o f  RSA . The amount 

of time spent in each period is variab l e ,  as is the frequency of 

occurrence of MMCs . 

In the sheep and the dog,  MMCs occur at intervals of about 90  minutes . 

The rat io of inactive to active periods in an MMC is 1 : 2  whil e  during 

the period of activity itself  the ratio of ISA to RSA i s  8 . 9 : 1  

(Szurs z ewski , 1969 ; Ruckebus ch and Bueno , 1975) . However , this 

regular occurrence of the MMC has been shown to be modi fied by many 

factors . In sheep and weaned calves the MMC is always pres ent and is  

not abolished by feeding (Grivel and Ruckebus ch , 197 2 ;  Ruckebusch and 

Bueno,  1973)  but in the dog i t  is replaced by ISA for over s even hours 



after feeding (Code and Marlett , 1975) . With pigs the pattern is 

altered depending on the feeding routine . If the food is given 

ad lib . ,  the MMC is not affected by eating , but i f  a s ingl e meal is 

pres ented the MMC is disrupted as i t  is in the dog after eat ing 

( Ruckebus ch and Bueno , 1 9 76) . 
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There is s t i l l  cons iderab l e  debate as to the control mechanisms of  the 

MMC and there is evidence of both neurological and hormonal contro l . 

Although it has been shown that MMCs wil l occur over neurol ogically 

is olated l oops of bowel (Aeberhard et al . ,  1980)  this confl icts with 

the evidence for an extrins ic neural control pres ented by C arls on 

et al . ( 19 72 ) . The pattern of the MMC is not s igni ficantly altered 

by vagotomy , splanchni cectomy or b oth (Ruckebusch and Bueno , 19 7 5 ;  

Ruckebus ch and Bueno , 1977 ,  19 77a) s o  the rol e  of the extrins ic nerve 

supply remains unclear . The inhibition of the MMC that occurs fol l ow­

ing opening of the abdominal cavity is abolished by splanchnicectomy 

(Bueno et al . ,  19 78) which does demonstrate that extrins ic nerves 

influence the MMC . 

It was demonstrated by Wingate et al . ( 1976)  that the intravenous in­

fus ion of the hormone motilin induced an MMC . This effect was con­

firmed by Vantrappen et al . ( 19 78)  who showed that p l asma l evels of 

motilin peak about 15  minutes before the RSA occurred in the orad 

part of the j ej unum . The relationship could not be demonstrated in 

the pig (Borody et al . ,  198 1) . Insulin has als o been shown to affect 

the MMC particul arly in the dog . In the dog the administration of 

insulin abolishes the MMC and caus es ISA to pers is t for 4 - 5 hours 

while  in sheep there is a lesser but s ti l l  obvi ous e ffect . Gas trin 

has a s imil ar effect in dogs but this l asts for only about one hour 

and has no effect in sheep (Bueno and Ruckebus ch , 1 9 76 , 1976a) . 

Car1son et al . ( 19 72 )  reported that in dogs with Thiry-Ve l l a  loops the 

MMC pass ed  across the l oop of smal l intestin e  as if it were s ti l l  an 

integral part of  the small intestin e ,  a finding supported by the work 

of Grive l and Ruckebus ch ( 19 72 ) . It has b een sugges ted that the MMC 

is control l ed from an extrins ic centre poss ib ly located in the pre­

vertebral gangli a  (Wingate et al . ,  1976) . However , this  is disputed 
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by Ruckebusch and Bueno ( 19 77) who found that denervating a l ength of 

gut had no e .ffect on the MMC in sheep . Recent work sugges ts that the 

MMC is intrins i c  to the sma l l  intestine and w i l l  occur in neuro­

logi cal ly total ly isolated s egments (Aeberhard et al . ,  1980) . 

The pattern of motor activity of the s mal l intestine is the MMC (Bueno 

and Ruckebus ch , 1973) but it remains unc l ear whether its control is 

extrins ic,  intrins ic or a combination of both . Code et al . ( 1968)  

suggested a hypothesis to exp lain the relat ionships between the 

patterns of el ectrical activity of the intestinal wal l and the 

patterns of diges ta movement .  To test this hyp othes is a correl ation 

had to be estab lished between the electrical activity of the intesti­

nal wall and the movement of diges ta.  In the course of thes e obs er­

vations the hypothes is was suggested that the form of contractions of 

th e gut wall was directly related to the volume of digesta pres ent s o  

a further s eries of experiments was formulated to test this . 

5 : 2  MATERIALS AND METHODS 

Th is study of the movement of digesta in the smal l intes tine of sheep 

involved the fo l lowing observations and experiments : 

Radiologi cal obs ervat ions of digesta  movements in the 

normal s ma l l  intes tine (5 : 2 : 1 ) ;  

Radiological observations of the e ffects on digesta 

movements caused by the ins ertion of cannul ae in the 

smal l intestine (5 : 2 : 2 ) ; 

Measurement of the volume and l ength of bolus es in the 

duodenum and proximal j ejunum ( 5 : 2 : 3) ;  

Experimental initiation of contractions of the smal l 

intestine by the introduction o f  digesta  into the 

lumen ( 5 : 2 : 4) ;  

Recording of rnyoelectric potent ials in the wal l of the 

proximal j ej unum ( 5 : 2 : 5) ;  

Simultaneous radiologi cal observations and el ectri cal 

recordings for correlation of digesta movements with 



myoelectrical activity (5 : 2 : 6) ;  

Observation of the effects on the myoe lectrical activity 

of the small  intestine of  removal of digesta or the 

introduction of digesta (5 : 2 : 7) . 
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Animals and their preparation : Details of the 14 sheep us ed are given 

in Tab l e  XI I I . The animals were hous ed and fed as des cribed in 

Chapter 3 .  

Sheep 1 ,  4 ,  5 ,  2 1  and 28 had abomas al cannul ae ins erted ( Chapter 3 : 2 ) 

2 months before being us ed in thes e experiments . After the firs t 

s eries of observations (5 : 2 : 1 ) were made , a l l  the sheep except 2 2 ,  2 3 ,  

30 , 32 , 3 3  and 34 , had duodenal catheters ins erted . Sheep 1 ,  2 ,  3 ,  4 

and 5 had re- entrant cannulae ins erted at di fferent s i tes in the sma l l  

intes tine . Sheep 2 8 ,  30 , 3 1 ,  32 , 3 3  and 34 h ad T cannul ae ins erted in 

the pr0ximal j ej unum and an array of electrodes implanted in the wal l 

above and below the s ite of cannulation . 

Catheterisation : The catheters were 300 mm long . They were s ilas tic 

medical grade tubing (Dow Corning) with an internal diameter of 1 . 7  mm 

and an external diameter of 2 . 75 mm . Polypropyl ene dis cs , 15  mm in 

diameter , were glued on 3 mm and 8 mm back from the tip ,  us ing s i l a­

stic medical adhes ive sil icone type A (Dow C orning) . Fixed to the 

outer end was the p l astic bos s  from an 1 8  gauge hypodermic needl e 

(Plate 50) . 

Fol l owing preparation of the site , a low right fl ank para-costal 

incis ion was made into the peritoneal cavity . The pyl orus and as cend­

ing duodenum were identi fied and brought out through the incision . 

Great care was taken to contro l al l haemorrhage and to handl e tissue s  

carefu l ly t o  minimis e  the formation o f  adhesions . Rubber-shod bowel  

clamps were pl aced acros s the abomas.al antrum j ust orad of the pylorus 

and on the ascending duodenum close to the s igmoid flexure . The 

region of the duodenal bulb was then identified and a purs e- string 

suture , passing down to the submucosal region ,  placed on its anti­

mesenteric edge . An incis ion into the duodenum was made within the 

purse-s tring and the firs t dis c  of the cath eter pas sed through into 



Sheep 
No . 

1 

2 

3 

4 

5 

2 1  

2 2  

2 3  

28  

30 

31 

32 

33 

34 

F -

M = 

TAB LE XI I I  

SHEEP USED FOR THE INVESTI GATION OF THE MOTILITY 
OF THE SMALL INTESTINE 

Age 
Breed Sex 

Where Surgi cal 
Comments (months) housed Preparation 

7 So ay F Rowett V , W  , X . 

7 So ay F Rowett w , x .  Bottle-trained 

7 So ay F Rowett w , x .  Bott l e-trained 

9 Dorset/ F Rowett v,w , x .  
Suffolk 

9 Dors et/ F Rowett V,W , X .  
Suffolk 

3 Dors et/ M Rowett V,W .  Bott le- fed 
Finnish 

0 .  75 Dors et/ M Rowett B ott l e- fed 
Finnish 

0 . 75 Dorset/ F Rowett Bottle- fed 
Finnish 

8 Ronmey F Massey V , W , Y , Z .  

9 Romney F Massey Y , Z .  

10 Ronmey F Massey W , Y , Z .  

11  Ronmey F Massey Y , Z .  

10 Ronmey F Massey Y , Z .  

10 Ronmey F Massey y , Z . 

female V = abomasa l  fistula or catheter 

w = duodenal catheter 
male 

X = re- entrant cannula 

y = T cannulae 

z = electrodes 

1 1 7  



1 1 8  

the lumen . The purs e-string was then pul led up bringing the duodenal 

wal l between the two dis cs , care being taken to ensure the wal l was 

inverted . A second purs e - s tring suture was then p laced as close to 

the firs t as the dis cs would al low and this was also pul led tigh t ,  

again making sure that the duodenal wal l was inverted . The catheter 

was fed across the peritoneal cavity and brought out through the 

abdominal wall high on the right flank . A loos e loop of catheter was 

left close  to the duodenum to al low for subsequent movement . The 

l aparotomy was closed in the normal manner , layer by l ayer . The 

catheter was attached to the outs ide of the animal by wrapping 6" 

elastop last  (Johnson and Johns on) loos e ly round the caudal part of the 

thorax and s ti cking the catheter to this using Sl eek adhes ive tape 

(Smith and Nephew) (Plate 49) . The catheter was flushed dai ly wi th 

5 ml isotonic s aline to keep it patent . 

Re- entrant cannulat ion : The re- entrant cannul ae used were of the Ash 

type (Ash , 1962b) . They were made from polyviny l chloride and had an 

internal diameter of  10 mm (Plate 5 1 )  . The cannula was p l aced in the 

duodenum of sheep 5 0 ,  70 mm aborad from the pylorus . It was pos itioned 

vertically so that diges ta from the duodenal bulb pass ed upwards . The 

s i tes of the other cannul ae , al l of which were pos itioned hori zontal ly , 

were : in the duodenum j us t  as it passed around the root of the 

mesentery ( sheep 4) ; in the j ej unum j ust aborad of the duodeno­

j ej unal j unct ion ( sheep 3) ; in the j ej unum 800 mm aborad of the duo­

deno- j ej unal j unction ( sheep 1) ; and in the il eum 400 mm orad of the 

i l eo- caecal j unction (sheep 2) . 

A low right flank laparotomy was performed and the region of small 

intes tine to be cannulated identified and exteriorised . After the 

di gesta had been gent ly massaged away the regi on was iso lated from 

the res t of the intestine with 2 pairs of rubber-shod bowel cl amps . 

The intes tine was then trans ected and the two ends closed with an 

inverting suture of 2/0 chromic gut . The mes entery was sp lit to al low 

mobility and easy separat ion of the two ends . Purs e s tring sutures 

were placed 30 mm back from the transections on the antimesenteric 

edges . These were large enough to al low an inci sion to be made 

within them which would admi t the shoes of the half cannula .  The two 

halves of the cannula were then inserted , one on each side of the 



PLATE 49 

The right flank of sheep 31 photographed during a recording s ession .  

Starting from the left : the T cannula ( end on) from the j ejunum, 

the electrode cab les encas ed in a l ength of polyvinylchloride 

tub ing,  and the duodenal catheter entering the body be low the cab l e  

tub ing . The cab les lead up to the plug system seen on the animal ' s  

back which connects them to the pen recorder . The duodenal 

catheter is connected by a l ength of tubing (light tub ing pass ing 

round hori zontal b ar) to a peristal t ic pump . The adhesive tape 

round the thorax is used to hold the cab les and catheter in 

pos ition . 

PLATE 50 

The duodenal and abomasal catheters were made up from s i las t i c  

tub ing with polypropylene dis cs fixed to th e end to be  impl anted . 

The boss from an 1 8  gauge hypodermic needle was fixed at the outer 

end . 





P LATE 5 1  

Th e  ' Ash type ' re- entrant cannula used in all re- entrant cannulations . 

The transparent piece of polyvinylchloride tubing allows the flow of 

digesta across the re- entrant cannul a to b e  checked. 

PLATE 52 

The two types of T cannula us ed in the sma l l  intestine . The one on 

the l e ft was found to have too l arge a shoe for easy insertion into 

the aborad smal l int estine . The cannul a on the right was the one 

us ed in al l the sheep from whi ch results were obtained .  The 

cannul a on the right , with its shoe (which is uppermos t)  flattened 

out , was also us ed  as an abomas al fistul a .  
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trans ection . The purs e-string sutures were drawn tight making sure 

that the intestinal wall was inverted . Two s tab incis ions were made 

on the right abdominal wal l through whi ch the arms of the hal f cannula 

were pas s ed .  The sites for making these stab wounds were sel ected by 

taking the fo llowing criteria int o account : the intestin e  was as 

litt l e  disp l aced from i ts normal pos ition as pos s ible ; the two arms 

of the cannula had to be close enough £or easy approximati on ;  the 

exterior part of the cannul a had to be situated where it would caus e 

as l itt l e  inconvenience as poss ib l e ,  that is , we l l  crani al of the 

hind l imb and high enough up the fl ank to al low the animal to l ie 

down . The two arms of the cannuala were then connected with a pi ece 

of polyvinylchl ordi e tubing . 

Insertion of T cannul ae : Two typ es of T cannulae were us ed (Plat e  52 ) ,  

having internal diameters 8 mm and 5 mm . Both were made from poly­

propylene . The bigger was found to be too l arge for the j ej unum, 

caus ing marked s tretching and dis tens ion , with ulceration of the 

mucous membrane . In one sheep the intestinal wal l  perforated result­

ing in s evere peritonitis . None of the anima ls fitted w i th thes e 

l arger cannul ae were included in the experimental s eries . The smaller 

cannul a was comp l etely satis factory . 

A right flank l aparotomy was performed and the s ite for cannul ation 

identi fied and exterioris ed . Th e  diges ta was gently mas saged away and 

the region isol at ed with 2 pairs of rubber-shod bowel c lamps . A 

purse-string suture was p l aced on the ant imesenteri c wal l of the 

intestine and an incis ion made into the lumen within the suture . 

After the shoe of the cannula was ins erted into the lumen , the purs e­

s tring was drawn t ight ,  making sure the gut wal l was inverted . After 

the cannula was in pl ace a zone of the intestine extending 500 mm orad 

and aborad of the cannul a was encas ed in a polyester fibre mesh 

( Mers i lene , Ethicon) . The mesh was appli ed loos ely around the 

intes tine and was held in pos ition by a number of s ingle s imp l e  

sutures , s ome o f  which passed through the mesentery . The obj ect of 

p l acing this mesh was so that a smal l b al loon could b e  ins erted down 

the cannula and inflated to obs truct the flow of digesta  without 

causing gross distens ion of the intes tin e  which would its el f initiate 

p eris tals is ( Kos terlitz and Rob inson , 1959) . The cannula was brought 
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out through a stab incis ion made in the right flank as high as 

pos s ib l e  without displacing the int estine unduly . The cannula was 

maintained in pos ition by encas ing the exteriorised part of the barrel 

in adhes ive tape ( S l eek , Smith and Nephew) . The laparotomy wound was 

then clos e d  in the normal manner . 

Impl antation of el ectrodes : Th is was carried out at the t ime of 

cannul at ion of the j ejunum. The details of the electrodes and l eads 

are des cribed below (Page 122 ) .  An attempt was made to l ocate the 

el ectrodes along the intestine at measured intervals orad and aborad 

of the cannula .  However, meas urement was di ffi cult b ecaus e of the 

convolutions of the intestine . The method adopted was to  measure out 

SO mm l engths of intes tine wh i l e  holding it with as litt l e  tens ion as 

pos s ib l e . Each e lectrode dis c was positi oned on the s it e  sele ct ed,  

with the e l ectrodes aligned al ong the long axis of the intes tine . 

After app lying s li ght pres sure to ensure the el ectrodes penetrated the 

s e ros al s urface they were sutured in pl ace us ing 2/0 chromic gut 

pas s ed through holes in the dis c .holding the electrodes . A doubl e  

reference electrode ( in cas e one failed) was ins erted by suturing the 

s t ainless steel wire of the reference l eads to the peri t oneum at the 

edge of the abdominal wound . A l l  leads were brought together in a 

200 mm l ength of polyvinylch l oride tubing ( Portex Plas ti cs )  (Plat e  54)  

and b rought out through a s tab wound high in the right flank . The 

outer end of the tube was then packed with steri le paraffin wax to 

s e al i t . The leads and connecting board were attached to the Elas to­

p l ast wrapped loos ely round th e thorax (Plate 49) . 

At the conclusion of the inves ti gations sheep 30 , 32 , 33  and 34 were 

k i l led by an overdos e of anaes thetic and a pos tmortem examination 

carrie d  out . The sites of the e lectrodes were checked as fol lows . 

The s mal l intes tine  was removed ,  carefu l ly pres erving the mes enteric 

attachment , and l aid out (Pl ates 55 , 56) . A pi ece of s tring was then 

p l aced along the convolutions and the measurements b etween e l e ctrodes 

and to the cannula were made . The mesenteric attachment was then 

b roken down and the intestine laid out again (Plates 5 7 ,  58) . and the 

measurements repeated . The measurements made at s urgery and the two 

s ets made at pos tmortem are given in Tab l e  XIV . 



PLATE 5 3  

Th e  electrodes whi ch were imp lanted in the wall of the smal l intestine . 

The circul ar b as e  of the dis c  is 8 mm in diameter and the el ectrodes 

are 5 mm apart . The dis c is made of nyl on and the electrodes from 

24 S .W . G .  s tain less steel suture wire . The wires were cut off at 2 mm 

above the dis c j us t  be fore they were imp lanted into the mus cle of  the 

wal l of  the sma l l  intes t ine . 

P LATE 54 

The harness of e l ectrodes and l eads as it was prepared to imp l ant in 

the sheep . There are six doub l e  el ectrodes on nylon dis cs and two 

reference e lectrodes made from braided s tainless steel s uture wire . 

The leads are fed through a l ength of polyvinylchlori de tubing and 

are col our coded for ease of identifi cat ion . 





PLATE 55  

The duodenum and orad j ej unum o f  sheep 35 after removal from the 

animal postmort em .  The pos ition of the e l ectrodes and T cannul a  

rel ative to  the duodenum and to  e ach other is i l lustrat ed .  The 

mes enteric attachment of the orad j ej unum has not been broken 

down . 

E e l e ctrode s , 

T T cannula . 

H hepatic flexure of the duodenum , P pyl orus , 





PLATE 56 

Th e  duodenum and orad j ej unum o f  sheep 32 after removal from the 

animal pos tmortem . The pos ition o f  the e l e ctrodes and T cannul a 

r e l at i ve to the duodenum and to e ach other is  i l lus trated . Th e  

mes enteric att achment o f  the orad j ej unum has not b een b roken 

down . 

E e lectrodes , 

T T cannul a .  

H hepat i c  flexure o f  the duodenum, P pylorus , 





P LATE 5 7  

Th e  duodenum and orad j ej unum o f  sheep 3 3  after removal pos tmortem 

and b reakin g  down of the mesenteric attachment . This shows the 

dis tances between the e l ectrodes and th e T cannul a .  The rai s ed 

areas of the gut wal l p arti cularly noti ceab l e  between the two mos t  

orad e l e ctrodes are postmort em art i facts caus ed by t earing o f  the 

mes enteric att achment . 

E e l ectrode , 

T T cannul a .  

H h epatic  fl exure o f  duodenum, 

P LATE 5 8  

P pylorus , 

The duodenum and orad j ej unum of sheep 32 after the removal 

pos tmortem and breaking down of the mes ent eri c att achment . This 

s hows the dis tances between e l ectrodes and the T cannula .  

E e lectrode , 

T T cannul a .  

H h epati c  fl exure of duodenum, P pylorus , 





TABLE XIV 

D I STANCES* (mm) BETWEEN E LECTRODES AND CANNULA 

E l e ctrode s  
Sheep 30 

& Cannul a a b c 

1 - 2 400 420  4 30 

2 - 3 400 4 2 0  4 30 

3 - cannul a 100 90 100  

cannul a - 4 lOO 1 2 0  1 10 

4 - 5 400 500  5 2 0  

5 - 6 400 5 0 0  550  

* ( a) measured at s urge ry , 

Sheep 32 

a b c 

300 2 70 340 

300 2 50 330 

100  1 2 0  150 

100 160 200 

300 300 290 

300 350 350 

(b) postmortem wi th mes entery intact , 

Sheep 

a b 

300 320 

300 2 80 

100  90  

lOO  100 

300 2 70 

300 330 

( c )  and with mes enteric attach ment broken down . 

33  

c 

360 

380 

lOO 

1 0 0  

320 

350 

1 2 1  

Sheep 34 

a b c 

300 320 360 

300 2 80 370 

100  90  1 10 

100  90  1 30 

300 2 70 380 

300 350 370 
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Radiological procedures : Be caus e of the comp l ex s tomach , it is  

di ffi cult to introduce suffi c i ent contrast materi al into the s mal l 

intestine o f  ruminants to make it  adequately vis ib l e  radiograph i cal ly . 

Initial ly the b arium sulph at e  was introduced into the abomasum e i ther 

by us ing b ott l e - fed or bott l e- trained animals ,  or by infus ing i t  

through an abomasal cannul a .  Th is gave reas onab l e  contras t in the 

proximal smal l intes tin e  in mos t animals but was unrel i ab l e ,  and 

fai l ed t o  give use ful contras t in the more dis t al regi ons . Duodenal 

catheters were therefore us ed,  i mp l anted in the duodenal bulb . Con­

tras t medi a infus ed through thes e cons i s t ently gave good contras t t o  

di ges t a  i n  the s ma l l  intest in e  at all l evels . Obs ervati ons were 

carried out to det ermine whether or not the method of administering 

barium s ulphate had an e ffect on the motility patte rns s een . 

Th e  animals were s creened for lon g  periods ( up to 3 h ours ) . Thes e  

s e s s ions were recorded on vide o- t ape and the s equences analys e d  l ater . 

During each recording peri o d ,  the leading edge of con tras t  materi al 

was fol l owed through from the duodenum to the i leo-caecal j unction . 

Only by doing this coul d e ach region of the small  intes tine  b e  

identifi ed : once a l l  the coi ls o f  sma l l  intest ine had b een fi l l ed 

with contras t mat eri al it  b e c ame di ffi cult t o  re cognis e  the di fferent 

regions with any certainty . The activity o f  the s ma l l  intes tine w as 

obs erved overal l at the time o f  s creen in g  and the speci fi c  mot i l i ty 

patterns s een in di fferent regions were s tudied in detai l  when 

reviewing the video-tape recordings . To overcome the viewing s pe ed 

res trict ions impos ed by the video-t ape play-b ack syst em ,  parts o f  

the re cordings whi ch i llus trated specific motility p atterns were 

copi ed onto 16 mm cine- fi l m .  This cine- film was then proj ecte d  

through a variab l e  speed pro j ector . 

Recording smal l intes tinal myoel e ctri c potential s : Initial ly , 

e l e ctrodes s imil ar t o  thos e des cribed by Ruckebus ch ( 1968)  were us ed 

except th at they were made from multifi l ament 5 gauge s tainles s s teel  

s uture wire (ST- 5 0  Ethicon) b ecause th is material is inert in body 

tissues . General ly a good s ignal was obtained but when a contraction 

of the intes tinal wal l occurred the e l e ctrodes short- circuited , 
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causing vio l ent defl ections of the recorder pen . The sh eep in which 

these  e l e ctrodes were implanted were use d  only for developing 

techniques : they were not us ed for deriving data used in s ub s equent 

ana lyses . To overcome the shorting p rob lem ,  n ew e lectrodes were 

devis ed which gave s atis factory resu l ts for the l i fe of the ani mals .  

Thes e e l ectrodes were ass emb l ed on a nyl on dis c  8 mm in diameter and 

1 mm thi ck ( P l ate 5 3) . The e l e ctrodes thems e l ve s  were two pi e ces o f  

24  SWG s t ain l e s s  s teel  suture wi re ( Zimmer UK) pas sing through the 

dis c  5 mm apart . On the s ide o f  the dis c t o  b e  app l i ed to the smal l 

intes tine  the e lectrodes proj ect ed 2 mm . On the other s ide they were 

soldered to l e ads , the j oint b eing "pot ted" in Aral dite UK) . 
These l eads were colour-coded 10/0 . 1  mini-strand wires with polyvinyl­

ch l oride insul ation ( B arlow Electroni cs ) . There were two holes in the 

nyl on dis c to facil itat e  s uturing i t  in pos i tion on the intes tinal 

wal l . The reference e lectrodes were 5 gauge mul ti fi 1 ament s t ainl es s  

s t e e l  wire s  s o ldered t o  the same type o f  lead w i res . Al l the l eads 

were brough t  together in a 200  mm l en gth of polyvinylchl oride tubing 

( Portex P l as t i cs )  t o  pas s  through the abdominal wal l . Once the 

el e ctrodes h ad been imp l anted and the l e ads exteriorised , they were 

s o l dered ont o  a contact board made o f  synthetic-resin-bas e d  paper , 

al l owing 1 6  contacts at a 3 . 8 1 mm matri x  (P art No . 242 / 2 50 3 ,  Vera­

E l ectron i cs Ltd) . When recording ,  this b oard was connected to a 

matching s o cket- edge connect or ( Part No . 2 2 1 1/ 3066/ 1 Vera- E l ectronics 

Ltd) (Pl ates 59 , 60) , and sh ielde d  cab l es that l ed to the p en recorder . 

Six  e lect ro des were imp l anted along the smal l intest ine of e ach animal , 

th is bein g  the maximum number of recording channels availab le . 

Simultaneous records were made from the s ix s ites on the s ma l l  

intestine . The s i gnals were fed into AC 7 preamp l i fi ers ( De vices Ltd) 

us e d  in the di fferent ial mode , and the outputs recorded with a s ix 

channel heated- s tylus pen re corder ( Devi ces Ltd) . The s ettings on the 

preamp l i fiers which gave the opt imum t race were : time constant , 0 . 0 3  

s e conds ; fi lter,  70Hz ; range , 2 5 0 �v . The pap e r  speed s e lected was 

50 mm/minute .  Plugged into the marker  p en circui t  was a s ma l l  p ower 

pack whi ch activated the l i ght- emitting di ode in the cine- camera when 

the marker b utton was depres sed . I t  was obs erved when t rying t o  

corre l at e  the p en recording with the c ine- fi lm that the paper speed 



PLATE 59 

The ext ernal end o f  the e l e ctrode l e ads are connected onto a circuit 

board (right)  which can b e  p lugge d  into a s ocke t  edge- connector ( l e ft) . 

The s ocket edge- conne ctor is fixed to a s haped piece o f  copper  

b acked with s ynthetic res in b as e d  paper ,  and a l l  the e arth l e ads 

are soldered t o  it . 

PLATE 60  

The ci rcuit b oard and s ocket edge - connector have b e en plugge d  

t ogether to show the key i n  the circuit b o ard which corre sponds 

to a plug in the socket-edge connect or s o  that they cannot b e  

connected the wrong w ay round . 





and time mark e r  were not exactly as speci fi ed . On che cking with a 

s top watch it was found that the paper speed was 55  mm/min and that 

the minute marker was in fact marking at 6 1  s e cond intervals ;  h ence 

the t ime intervals on al l reproducti ons of pen recordings are 6 1  

s ec onds . 

Analyses of myoe l e ctrical recordings : Recordings o f  e l ect ri cal 

act ivity were t aken over  p eriods of up t o  6 hours at e ach s e s s i on . 

The recordings obtained were analys e d  in the fol l owing ways : 

( 1) The frequency of the s low-wave at each e le ctrode 

s i te was determined by c ount in g  the waves in 30 

randomly s e l e cted minute intervals spread over 

th e  di ffe rent recording s es s i ons . The resul ts 

were expres s e d  as a mean and s tandard error . 

( 2 )  The  time taken for a continuous , rapidly ab orad­

moving cont raction to migrate b e tween success ive 

e l e ctrodes was meas ured at 30 randomly s e l ecte d  

t imes spread over  the di fferent recording s e s s i ons . 

The res ul ts were expres sed  as a mean and standard 

error . From thes e figures the speed o f  mi grat i on 

was cal culat ed by us ing the dis t an ces between 

e le ct rodes as measured postmorte m  b e fore the 

mes entery was stripped (Tab le XIV) . 

( 3) The time interval between the re currence of the 

RSA phase w as measured and the res ults express ed 

di agrammati cal ly . 

(4)  The time taken for e ach ph�s e  o f  RSA to pass each 

e le ctrode was taken at 10 randomly selected t imes 

spread over  the di fferent recording s es s i ons and 

the results  e xp ressed as a mean and standard error . 

( Only ten readings were t aken o f  events as soci ated 

w ith the RSA phas e  becaus e it  occurred at wi dely 

spaced int erval s ) . 
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( 5 )  The time taken for the RSA phas e to mi grate 

between el e ctrode s  w as t aken at t en randomly 

s e le cted times spread over the di fferent 

recording s es s ions and the results expre s s e d  

a s  a mean and s tan dard error . The speed o f  

migration w as calcu l ated as in ( 2 )  above . 

( 6 )  The wavelength o f  the s l ow wave was cal cul ated 

from the frequency and ve locity of propagat i on 

by us ing the formu l a  wavel ength = velocity x 

frequency . 
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Correl ation o f  radiologically obs erved digest a  movements with small 

intes t inal myoelectrical records : To estab l i sh the rel at i onship 

b e tween the radiographi cal ly obs erved patterns of activity and 

e l e ctri cal act ivity , radi ographic cine- fi lm was taken when a speci fi c  

type o f  e lectrical activity was occurring at , o r  w as pas s in g  b etween , 

speci fi c  e l e ctrodes . Correl ation w as possib l e  b ecaus e ( a) the marker 

on the pen re corder was linked t o  the frame marker in th e c in e- camera , 

al l owing synchronisation of record and fi lm and (b) the e l ectrodes 

were vis ib l e  on the cine- film ( Pl ate 6 1) , al l owing correl at i on b etween 

s i gn als and di gesta movement at the e l ectrode s i tes . To carry out 

the correl at i on , the cine- fi lm was vi ewed with a variab l e  speed pro­

j ect or us ing the l inked frame marker and frame countin g  for cross 

re ference and t iming . 

Results of p os tmortem examinations : Al l sheep were examined pos t­

mortem at the comp l etion of the experiment . At the s i te of insertion 

o f  the T cannul a ,  the sma l l  intestine had become adherent t o  the 

abdominal wal l b ut no adhesions had formed to any other regi on 

( P l at e  6 2 )  . The p olyes ter fi lm mesh was compl etely buried in fibrous 

t i s s ue but th is had not caus e d  any detect ab l e  constriction o f  the 

lumen ( Pl ate 6 3) . The mucous membrane and wal l o f  the small int estine 

at the cannul ation s ite appeared normal at gross examinati on ( P l ates 

64 , 65)  but on histo logi cal examinati on a narrow b and of chronic 

inflammat ion w as found s urrounding the entry p oint of the cannula .  

The l eads t o  the el ectrodes were covered with a thin l ayer o f  fibrous 



P LATE 6 1  

A l ateral radiograph o f  sheep 3 2  showing a balloon , fi l l ed with 

c ontras t media ,  j us t  ins i de the T cannula . The picture is  s omewhat 

c onfus e d  by the l eads going to the el ectrodes on the sma l l  

intestine s o  n o  attempt w as made t o  make a lab el l ed line drawing 

o f  this radiograph . 

Reading from the l e ft o f  the radi ograph the curving whit e  s hadow 

running in the vertical p l ane i s  the h arness of e l e ctrode wires 

as it  p as s e s  out through the sheeps flank . Th e  circular white  

shadow t o  the  right of this is  the T cannula in the j ej unum and 

the dense shadow to the r i ght and b e l ow this is the contras t­

fi l l ed b a l l oon .  The b al loon was n ormally inflat ed with air but 

was fi l l ed w ith contras t media on this occas ion to make it show 

up b etter in the radi ograph . The tubing connected to the ball oon 

i s  a l s o  fil led with contras t and can b e  s een running out through 

the open cannul a .  Th e  remaining white shadows on this photograph 

are the e lectrodes and the ir l eads . 





PLATE 6 2  

The s ite o f  exi t  of the T cannula from the abdominal cavity where 

an adhes ion between the j ej unum and abdominal wall  has occurred 

( s heep 33) . The b l ack l ead i s  one o f  the two reference e l e ctrodes 

which were pl aced be low the parietal peritoneum . The yel low l e ad 

c ame from a j ej unal e l e ctrode . 

P LATE 6 3  

The s ite of  ins ert i on o f  the T cannula after removal postmortem 

( sheep 32 ) . The T cannul a  is  directed t owards the top of the 

pi cture with the j ej unum running across the bottom . The l arge 

c entral fibrous mas s i s  the adhesion between the j ej unal wal l and 

the abdominal w al l . The j ej unum on either s ide o f  the cannula is  

encas ed in mesh whi ch has b ecome covered with a l ayer of  fibrous 

tis sue . 





P LATE 64 

The s it e  of inse rtion of the T cannula and the res ultant adh es i on 

to the abdominal wal l after removal pos tmortem (sh eep 33) . The 

mesh round the wall of the sma l l  intestine on either s ide  of  the 

T cannul a  h as b ecome comp l et e ly covered by a thin l ay er of  

fibrous tissue and has caus ed s ome thickening and s ti ffening of 

the j ej un al wal l on both s ides of the cannul a .  

P LATE 6 5  

The s it e  o f  ins ertion o f  the T cannula after removal pos tmo rtem . 

The lumen has b e en opened and the wal l refl e cted , reve aling the 

shoe of the cannul a (she ep 3 2 )  . There is no gross indicat i on 

of infl ammatory respon s e  nor is  there any ulcerat i on of the 

mucosa .  





tissue and in a few animals  the re were smal l adh e s i ons between the 

leads and a contiguous l oop of sma l l  int es t in e . Gross ly there was 
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n o  abnormality a t  the s it e  o f  attachment o f  the e l ectro des t o  the wal l 

of  the intestine n or whe re the mus c l e  l ayers were p enetrated ( Pl ates 

66 , 6 7 , 68 , 6 9 ) . On his to l ogi cal examinat i on there was a sma l l  z on e  

o f  chronic inflammation around each e l ectrode . 

5 : 2 : 1  Radi ol ogical obs e rvat i on of the digesta movements in the 

normal smal l intes tine . 

Di g es ta  movements in the small intest in e  o f  9 s heep w ere obs erved 

fol l owing the admini s t rati on of contrast material . Sheep 2 ,  3 ,  2 1 ,  

2 2  and 2 3  were bott l e- fe d  with a mixture o f  2 5  ml barium s ul phate 

s uspens ion and 2 5  ml cow ' s  mi l k . Sheep 1 ,  4 ,  5 and 2 8  had a mi xture 

of 2 5  ml barium s ulphat e an d 2 5  ml water introduced through the ir  

ab omas al cannulae . Fol l owing admini strati on ,  each sh eep w as p l aced 

in the crush be tween the x-ray tub e  and the ima ge int ens i fier and 

di ges ta  movement in the sma l l  intes t in e  obs erved and recorded for 

1 2 0  minutes . 

E ach of the sheep then had a duodenal cath eter impl anted . Two weeks 

l ater they were again p l aced in the crus h between the x- ray tub e  and 

image intensi fier . B arium s ulphate s us pension warmed to 3 7
° 

C in a 

c ons tant temperature bath w as in fused  through th e cathet er at 0 . 8 ml/ 

minute by means o f  a c ont inuous infus i on pump (Proport i oning Pump 

Technicon) . The movement o f  the marke d  d i gesta  in the smal l intestin e  

was obs erved and re corded for 120  - 3 0 0  minutes . The video - t apes 

were compared betw een animal s  and b etwe en s es s ions to estab l ish a 

n ormal pattern o f  act ivity and to l ook for any e ffects that mi ght 

b e  rel ated t o  the route of administ rat ion of c ontrast media .  

5 : 2 : 2  Radio l o gi cal obs e rvati ons o f  the effects on d igesta 

movement cause d  by ins ertion of  cannulae in th e smal l 

intes t in e . 

Two weeks fo l l ow in g  the ins ertion o f  re- entrant cannul ae in the smal l 

inte stine o f  s h eep 1 ,  2 ,  3 ,  4 and 5 ,  and T cannulae in the j ej unum of  

sheep 2 8  and 3 1 ,  di ge s t a  movement in the  smal l intes tine was obs erved 



PLATE 66 

An el ectrode in p l ace in the j ej un al w al l pos tmortem (sheep 3 2 ) . 

The dis c  and p art o f  the l e ads have b ecome encase d  in a thin l ayer 

of fibrous t is sue . There are no indic at ions of  in flammat i on or 

s tri cture of the intes t inal w al l . 

PLATE 6 7  

An e l e ctrode i n  p l ace i n  the j ej unal wal l  postmort em (sheep 33) . 

The lumen has b e en opened . There is no indi cat ion o f  an inflammat ory 

respon s e  to  the e l e ctrode and n o  ul cerati on of the muco s a . The two 

s ma l l  spots o f  di s co l ourati on are wh ere the two e l e ct rodes are lying 

j us t  b e l ow the mucos al surface . 





PLATE 6 8  

An e l e ctrode in p l ac e  in the j ej un al wal l postmortem (sheep 32) . The 

dis c and e lectrode wires have b ecome encased in fibrous tissue . There 

are no indi cations of infl ammati on or s tricture of the intes t inal w al l . 

The sma l l  b li s t er j us t  b e l ow the disc is  a postmortem arti fact caus ed  

by a smal l s erosal t e ar made when the mes entery was removed .  

P LATE 69 

An e lectrode in place in the j ej unal wal l pos tmortem (sheep 33) . 

The lumen has b e en open e d .  There is  n o  gros s indication of an 

inflammatory respons e t o  the e l ectrode and no ul cerat i on o f  the 

mucos a .  The smal l spot o f  dis co l ourat i on of the mucous membrane 

is where an e le ctrode is lying j us t  beneath the mucos al sur face . 





radiologi �al ly and recorded on video-t ape . B arium sulphate  

suspens i on was introduced through the duodenal catheters at 0 . 8 ml/ 

minute . Each sess ion was l imited to 120  minutes and was repeated 

at 2 ,  3 and 4 weeks and 2 months . 

S : 2 : 3 Measurement of the volume and l ength of bo luses in the 

duodenum and proximal j ej unum . 

The volume of boluses in the proximal and distal duodenum and in th e 

j ej unum were measured in sheep 3 ,  4 and S which had re- entrant 

cannulae . After each sess ion in experiment S : 2 : 2  at .2 , 3 and 4 
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weeks and 2 months after cannulation the cannul a was opened for 30 

minutes and the di gest a  co l l ected . The volume of  digest a  was measured 

and the number of boluses in which it was del ivered was counted from 

the video- t ape recording of the act ivity of the smal l intes tine .  

Me asurements were made of the lengths of 3 rapidly aborad moving 

bolus es in each of three sheep ( 32 ,  33 and 34) . To make thes e 

measurements the assumption had to b e  made that the bolus was normal 

to the x- ray beam , an ass umption that was al!most certainly incorrect . 

Al l owance was made for geometric enl argement us ing the sys tem de­

s cribed in Appendix 2 .  

S : 2 : 4 Exp erimental init iation of contractions of the smal l 

intes tine by the introduction of di gest a  into the lumen . 

During the coll ect ion of digesta for volume measurement ( S : 2 : 3) ,  S ml 

of b arium sulphate sus pension was run under gravity from the aborad 

arm of the cannul a into the intes tin e  so that any movement could b e  

detected radiograph ically . Fol l owing the col le ction o f  digesta a 

mixture , of SO% barium sulphat e  and SO% digesta  (V/V) , warmed to 37° C ,  

was introduced into the aborad l imb of the cannulae in volumes of S ml , 

10 ml and lSml , either s lowly (by l etting i t  run down the arm of  the 

cannul ae under gravity) or quickly (by inj ect ion from a syringe 

through a s hort tub e  in the cannula bung) . The movement of intro­

duced diges ta was obs erved and recorded on video-tape . 



5 : 2 : 5 Recording of myoel ectric potentials in the wall of the 

proximal jejunum . 

Cont inuous re cordings of myoelectrical potentials were made from 

4 sheep ( 30 ,  32 , 33 and 34) prepared w ith a T cannul a and el ectrodes 

in the smal l intes tine . E ach recording session las ted 6 hours and 

each she ep was recorded from three times - 3 weeks after surgery and 

at two success ive 2 week intervals . The records were analys ed as 

des cribed ab ove . 

5 : 2 : 6  Simultaneous radiologi cal ob servations and electrical 

recordings for correlation of digesta movements with 

myoe lectrical activi ty . 

Simultaneous radiol ogi cal (video- t ape) and myoelectrical potenti al 

records were made from two sheep ( 2 8  and 31)  h aving a duodenal 

catheter and T cannul a with imp l ant ed el ectrodes in the j ej unum.  

Each sheep was subj ected to 4 x 120 minutes re cording s es s ions 

separated by at leas t 7 days , the first being carried out 3 weeks 

after surgery . At each sess ion b arium sulphate suspensi on ,  warmed 

to 37
° 

C was introduced through the duodenal catheter at a rate of 

0 . 8  ml /minute and th e small intes tine observed radi olo·gi cal ly by 

s creening . A continuous video- t ape recording was made and s imul ­

taneous ly , a continuous record o f  myoel ectri cal potenti als . As 
specific types of el ectri cal act ivity were recognis ed, radiographic 

cine- film was taken . Correl ations were made as des cribed earlier . 

5 : 2 : 7  Observation of the effects on the myoel ectrical activity 

of the smal l intestine of removal of digesta or the 

introduction of diges ta . 

During 6 hour sess ions of continuous reco rding of myoel ectrical 

potent ials , the effects of diversion or introduction of digesta were 

obs erved in sheep 30 , 32 , 33 and 34 . E ach animal was subj ected to 

3 s uch s essions at weekly intervals . At each session observati ons 

were made of the effects on the electri cal activity of the fol lowing 

manipulations : 
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( 1 )  The j ej unal cannula was left open ; 

( 2) Th e  cannula was open and a bal loon made from a 

l atex rubber finger stall with a capaci ty of 

approximately 5 ml inserted aborad from the 

cannul a was inflated for a variable  peri od .  The 

bal loon was positioned s o  that i t  remained within 

the region of the smal l intes tin e  covered by gauze ; 

( 3) Digest a  warmed to 37° C ,  was introduced through a 

catheter passed 20 mm aborad of the cannula at a 

rate of 2 . 2 ml/minute using a constant in fus ion 

pump . 

5 : 3  RESULTS 

5 : 3 : 1 Radiological obs ervations of di gesta movements in the 

normal small intes tine . 

On ly s l ight variations were found between individuals in the time of,  

and between , various events in the small intest ine . There was no 

di fference between animals wh ich had barium sulphate adminis tered by 

bott l e- fe eding and t hos e wh ich h ad it  introduced through an abomas al 

catheter or cannul a ,  nor was there a di fference in the pattern of 

activi ty s e en when the barium sulphate was introduced eith er to the 

ab omasum or cons tant ly infused into the duodenum. 

Two bas ic types of digesta movement were observed . The first was 

characteris tic of a particular region and has been cal l ed here " th e  

regional pattern o f  movemen t " . The second was a pattern of activity 

that moved over the length of the small intest ine and has b een cal l ed 

"the migrating pattern of movement" . 

The regional pattern of movement was recognis ed to occur in three 

bas i c  forms , rel at ed to di fferent regions of the small  intestin e : 

( 1)  continuous rapid aborad progression of a large bolus , 

s e en typi cal ly in the duodenum and proximal j ej unum, 
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( 2) intermittent aborad progress ion of  small  bolus es , 

s een typically in the distal j ej unum, and 

(3)  division and coalescing of smal l boluses , seen 

typi c al ly in the i l eum . 
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Th e  initiation of contractions of the duodenal bulb appeared to be 

dependent on the degree of  fi l l ing of the proximal duodenum . When a 

critical volume of digesta had accumulated in the proximal duodenum, a 

contraction of the bulb propel l ed it  aborad . Such a contraction is  

shown on P late 70 which is  comp i l ed from a s eries of  spot- films . No 

direct rel at ionship between contractions of the pyloric antrum and 

the duodenal bulb could be es tabl ished . An apparent relationship 

occurred when the last of a s eries of del iveri es of diges ta through 

the pylorus increased the amount pre sent in the proximal duodenum 

above the critical vol ume . Once an individual animal had been observed 

for some time , it was poss ibl e to determine visual ly the critical 

degree of  fil l ing and to predict when the next contraction of the bulb 

would occur . 

The number of contractions of the pyloric antrum that w ere required to 

del iver the critical volume of digesta through the pylorus was vari­

abl e .  On most occas ions that digesta pas s ed through , there was no 

associated contract ion of the duodenal bulb ; however contractions of 

the duodenal bulb were obs erved from time to time that were unrel ated 

to the pas s age of diges ta through the pylorus . 

Infrequ ently, contraction of the duodenal bulb was not fol lowed by 

contract ion of the proximal duodenum . On the se occasions digesta was 

pushed to the sigmoid flexure then returned as the bulb relaxed , 

occas ionally passing back through the pylorus into the abomasum .  

Usual ly , however, contraction o f  the bulb was followed by contract ion 

of the duodenum, which prop e l l ed digesta through the duodenum into the 

j ej unum as a cont inuous rapid aborad progress ion of a large bolus 

(Plat e  70) . The time taken for the bolus to travers e the duodenum did 

not exc eed 15 seconds and no digesta could be detected remaining 

b ehind . Most often when a bolus was propel led through the duodenum 

there was a brief paus e (up to 30 seconds ) in the contractions of the 



PLATE 70 

This series of frames from 70 -nnn spot- fi lms taken at 1 second 

intervals i l lustrates the migration of a bolus from the as cending 

duodenum to its eventual fragmentation in the j ej unum . The animals 

head is to the right . 

The bolus was formed by the rapid infus ion of 15 ml of barium 

s ulphate  into a duodenal catheter 1 minute after the previ ous 

bolus had passed down the duodenum. The amount of barium s ulphate 

l e ft behind in the duodenum is not usual when the propuls ion of the 

bolus is initiated wi thout interference . 

In the first frame in the top row a contraction of  the duodenum is 

occurring j ust  above th e circular shadow caus ed by the discs on the 

end of the duodenal catheter . The rate  of travel of the bolus makes 

it very difficult to pan after it with the heavy x-ray equipment s o  

i n  the second frame the bolus can b e  seen disappearing off the ri ght 

of  the frame to pass  round the sigmoid flexure and reappear higher 

up on the right of th is frame . The third frame shows the bo lus 

travel l ing horizontal ly in the duodenum towards the ligament of 

Trie t z . By the fourth frame the bolus has disapp eared caudally 

l eaving s ome s li ght traces in the duodenum . In the fi rs t frame of  

the second row the bolus has reappeared from the top of  the picture 

and from then onwards is trave l ling in co ils of j ej unum . In the 

first frame of the third row the bolus has started to break up and 

by the last  two frames it  has been comp l et e ly fragmented . 





pyl oric antrum . 

Becaus e of the many convolutions of the j ej unum, it was diffi cul t 

to j udge exact ly how far each bolus travel l ed (Plate 70) . However , 

there was a tendency for thos e boluses arriving immediately after 

the quiescent phase of the MMC to travel a shorter dis tance . 
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As the long bolus from the duodenum moved through the j ej unum, i t  was 

gradual ly reduced in length by dropping digesta off its trail ing edge , 

a process which c ontinued unt il the original bolus was divided into 

a number of smal l er ,  almos t equal- s iz ed boluses . The next bol us 

arriving from the duodenum would then pick up one or more of thes e 

smal ler bo lus es on its leading edge and as the new aggregated bolus 

cont inued to move , it too dropp ed bolus es off its trai l ing edge . I n  

this way the shor t ,  discrete bolus es typi cal of the di ges ta distri­

but ion in the j ej unum were formed . Once formed, the sma l l er boluses 

continued to move aborad at  a s l ower and much less constant pace 

(Plat e  70) than that of the long bolus del i vered from the duodenum . 

Occas ional ly ,  a number of the smal l er bolus es would coal esce forming a 

single l arge bolus which would then move rapidly and continuous ly 

aborad for some distance before dividing into smaller bolus es again . 

In the distal j ej unum the bo lus es continued to move s lowly aborad , but 

with frequent short stops . Occasionally they als o subdivided and 

coal esced ( Fig . 14) . This behaviour, s ubdividing and coalescing, 

became increasingly p rominent as the bolus es passed towards the i l eum . 

When the bolus es reached the i leum they were smaller and clos er to­

gether than in the j ejunum, with some digesta moving a short dis tance 

orad as subdivisions took place ( Fi g .  15) . The net speed of aborad 

progression of digesta continued to decrease towards the i l eo- caecal 

jun ction . As a result of this slow rate of passage , digesta spent 

longer in the ileum than in other regions of the smaller intestine . 

The migrating patt ern of movement was seen to involve al l regions . At 

int erva ls , a dist inct aborad migrating pattern of bolus movement was 

seen to become est ab l ished in the proximal j ejunum . The firs t changes 

obs erved were ( 1) that the boluses in the train became equal in s i z e  

and ( 2) evenly spaced and ( 3) the train commenced to move aborad at a 

cons tant speed . As they were obs erved pass ing a given point in the 



FIGURE 14 

This diagram is derived from radi ographic cine- fi lm of bolus movement 

in the j ej unum . 

From (a) through to (h) repres ents the s equence of events observed in 

the same length of  gut over a short t ime interval . 

( a) 1 ,  2 ,  3 and 4 are four evenly s i zed boluses but they are not 

equal ly spaced . 

(b) 1 remains s tatic , 2 s tarts to move , 3 and 4 started to move 

later . 

(c) 1 s tarts to move , 2 stops , 3 and 4 continue to move . 

(d) 5 ,  a new bolus , moves into the obs erved s ection . 1 ,  2 and 3 

stop moving . 

( e) 5 s tops moving ,  1 moves on and amal gamates  with 2 ,  3 stops 

moving . 

( f) 5 s t arts to move again , ( 1  + 2 )  move whi l e  3 remains s tatic . 

( g) Another new bolus ( 7  + 6) moves into the observed s e ction ,  

5 moves and ( 1  + 2 )  move . 

(h) Bolus (7 + 6) splits with part 7 moving a short distance and 

stopping whi l e  part 6 continues to move , 5 and ( 1  + 2 )  

continue t o  move . 
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FIGURE 15 

This diagram is  derived from radiographi c  cine- film of  bolus 

movement in the i leum . 

From (a) through to (e) repres ents the activity seen in the s ame 

l ength of i leum over a s hort t ime interva l . 

( a) Four boluses of approximately the s ame s i ze and equally 

spaced . 

(b)  The middl e  two bolus es are spl i t  into two parts with 

the orad parts of the divisions moving a short 

dis tance orad and the aborad parts moving ab orad . 

( c) Amal gamation of some bol us es occurs as is indi cated by 

the arrows . 

( d) Sp litting of  two of the bolus es occurs again as is 

shown by the arrows . 

( e )  Some reamalgamation occurs as is shown by the arrows . 
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smal l intestine , the bolus es became smal ler and further apart but the 

distan ces b etween their centres remained the same ( Fi g .  16) . The 

bolus es continued to decrease in s i z e  until  they were no longeF 

vis ib l e ,  leaving b ehind a zone of emptied s mal l intes tine . These 

dis t inctive patterns migrated s lowly along the smal l intestine taking 

from 70 - 90 minutes to pass from the j ej unum to the il eo- caecal 

j unct ion . Not a l l  of them trave l led the full l ength of the smal l 

intestine . The migrating patterns occurred every 35 - 70 'minutes s o  

that there were frequent ly two progress ing along the small  intes tine 

at any one time . Fol lowing the pas s ing of a mi grating patt e rn ,  

dige sta was pushed into the empty s ection o f  intes tine b y  one of the 

forms of regional patterns of movement . The cycle  was then repeated .  

Examples o f  the suc cess ion of  regional and migrat ing patterns in the 

il eum can be s e en in Plate 7 1 . 
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As des cribed in 4 : 3 : 2  there was a clear re lationship between abomasal 

activity and the es tab lishment of a migrating pat tern of movement in 

the proximal j ej unum . Th is appeared to depend on the pas sage of 

di ges ta from the stomach to the small  intestine . Accurate measure­

ment o f  the flow rate of digesta through the pylorus was not pos s ible  

from radiologi cal observation . However s ome asses sment of the flow 

rate could b e  made if it was assumed that each bolus propel l ed aborad 

in the duodenum by contraction of the duodenal bulb contained the same 

vol ume of di ges ta , a reasonab l e  as sumption (see 5 : 3 : 3) . Data from 

Chap ter 4 ( Figs . 10 , 1 1 ,  12 )  suggest  a 5- fold variation in the number 

of bo lus es pass ing aborad in the duodenum, from 1/minute to 5/minut e ,  

and therefore a 5- fold variation i n  the flow rate through the pylorus . 

5 : 3 : 2  Radiological observations of the e ffects on diges ta 

movement caused by ins ertion of cannulae in the small  

intestin e . 

( 1 ) Duodenum . 

Proximal duodenum: The effects on the movement of diges ta of p lacing 

a re-entrant cannula in the duodenum j us t  aborad of the duodenal bulb 

were  only s li gh t . When a contraction of the duodenal bulb occurred ,  

suffi cient digesta was usually propel l ed through the cannula to 



F I GURE 16 

This diagram is derived from radiographic cine- fi lm of the onse t  

of an aborad migrat ing pattern of bolus movement . 

The arrows indi cate the direction of bolus movement and the three 

lines repres ent the s ame region of smal l intes tine at short time 

intervals . 

A train of bolus e s  move aborad at a cons t ant speed . As the bolus es 

are obs erved pas s in g  a point in the smal l intes tine they become 

smal l er and spaced further apart but their central points remain 

equa l ly spaced as is il lus trated with the broken l ine . 
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PLATE 7 1  

Although there are many features vis ib l e  on this radiograph the 

main point of interes t is the leading edge of a migrating pattern 

of bolus movement that can b e  s een in the terminal il eum. I t  is 

moving from left to ri ght towards the ileo- caecal valve . The 

increas ingly regul ar spacing o f  the boluses can b e  seen .  The other 

features on this radiograph are the outl ine of a rather empty 

abomasum and the irregularly s i z ed boluses in other parts of the 

s mal l intestine . 

Ab 

F 

s 

abomasum, B ball  bearing,  D 

abomas al catheter, G gas cap,  

spleen , T terminal i l eum, VRu 

diaphragm, DRu dors al rumen , 

I i l eum, Re reticulum, 

ventral rumen . 





ini tiate, at the aborad side , a continuous rapid aborad progress ion 

of a l ong bolus . On the occas ions when this  did not occur , diges t a  

return ed orad through the cannula back into the relaxed duodenal 
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bulb region and s ometimes even passed back through the pyl orus into 

the abomasum . The aborad migrating pattern sti ll  appeared to begin in 

the j ej unum . Four months after the cannul a was ins erted the only 

change detected was an increas e in the di ameter of the duodenal bulb 

region . 

Dis tal duodenum : The in sert ion of a re- entrant cannula in the hori­

zon t al duodenum j us t  aborad of the s igmoid fl exure caus ed cons iderable  

disrup tion to the normal pas s age of di ges t a .  The boluses o f  diges ta 

being de livered from the duodenal bulb rarely passed through the 

cannul a intact and some digesta,  frequent ly a l arge amoun t ,  remained 

orad of the cannula ,  caus ing dis tension of the duodenum . The arrival 

of s uccess ive b olus es woul d gradual ly push this diges ta through the 

cannula . At the aborad s ide of the cannul a ,  the digesta on some 

occas i ons formed another l ong bolus which then continue d rap idly aborad 

int o  the j ej unum . More frequently ,  a numb er of small er bolus es were 

formed and moved aborad at a much s lower and irregular pace . The 

aborad mi grat ing pattern was s t i l l  seen to s tart up in the j ej unum at 

a frequency that could not b e  dis tinguished from that in the non­

cannul ated animal . 

( 2 )  Jej unum . 

Re- entrant cannul ae inserted in either the proximal or distal j ej unum 

caused marked interference to the normal p assage of diges ta . Di ge sta 

was held up on the orad s ide of the cannul a and within the cannul a  

its e l f .  Usual ly i t  was pushed through the cannula s lowly and s mal l 

bo l us e s  were then s een to pas s  s l owly ab orad . Only rarely did a 

single bo lus push through enough dige s t a  t o  form a l ong bolus on the 

aborad side of the cannual - when this occurred the bo lus would 

progress rapidly aborad . The net effect was that whereas in the 

normal animal digesta pas s ed the si te cannulated in a few s econds , in 

the cannulated animal dige s ta was de layed for more than 30 minutes . 

Migrating patterns of bolus es occurred orad and aborad of the cannula .  

Th e  patterns which started up orad t o  the cannula stopped at the 



cannul a and were never seen to "cros s "  i t .  Aborad o f  the cannul a 

other mi grating patterns s tarted up independent ly . 

Simp le T cannulae had almos t  no effect on the movement of di gesta . 

The only detected consequence was that a smal l amount of digest a  

remained around the shoe of the cannul a  al l the time . The migrating 

patterns pas s ed without change . 

( 3) I l eum . 
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A re- entrant cannula ins erted in the terminal i leum caus ed gross 

interference to the passage of diges ta . In this region the s i ze of 

the boluses was such that an individual bolus displ aced only a smal l 

amount o£ diges ta into the cannul a .  Di gesta collected in the i l eum 

di l ating it for 150 - 220 mm orad of the cannula .  Eventual ly s ome 

di gesta was pushed through , on ly to pool on the aborad s i de . Trans ­

port to the ile o- caecal j unction was usual ly delayed unti l a migrating 

pattern of movement arrived orad to the cannul a pushing through mos t 

of the poole d  diges ta . However,  the mi grating pattern usual ly faded 

out lOO  mm - 500  mm orad of the i l eo- caecal j unct ion leaving s ome 

diges ta on the orad s ide of the cannul a .  Migrat ing patt erns of bo lus 

movements were never seen at the aborad s i de of th e cannula .  The 

digesta  mass aborad of the cannula was moved to the i l eo- caecal 

j unction by the normal region al pattern of bolus movement . After the 

cannula had been in pl ace for 4 months there was marked dil at ion of  

the i leum for 150  mm to  200  mm orad of the cannula .  

5 : 3 : 3  Measurement of the volume and l ength of bolus es in the 

duodenum and proximal j ej unum . 

Volume : In sheep with re- entrant cannul ae in the proximal s mal l 

int es tine , the volume of di ges ta col l ected over 30 minutes from the 

orad arm of the re- entran t  cannulae and the number of boluses whi ch 

de livered i t  are given in Tab l e  XV . Th e  mean vol ume of 147 bolus es 

was 1 3 . 3  ml . 

Length : The measurements of 3 bolus es in the duodenums of each of 



Sheep 
No . 

5 

4 

6 

TABLE XV 

THE VOLUME OF RAP IDLY ABORAD MIGRATING BOLUSES 
IN THE PROXIMAL SMALL INTEST INE 

Volume 
No . of Bolus 

Cannulation 
Col lected* * 

Bolus es ***  
Volume 

Site 
Sess i on* (ml) (ml )  

a b a/b 

Duodenum 1 9 3  6 16 
70 mm from 2 169 1 1  15 
pylorus 3 19 3 13  15  

4 224 15 15 

Duodenum 1 99 10 10 
dis tal to 2 19 7 1 3  15 
hepat i c  3 140 12 12 
flexure 4 171  16 11  

Jej unum, 1 9 7  8 12 
immediately 2 268 17  16  
aborad of 3 156 11 14 
duodenum 4 192 15 13  

Al l she ep 1949 147 

Mean 
Bolus 
Volume 

(ml ) 

15 . 1  

1 1 . 9  

14 . 0  

1 3 . 3  

( * ) Sess ion 1 - 2 weeks after surgery ; 2 - 3 weeks after surgery ; 

1 35 

3 - 4 weeks after surgery ; 4 - 2 months after s urgery . 

( **) Col le cted from open orad arm of  re- entrant cannula over 
period of 30 minutes . 

(* .**) Determined from radiological observation (vi deo- tape) . 
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three sheep are given in Tab l e  XVI . The mean of these was 1 15 mm with 

a range of 89 - 1 34 mm . 

5 : 3 : 4  Experimental initiation of contractions of the small 

intest ine by the introduction of di gesta into the lumen . 

I f  diges ta arriving at the orad s ide of the re- entrant cannula was 

withdrawn by al l owing it to escape from the opened cannula,  no di ges ta 

movement at the aborad s ide of the cannula could be detected radio­

graphical ly . This was true even when l arge volumes of diges ta were 

del ivered at the orad fis tula . Act ivity of the intes t ine at the 

aborad s ide of the cannula coul d readi ly b e  initiated by the reintro­

duction of di ges ta at the aborad arm of the cannul a .  Rapi d inj ection 

of 1 5  ml ini t iated a continuous rapid aborad progression of a long 

bolus . Inj ect i ons of lower volumes or at a s lower rate caus ed the 

formation of a number of small er bolus es which moved aborad in a 

s l ow and irregular manner .  

5 : 3 : 5 Re cording o f  myoel ectric potentials in the wal l of the 

proximal j ej unum . 

The b asic  forms of electrical activity recorded were regular s low 

changes of potenti al (s low waves) and sharp trans ient changes of 

potential ( spiking) . The sharp potential changes of spiking activity 

were superimpos ed on slow waves and varied  in occurrence ,  intensity 

and s i ze .  These basic forms were organised  into patterns of activity 

the mos t conspi cuous of which was a rhythmic spiking activi ty ( RSA) 

whi ch  migrated s l owly aborad . Another pattern was that of rapid 

ab orad migrating spike poten tials (RAMS) . 

Migrat ing rnyoe l ectrical complexes (MMC) : The MMC was a regularly 

recurring pattern of activity which pas s e d  aborad over the array of 

el ectrodes at intervals of 30 - 70 minutes . Three phases could be 

dis tinguished, a quies cent phas e ,  a phas e of irregular spiking 

activity ( ISA) and a phas e of rhythmic sp iking activity ( RSA) . 

( 1 )  Quies cent phase : At each e lectrode there was a period when the 



TABLE XVI 

THE LENGTH (mm) OF RAP I DLY ABORAD MIGRATING B OLUSES 
IN THE DUODENUM . 

Sheep No . Bolus No . Length mm 

3 1 1 18 

2 109 

3 112  

mean 1 1 3 . 0  

4 1 89 

2 1 1 7  

3 122 
mean 109 . 3  

5 1 131  

2 1 34 

3 105 

mean 1 2 3 . 3  

Al l sheep mean 1 15 . 2  

137 



only activity recorded was the slow wave or pace�setter pot ential . 

The amplitude of the slow wave waxed and waned but not apparently in 

any regular manner (Plate 72)  . The mean frequency of the s l ow wave 

at each electrode is given in Tab l e  XVI I . A general trend for the 

frequency to decrease aboral ly al ong the small  intestine can be s een . 

Als o there were  consis tent animal di fferences : the ranking of  th e  

animals in terms o f  the s l ow wave fre quency a t  each individual 

electrode s ite  was identi cal at 5 of the 6 sites . The overa l l  mean 

frequency ( al l  sheep , al l e l ectrodes)  was 2 1 . 09/minut e ,  range 19 . 8 -

22 . 7/minute . 

138 

( 2 )  Irregul ar spiking activity phas e : When an I SA phase affected an 

el e ctrode and spiking potentials appeared on s ome of the s low waves 

( P l at e  73) , the number of s low waves with superi mpos ed spike poten­

t ials tended to increas e as the I SA phase  moved across the electrode . 

It  was not pos s ible  to es t ab lish whether or not spiking potenti als 

mi grated alon g  the smal l intestin e ,  b ecaus e of the spacing of 

el ectrodes us ed and the random nature of  the spiking activi ty .  

( 3 )  Regular spiking act ivity phas e :  In the RSA phas e l arge spike 

potenti als occurred on eve ry  s low wave migrating aborad across the 

e l e ctrodes ( P l ate  74) . As an RSA phas e approached an el ectrode , firs t 

the amp l itude of the s l ow wave increas ed , th en spike potenti als 

appeared regularly on every s low wave and covered an increas ing seg­

m ent  of the s low wave ( P l at e  75) . Thes e patterns of activi ty usual ly 

mi grated aborad across all  the el ectrodes (Plat e  76) but occasional ly 

one would s t art up between electrodes and then mi grate aborad (Plate 

7 7 ) . The speed at which the RSA phase mi grated was variab l e  (Plat es 

76 , 78) . The t imes taken for the RSA phase to pass  between success ive 

e l ectrodes is given in Tab le  XVI I I  and the cal culated speed of 

migration in Table  XIX . The time taken for an RSA phase to pass each 

e l e ctrode is given in Tab l e  XX . The s tandard error is not quoted 

b ecause this woul d be the s ame as for the time taken for the RSA phase 

of  the MMC to migrate b e tween el ectrodes (Tab l e  XVI I I ) . 

In two of the animals (sheep 30 , 32) the speed of migration appeared 

t o  decrease as the RSA phase moved aboral ly (Tab l e  XIX) . However,  in 

none of the animals were trends cons is tent . The duration of the RSA 



PLATE 72 

E le ctromyogram from an e lectrode on the j ej unum during the quies c ent 

phas e (sheep 34) . There are no spikin g  potentials only s low waves 

whi ch  wax and wane in amp li tude b ut have a cons tant frequency . 

PLATE 73 

El ectromyogram from an electrode on the j ejunum during I SA phas e 

(sheep 32) . B urs ts of spiking potentials are superimposed on the 

s l ow waves at irregular intervals . 
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TAB LE XVI I  

SLOW WAVE FREQUENCY 

Number per minute 

El ectrode Sheep 30 Sheep 32 Sheep 33 Sheep 34 

1 

2 

3 

4 

5 

6 

* 

Mean + S . E .  Mean + S . E .  Mean + S . E .  Mean - - -

20 . 8  + 0 . 2 * 20 . 1  + 0 . 1  2 2 . 1  + . 0 . 2 22 . 7  - - -

20 . 8  0 . 2  20 . 1  0 . 1  2 1 . 9  0 . 2 22 . 1  

2 1 . 0  0 . 1  19 . 9  0 . 1  21 . 9  0 . 3  22 . 0  

20 . 9  0 . 1  20 . 0  0 . 1 2 1 . 5  0 . 2 2 1 . 1  

20 . 9  0 . 1  19 . 8  0 . 1  2 1 . 2  0 . 2  2 1 . 4  

20 . 9  0 . 1  19 . 8  0 . 1 2 1 . 8  0 . 3  21 . 7  

Mean and s tandard error (S .E . )  of 30 readings at each 
electrode s i te for each sheep . 

+ 
-

+ 
-

Note : The indivi dual readings are not given becaus e there is 
a l arge number of them . The readings taken for one 
sheep are given in Appendix Ill  as an examp l e . 

S . E . 

0 . 2  

0 . 1  

0 . 2 

0 . 2  

0 . 2 

0 . 2  



PLATE 74 

Electromyogram from an electrode on the j ej unum during the RSA phas e . 

Large amplitude spiking poten tials occur superimpos ed on every s low 

wave (sheep 30) . 

PLATE 75 

E lectromyogram from an electrode on the j ej unum as the RSA phase 

becomes established (sheep 30) . The ampl i tude of the s low waves 

increas es then spike potentials appear on every s low wave and are 

superimpos ed on an increas ing s egment of the s l ow wave . 
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PLATE 76 

E l ectrornyograms from s i x  e l ectrodes on the j ej unum ( sheep 34 ) . 

El ectrode 1 is the most  orad and there is 300 mm b etween each 

el ectrode except 3 and 4 where the spacing is 200 mm . A T cannula 

is located midway between el ectrodes 3 and 4 .  The RSA phas e migrates 

across all the el ectrodes with the s l ope of line connecting the 

approximate midpoints of the phase at e ach el ectrode representing 

the speed of migration . Note the quies cent phas e that fol lows 

the RSA phase at each electrode . 
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PLATE 77  

Electromyogram from s ix e l ectrodes on the j ej unum with the same 

distribution as those on Plate 76 (sheep 34) . The RSA phase does 

not appear at electrode 1 s o  it mus t have s t arted s omewhere between 

el ectrodes 1 and 2 .  The activity at e lectrode 1 is only s l ow wave , 

there are no spiking potentials . 
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PLATE 7 8  

Electromyograrns from six  e lectrodes o f  the j ej unum from the s ame 

sheep as P l ate  76 . The slope of the line j oining the approximate 

midpoints of the RSA phas e at each electrode is s teeper than on 

Plate 76 indi cating an increase in the speed of mi gration . 
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Electrode 

TAB LE XVI I I  

TIME (SECONDS) FOR AN RSA PHASE OF_ AN- MMC TO 
MIGRATE BETWEEN SUCCESSIVE E LECTRODES 

Sheep 30 Sheep 32 Sheep 33 

14d 

Sheep 34 

Pair 
Mean + S . E .* Mean + S . E .  Mean + S . E .  Mean + S . E .  - - - -

1 - 2 56 6 39 5 58  6 38 4 

2 - 3 5 3  7 22 5 5 7  7 45 5 

3 - 4 + 46 7 34 4 31  8 35 5 

4 - 5 73 6 56 7 48  7 42 6 

5 - 6 8 7  6 70 8 46 3 40 6 

* Mean and s t andard error ( S . E . )  of 10 readings at each e lectrode . 

+ T cannula between e l ectrodes 3 and 4 .  

Note : The individual readings are not given becaus e there is 
a large number of them . The readings taken for one 
sheep are given in App endix I I I  as an examp l e . 

TAB LE XI X 

THE SPEED OF MIGRATION (cm/second) OF THE RSA 
PHASE OF AN MCC BETWEEN E LECTRODES 

Cal culated from time taken between electrGdes (Tab l e  XVI I I) and the 
dis tance between el ectrodes as measured pos tmortem before s tripping 
the mesentery (Tab l e  XIV) . 

El ectrode 
Sheep 30 Sheep 32 Sheep 33  Sheep 34 

Pair Mean Range Mean Range Mean Range Mean Range 

1 - 2 0 . 75 0 . 48-2 . 9 2  0 . 66 0 .  36- 1 . 86 0 . 5 1  0 . 29-0 . 75 0 . 83 0 . 56- 1 . 52 

2 - 3 0 . 80 0 . 4 7- 1 . 75 0 . 6 7  0 . 26- 2 . 50 0 . 52 0 . 14 - 0 . 88 0 .  7 1  0 .  46- 1 . 39 

3 - 4 0 . 42 0 . 23-0 . 89 0 . 76 0 . 44- 1 . 18 0 . 59 0 . 17- 1 . 20 0 . 5 2  0 . 33- 1 . 13 

4 - 5 0 . 55 0 . 37-0 . 77 0 . 5 4  0 . 32- 1 . 15 0 . 46 0 . 20-0 . 6 7  0 . 64 0 . 30- 1 . 13  

5 - 6 0 .46 0 . 37-0 . 6 7  0 . 50  0 . 29-0 . 88 0 . 56 0 . 39-0 . 79 0 . 84 0 . 39- 1 . 83 

Mean 
Speed 0 . 60 - 0 . 63  - 0 . 5 3  - 0 .  70 -
1 - 6 



TABLE XX 

TIME ( SECONDS) FOR 1HE RSA PHASE OF AN MMC TO 
PASS AN ELECTRODE 

- 141  

Sheep 30 Sheep 32 Sheep 33  Sheep 34 
Electrode 

1 

2 

3 

4 

5 

6 

* 

Mean + S . E .  Mean + S . E . Mean + S . E .  Mean - - -

1 72 + 16 205 + 16 149 + 6 - - -

203  13 200 1 1  159 7 

19 7 6 20 2 14 15 1 7 

155 5 220 10 189 5 

15 1 8 2 34 8 19 1 7 

1 7 7  8 220 13  206 9 

Mean and s tandard error ( S . E . )  for 10  readings at each 
e l ectrode . 

2 2 7  

2 2 5  

160 

15 3 

2 1 3  

253 

Not e :  The individual readings are not given because there is 
a large number of them . The readings taken for one 
sheep are given in Appendix I I I  as an example . 

+ S . E .  -

+ 15  -

1 2  

18  

1 3  

1 8  

2 1  
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phas e was also vari ab le . An indication of duration is given by the 

time an RSA phas e tak es to pass a given e lectrode which varied from 

149 - 2 5 3  seconds (Tab le XX) . The accuracy o f  such figures is l imited 

becaus e they wi ll  depend als o  on the speed  with which an RSA phas e is  

pas s in g  an electrode . 

Rapid aborad migrating sp ike potentials : Another pattern of e lectrical 

activi ty ,  RAMS , was recorded at frequent intervals through the !SA 

phas e ( Plate 79) . Bursts of spike potenti als superimpos e d  on a s low 

wave would appear and migrate rapidly aborad . The amp l i tude of these 

spikes was greater than !SA and they covered a larger s e gment of the 

s low wave (Plate 80) . The time taken for RAMS to migrate between 

electrodes is given in Tab l e  XXI and their cal culated speed of mi gra­

tion is given in Tab l e  XXI I . I t  wi l l  be seen that RAMS activi ty 

migrates at more than 15 times the speed of the RSA phas e . 

5 : 3 : 6  Simultaneous radiological observations and electrical 

recordings for correlation of di ges ta movements with 

myoelectrical act ivi ty . 

The re l ationship between the myoelectri cal activity and the radio­

logi cal observations was identical in a l l  animals . 

When the only e lectrical activity recorded was the s l ow wave , which 

occurred mos t consistently during the quie scent phase , often no 

digesta could b e  s een in the lumen . I f  di ges ta were present they 

were either static or were being pushed into the region by activity 

in the region of intestine immediately orad . The amp litude of the 

s l ow wave increas ed as the intestine was distended with digesta . 

When the electri cal activity recorded was the !SA phas e , the pattern 

of bolus movement seen radiographical ly was the regional pattern . 

Whi l e  there were spike potentials on the slow waves , boluses were 

pas sing the e lectrode ; when there were no spike potentials , the 

lumen was empty . 

During the RSA phase , the pattern of bolus movement observed 



P LATE 79 

E lectromyograms from six electrodes on the j ej unum with the same 

distribut ion as thos e on Plate 76 . ISA is occurring at each electrode 

but superimposed  on this are RAMS . One RAMS is connected by a line 

indicating its speed of migration across the electrodes . 
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PLATE 80 

E lectromyograms from s ix electrodes on the j ejunum with the same 

distribution as on Plate 76 . The paper speed has been increas ed 

to 5 mm/s econd to al low better comparison of the spiking potentials 

of the I SA phase and RAMS . It will  be s e en that the spiking 

potentials of the RAMS are superimpos ed over a greater proportion 

of .the s l ow wave . The RAMS at each e l ectrode is connected by 

the sloping l ine indicating the speed of migration . 
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E lectrode 

1 - 2 

2 - 3 

3 - 4 

4 - 5 

5 - 6 

TABLE XXI 

TIME (SECONDS) TAKEN FOR A RAMS TO 
MIGRATE BETWEEN E LECTRODES 

Sheep 30 Sheep 32  Sheep 33 

Mean + S . E .  Mean + S . E .  Mean + S . E .  - - -

3 . 86 + 0 . 09* 2 .  35 + 0 . 06 2 . 9 1  + 0 . 06 - - -

3 . 74 0 . 10 1 . 45 0 . 05 2 . 79 0 . 06 

1 .  78 0 . 07  2 . 39 0 . 05 1 .  70 0 . 07 

4 . 63  0 . 0 1  2 .  71  0 . 06 2 . 43 0 . 09 

4 . 5 7  0 . 13 2 . 79 0 . 06 2 . 49 0 . 06 

* The mean and s tandard error ( S . E . )  for 30 readings . 

Sheep 34 

Mean + S . E .  -

2 . 8 1 + 0 . 06 -

2 . 75 0 . 06 

1 . 68 0 . 07  

2 . 44 0 . 06 

2 . 90 0 . 07 

Note : The individual readings are not given because there is 
a large number of them . The readings taken for one 
sheep are given in Appendix I I I as an example . 

TABLE XXII 

THE SPEED OF MIGRATION (cm/second) OF A RAMS 
BETWEEN SUCCESSIVE ELECTRODES 

Cal culated from the time taken betweeh electrodes (Tab l e  XXI )  and 
the dis tance between el ectrodes as measured postmortem before 
s tripping of the mesentery (Tab l e  XIV) . 

Electrode Sheep 30 Sheep 32 Sheep 33 Sheep 34 

Pair 
Mean Range Mean Range Mean Range Mean Range 

1 - 2 10 . 9  9 . 6- 1 2 . 3 1 1 . 1  9 . 4- 1 2 . 4  10 . 3  9 . 4- 1 1 . 5  10 . 7  9 . 7- 1 1 . 9  

2 - 3 1 1 . 2  10 . 2- 1 2 . 7  10 . 3  8 . 8- 1 1 . 5  10 . 8  10 .0- 12 . 0  10 . 8  9 . 7- 12 . 1  

3 - 4 1 1 . 0  9 .  3- 1 3 . 0  10 . 9  9 . 6- 1 2 . 4  10 . 6  9 . 0- 1 2 . 9  1 1 . 3  9 . 0- 14 . 6  

4 - 5 10 . 8  9 . 8- 1 1 . 6  11 . 1  10 . 0- 12 . 5  9 . 1  7 . 6- 1 1 . 0 10 . 9  9 . 6- 1 2 . 3  

5 - 6 1 2 . 0  1 1 . 0- 14 . 1  12 . 5  1 1 . 3- 14 . 0  10 . 4  9 . 0- 1 1 . 3  1 1 . 1  9 . 7- 12 . 2  

Mean 
1 1 . 2  1 1 . 2  10 . 2  1 1 . 0  1 - 6 

- - - -

The standard error is not given becaus e this  would be the same as 
for the time taken for the wave to migrate between el ectrodes 
(Tab le XXI)  . 
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radiological ly was the aborad-migrating pattern of bolus movement . 

As an RSA approached an e lectrode and s pike potentials appeared on 

every s low wave , the bo luses passing the el ectrode became even i y 

s paced and moved cont inuous ly aborad . As spike potentials covered a 

greater segment of the s low wave , the b oluses became smal l er and 

further apart unti l ,  final ly , when the RSA reached the el ectrode , the 

lumen of  the intestine was empty . 

With RAMS the pattern of  bolus movement was a continuous rapid aborad 

progres sion of a long bolus . The burs ts of spike potentials crossed 

the el ectrode as the trai l ing edge of the long bolus moved pas t .  No 

electrical act ivity appeared to be ass ociated with the pas s age of the 

l eading edge o f  the bolus . 

5 : 3 : 7  Obs ervation of the effects on the myoelectrical activi ty 

of the small intestine of removal of di gesta or the 

introduction of diges ta . 

While  the cannula was clos ed, the RAMS and al l three phas es of the 

MMC migrated aborad pas t  the cannul a without any detectab l e  modi­

ficat ion . When the cannula was open a volume of digesta ( 10 - 15 ml ) 

was ej ected w ith the arrival of e ach RAMS . On no occas ion in any of 

the four sheep di d a RAMS pas s the open cannul a,  nor were any 

estab l i shed aborad o f  the cannula ( Plate 8 1) . 

The effect of the open cannula on the migration of the RSA is il lu­

s trated in Figures 1 7 ,  18 , 19 and 20 . The vo lume of diges ta ej ected 

as an RSA phase approached depended on how l ong the cannul a had been 

open : if  it  had j us t  been opened 15  - 20 ml were ej ected but if  it 

had been open for 15 minutes or more as litt l e  as 3 - 5 ml were 

ej ected . The frequency at whi ch RSA phas es appeared was markedly 

reduced when the cannula was open . However, on al l occas ions except 

one ,  the RSA phase migrated p as t  the cannula ,  and as it did s o  its 

speed of  migration increased (Plate  82) ; the exception was in sheep 

32 during s ess ion 2 ( Fi g .  18) . RSA phas es started up on the aborad 

of e lectrode 3 on two occas ions , once in sheep 32 ( Fi g .  18)  and once 

in sheep 33 ( Fi g .  19) . 



PLATE 8 1  

E l ectromyograrns from s ix e lectrodes on the j ej unum with the same 

dis tribution as on Plate 76 (sheep 34) . The cannula is open . RAMS 

are migrating between electrodes 1 ,  2 and 3 with one of thes e being 

indicated by the sloping line . No RAMS app ear at electrode 4 ,  5 and 

6 .  
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PLATE 82 

Electrornyograms from six e l ectrodes on the j ej unum with the same 

dis tribution as on Plate 76 (sheep 32) . The cannula is open . The 

speed of mi gration of the RSA phas e ,  as indicated by the s l oping line , 

increas es between el ectrodes 4 ,  5 and 6 .  
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PLATE 8 3  

Electrornyograms from s ix e lectrodes on the j ej unum with the same 

distribution as on Plate  76 (sheep 33) . The cannula is open . An 
RSA phase has started aborad of e l ectrode 3 .  
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FI GURE 1 7  

On this figure 3 s ess ions ( 1 ,  2 ,  3) are shown for this animal for 

each of 3 di fferent treatments - cannula open , cannula open and 

ball oon inflated  aborad to the cannul a and 2 . 2  ml/minute of digesta 

being introduced aborad of cannula .  

The horizontal l ine represents the pos ition of the cannul a ;  the 

verti cal lines represent RSA phases with that s ecti on of the 

vertical line above the hori zontal l ine being orad of the cannul a 

(electrodes 1 ,  2 and 3) and that below the hori zontal line ab orad 

of the cannul a ( e lectrodes 4 ,  5 and 6) ; the arrows show the time 

interval over which the treatment was applied .  The time scal e at 

the foot is in minutes . 

Thus in ses sion 2 with the cannula open there are 2 RSA phas es 

recorded prior to the cannula being opened (both pas sing from orad 

to aborad of the point where the cannula is ins erted) and no RSA 

phas es recorded while the cannula was open . 



SHEEP 30 

CANN U LA OPEN 

1 I I ' I I 
2 I I • I 

I I ' I 3 

CAN N U LA OPEN BAL LOON I N F LATED 

I I , • I 
2 I I t + 

3 ' 
+ I 

2.2 M L  P E R  M I N. THROUGH CANNULA 

I I t • I I 

I • I I 
I • 

• I 3 

I I I I I I I I I 
1 5 0 1 8 0 2 1 0  2 4 0 0 30 6 0  9 0  1 20 



FIGURE 18 

On this figure 3 s ess ions ( 1 ,  2 ,  3) are shown for this animal for 

each of 3 di fferent treatments - cannul a  open , cannula open and 

bal l oon inflated aborad to the cannula and 2 . 2 ml/minute of diges ta 

being introduced aborad of cannul a .  

Th e  hori zontal line repres ents the position of the cannula;  the 

vert ical lines repres ent RSA phases with that section of the 

vertical line above the hori zontal line being orad of the cannul a 

(electrodes 1 ,  2 and 3) and that b el ow th e  hori zontal l ine ab orad 

of the cannula ( el ectrodes 4 ,  5 and 6) ; the arrows show the time 

interval over which the treatment was app lied . The time s cal e at 

the foot is in minutes . 

Thus in session 2 with the cannula open there are 2 RSA phas es 

recorded prior to the cannula b eing opened (both passing from orad 

to aborad of the point where the cannul a is inserted) . After the 

cannula is opened 3 RSA phases are recorded; the first occurs only 

orad of the s ite where the cannula is inserted, the second pas s es 

from orad to  aborad of the cannula s ite and the third occurs only 

aborad . 



SH E EP 32 

CAN N U LA OPEN 

I ' I I • I 
, I I' I � I I 

, I I ' + I 
CANN U LA OPEN BALLOON I N F LA T E D  

I I • + I 
2 I • I I 

I + I + I 3 

2.2 ML PER M I N. TH ROUGH CAN N U LA 

I I • I • I I 1 

I I • � I I 2 
I 

I • 
• I 3 I 

I I I I I I I I I 

0 3 0  6 0  9 0  1 2 0  1 5  0 1 8 0  2 1  0 2 4 0  



F I GURE 19 

On this figure 3 s essions ( 1 ,  2,  3)  are shown for this animal for 

each of 3 di fferent treatments - cannula open , cannula open and 

bal loon inflated aborad to the c annula and 2 . 2  ml/minute of digest a  

b e ing introduced aborad o f  cannula .  

The horizontal line represents the pos it ion of the cannula;  the 

vertical l ines represent RSA phases with that s ect ion of the 

vertical l ine above the hori zontal line being orad of the cannula 

(electrodes 1 ,  2 and 3) and . that b el ow the hori zontal l ine aborad 

of the cannula (electrodes 4 ,  5 and 6) ; the arrows show the time 

interval over which the treatment was app lied .  The time s cal e at 

the foot is  in minutes . 

Thus in sess ion 2 with the cannul a  open there are 2 RSA phases 

recorded prior to the cannula being opened (both passing orad to 

aborad of the point where the cannul a is ins erted) . After the 

cannul a is opened one RSA phase is recorded occuring only aborad 

of the s ite where the cannula is ins erted . 



SH EEP 33 
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FI GURE 20 

On this figure 3 sessions ( 1 ,  2 ,  3) are shown for this animal for 

each of 3 different treatments - cannula open , cannula open and 

bal loon inflated aborad to the cannula and 2 . 2 ml/minute of diges ta 

being introduced aborad of cannul a .  

The horizontal l ine repres ents the pos ition of the cannul a ;  the 

verti cal l ines represent RSA phases with that section of the 

vertical l ine above the hori zontal line being orad of the cannula 

(electrodes 1 ,  2 and 3) and that below the hori zontal l ine aborad 

of the cannula ( e lectrodes 4 ,  5 and 6) ; the arrows show the time 

interval over which the treatment was app lied.  The time s cale at 

the foot i s  in minutes . 

Thus in sess ion 2 with the cannul a open there are 2 RSA phases 

recorded p rior to the cannula b eing opened (both pass ing orad to 

aborad of the s ite where the cannula is inserted) . No RSA phas e 

occur during the time the cannul a  is open . 
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With the cannula open and the aborad intes tine s ealed off by inflating 

a balloon in that part of  the intes tine encas ed in mesh , the volume 

of  digesta ej ected by the RAMS did not alter . As before , no RAMS 

pas s ed the cannula . The volume of di ges ta ej ected through the cannula 

as an RSA phas e approached again depended on how l ong the cannul a  had 

been open , but it was approximately twice that delivered from the open 

cannula without the b al l oon . The e ffect on the RSA is i l lustrated in 

Figures 1 7 ,  1 8 ,  19 and 20 . Under thes e condit ions the RSA s topped at 

the cannula (Plate 84) except for one occas ion when it s tarted up 

independently aborad to the cannula ( Fi g .  18) . 

When diges ta was infused into the intestine aborad to the cannula it 

had l ittle or no effect on the volume of digest a  delivered through the 

cannula by either type of activity . The maj or effect was to increas e 

the number of RSA phas es that were initiated aborad of  the cannula 

(Pl ate 85) . I t  also appeared that the frequency of  RSA phas es 

occurring from and orad of the cannul a  was reduced (Figs . 1 7 ,  18 , 19  

and 20) . 

5 : 4  DISCUSSION 

Both methods of recording the activity of the small  intestine had 

the ir limi tat ions . To obs erve the movement of  diges ta radiographical ly 

it had to be made radio-opaque by the introduction of barium sulphate 

and this may have influenced the results . Barium sulphat e  has a high 

specific gravity and therefore tends to s ink rapidly to the lowes t 

point if not kept in suspension by some form of agitation . The 

problem is unavoidabl e  becaus e the radio- opacity of a sub stance 

depends on its being dense and of high atomic number . However as far 

as could b e  determined e lectromyographical ly , the addition of  barium 

s ulphate to the diges ta did not alter the moti l i ty patterns . A 

further limitation was the inabi l i ty to make continuous observations 

over extended periods becaus e of  the res tricted capaci ty of the 

apparatus , the possib ility of radiation damage to the animal and the 

radiation hazard to the observer . Intermittent observation meant that 

s ome signifi cant event could be missed . Measurements taken from a 

radiograph are not accurate becaus e of dis tortion of the image con­

s equent on the geometry of its formation . Accurate ass es s ments of 



PLATE 84 

Electromyograms from s ix el ectrodes on the j ejunum with the same 

distribution as on Plate 76 (sheep 32) . The cannula is open and the 

aborad intes tine sealed by an inflated balloon . The RSA phas e  migrates 

across electrodes 1 ,  2 and 3 but does not appear at el ectrodes 4 ,  5 

or 6 .  
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PLATE 85 

Electromyograms from six electrodes on the j ejunum with the s ame 

distribution as on Plate 76 (sheep 34) . The cannula is open and 

digesta are being introduced to aborad j ej unum at a rat e of 2 . 2  ml/ 

minute . No RSA phase at electrodes 1 ,  2 and 3 .  However , RSA has 

started ab orad of el ectrode 3 and is being recorded by electrodes 

4 ,  5 and 6 .  
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l engths could not be made b ecaus e the small  intes t ine was not in 

intimate contact with the x-ray fi lm so there always was some degree 

of magni fication and because it was not pos s ib l e  to determine the 

exact orientat ion of the gut relat ive to the fi lm . Even with a 

numbe r  of radio- opaque markers spaced at measured distances along the 

gut , on many occasions it was di fficul t to decide whether a bolus had 

p ass e d  the marker or was pas s ing along a superimpos ed loop of smal l 

intes tine . 

The apparatus us ed for recording the electrical activi ty of the 

intes tinal wal l was not i deal for the purpos e as the frequency 

resp onse was too low to al l ow the optimum information to b e  recorded . 

Als o it woul d have been des irab l e  to record from many more sites 

s imultaneous ly but only 6 recording channe ls were availab l e .  The 

spac ing o f  e l ectrodes us ed often made it di fficult to  decide whether 

or not a series  of events was propagated between electrodes and 

whe ther the recording from one particul ar s ite gave a good indi cation 

of activity in the region as a whole .  The e l ectrodes themselves 

appeared to function we l l . 

In spi te of these  l imitations , the defi ci encies of one sys t em tended 

to be compensated for b y  the advantages of the other, and combining 

radiological obs ervation of the movement of di ges ta with recording 
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of the myoe l e ctrical act ivity of the wall of the small intes tine 

a l l owed a bett er appreciat ion of the patt erns of activity than either 

method on its own . The combination proved adequate for correlating 

the pattern of bolus movement with the pattern of el ectrical activity . 

The use of a number of breeds of sheep hous ed and managed in two 

di fferent ways tended t o  reduce the poss ib i l ity of the obs ervations 

made being breed or management specific . Individual animal variation 

w as a minor feature : al l animals e xhibited the same bas ic patterns 

of electrical activity and digesta movement . 

Most experiments were carried out in animals that had s ome surgical 

modi fications which coul d mean that the patterns of activity ob served 

did not give a true indication of what happens in the normal animal . 



The most frequently used modi ficat ion was the imp l antation of a 

catheter in th e duodenal bulb : no change in mot i lity or dige s t a  

1 4 7  

flow could be seen after insertion o f  the catheters . The insertion of 

T cannulae in the j ej unum and encompas s ing the int estine w ith mesh did 

not have any detectab l e  e ffe ct on the pas sage of diges ta or e lectrical 

act ivity except that a smal l amount of  di ges ta pool ed round the shoe 

of the cannula .  The insertion of re- entrant cannulae at any point 

aborad of the as cending duodenum did , however caus e interference with 

normal function . This will  be dis cus sed later . 

Th e  electrical events recorded clos ely resemb l e  those that have been 

previous ly reported from the sheep ( Ruckebus ch , 1970 ; Bueno et  al . ,  

19 7 7 ;  Ruckebus ch and Bueno , 1977) . Over the aborad duodenum and 

j ej unum a s low wave occurred which had a frequency of 19 . 8 - 2 1 . 8/ 

minute and mi grated aborad at 8 - 12 cm/second . Superimpos ed on this 

s l ow wave were various patterns of spiking activity whi ch also 

migrated aborad forming the MMC and the RAMS . The MMC compri s ed three 

distinct phas es , the quies cent phas e ,  the ISA phas e and the RSA phas e . 

The speed of mi gration o f  the RSA phas e was vari ab l e  wi th a mean of 

0 . 63 cm/s econd over the j ej unum . The RAMS spread much fas ter , pas s ing 

ab orad over the duodenum and proximal j ej unum at 8 - 12 cm/s econd . 

Radiol ogi cal observation s howed that digest a  pas sed through the 

pyl orus and pooled in the duodenal bulb and ascending part of the duo­

denum . Contraction of the duodenal bulb and as cending duodenum 

initiated a rapid aborad progression of a l arge bolus which continued 

w e l l  down into the j ej unum,  clos e ly res embling the peristal t ic rush 

des cribed in the dog by Alvare z ( 19 14 ) . No direct correl at ion between 

individual contractions of the pyl ori c antrum and of the duodenal bulb 

as report ed in  the dog (Bedi and Code , 1972)  could be es tab lished , 

wh ich is in agreement with previous obs ervations by Ruckebus ch and 

Bueno ( 19 77) . However,  there was s ome int er-relationship . Abomas al 

antral activi ty ceased for a bri ef period ( 30 s econds or l ess ) after 

a bolus had s tarted to move rapidly through the duodenum, and for much 

l onger periods ( 15 - 2 0  minutes )  when an RSA phase became estab lished 

in the duodenum . Thes e obs ervati ons sugges t an inhibitory influence 

of  intes tinal dis tens ion on antral motility as proposed by Ruckbus ch 

( 1975) . The pattern of digesta movement observed mos t commonly in the 
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j ej unum fo llow ing fragmentation of the ori ginal bolus di d not 

resemble any of the patterns des cribed previ ous ly , but thos e seen in 

the ileum clos ely res emb l e  the des criptions given for the cat (Cannon , 

1 9 0 2 )  and the dog (Code et al . ,  1968) . 

There has been cons iderab l e  debate as to the mechanism of control of 

the mus cular activity of the small intestine . Many experiments 

des igned to demonstrate the control , particularly of RSA phas e ,  have 

given confl icting  res ul ts . A most s igni fi cant obs ervation , reported 

by Aeberhard et al . ( 1980) is that the RSA phase occurs on sections 

of smal l intestine that have been totally detached from any extrins i c  

n erve supply . It  has b e en demonstrated that th e pattern o f  contrac­

tion of the s mall  intestine can b e  influenced by some hormones such as 

insulin and motilin (Wingate et al . ,  1976 ; Bueno et al . ,  19 77) b ut the 

rol e  thes e p l ay has not b een estab lished : in any case there appears 

to be di fferences between species (Borody et al . ,  198 1 ) . 

An hypothesis for the control of intes t inal mot ility has b een propos e d  

b y  Code e t  al . ( 1968) . I t  combines three concepts : ( 1) the maximum 

frequency at wh ich contractions can occur is the frequency of th e s low 

wave and this has a decreas ing gradient from duodenum to i l eum 

( Al varez ,  19 14 ; Douglas and Mann , 19 39 ; Dougl as , 1948 ,  1949) : ( 2 )  the 

wavelength of the s l ow wave defines the phys iological s egment of the 

sma l l  intestin e  and this also decreas es in s i ze towards the terminal 

i l eum : ( 3) wheth er or not a contraction occurs on a parti cular s low 

wave depends on the excitab ility of the mus c l e  fibres , which may b e  

influenced b y  the extrins ic nerve supp ly o r  hormones . The regional 

patterns of digesta movement seen in the smal l intes tine of sheep can 

b e  explained on the bas is of this hyp othesis . 

The site of origin of  the s l ow wave is reported by Ruckebus ch and 

B ueno ( 19 7 7) to  b e  approximately 20 cm aborad of  the pyl orus . Th is 

arrangement a l lows di ges ta to col lect in the duodenal bulb and as cend­

ing part of the duodenum unt il the volume is s ufficient to initiat e  

a contraction . The s trong simul taneous contract ion o f  the firs t part 

of  the duodenum will  propel the di ges ta as a bolus beyond the point 

of origin of the slow wave . The l eading edge of the bolus wi l l  then 

provide a s timulus for a contraction wh i ch occurs 90
° 

to 180
° 

orad on 



the slow wave ( Farrar and Zfass , 196 7 ) . It  fol lows that i f  the 

b olus is of a critical l ength , it w i l l  provide a continuous stimulus 

for the propagation of a contraction , so exp laining the rapid 

continuous ab orad movement of bolus es through the duodenum and orad 

j ej unum . I f  this hypothes is is correct , the bolus l ength would have 

t o  b e  � to � the l ength of the wavel ength of the s low wave on the 

duodenum (Fi g . 2 1) . From its vel ocity and frequency , the s l ow wave 

wave length can be cal cul ated to be approximately 30 cm, s o  that the 

critical length of the bolus would be between 7 . 5 cm and 15 cm . 

Measurements t aken from radiographic cine- fi lms (5 : 3 : 3) ,  which showed 

that the contin uous moving bolus es were 9 cm - 12 cm long . The 

hypothes is is further subs tantiated by the demons trat ion that (a) 

removal of the bolus s topped the migrat ing contraction and (b) that 

a continuous ly aborad moving contract ion coul d b e  initiated by intro­

ducing the volume of di ges ta needed to form a bolus of the correct 

length (5 : 3 : 3) . 
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The pattern of break up of  the cont inuous ly aborad-moving bolus in the 

j ej unum can als o be expl ained by the s low wave being th e funct ioning 

phys iological segment of the small  intes tine . The l ength of this 

phys iological s egment decreases as it moves aborad, and it has b een 

s hown that one or more of the s low waves disappears (Code et al . ,  

1968) . In the j ej unum, as the length of the s low wave shortens , the 

s i ze of the b o l us is decreased by the cont raction in effect advancing 

along the bolus and nipping some di gesta off the trai ling edge ( Fi g .  

2 1) . The dropping of one s l ow wave completely w i l l  further add t o  the 

fragmentat ion of the original bolus . 

The regional patterns of movement s een in the more aborad j ej unum and 

i l eum can be explained s imil arly by the rel ationship between bolus 

l ength and s low wave wave length . In the j ej unum, once the bolus es 

have become cons iderab ly shorter than the length of the s low wave the 

s timulus result ing from the presence of a bolus causes a contraction 

s ome dis tance orad of the bolus . This contraction is not maintained 

b ecaus e the s l ow wave moves aborad of  the bolus onto a s ection of 

empty intes t ine , so the stimulus is not maintained . The next s low 

w ave to pass over the bolus results in a second contraction which 

migrates aborad for a short dis tance then als o  fades out and s o  on 



FI GURE 2 1  

This diagram i l lustrates the rel at ionship between the wave length of 

the s l ow wave and the propuls ion of  a bolus by a RAMS . 

The point on the aborad migrating s low wave whi ch causes the intestine 

to be s.us ceptible  to s timulati on is  j oined to the influenced s ecti on 

of the intes tin e ,  at the l eading e dge of the bolus , by a broken line . 

The s timulus provided by the l eading edge of the bolus moving along 

the intestine reflexly evokes an aborad-moving intes tinal contraction 

b ehind it . The part on the s l ow wave carrying the spike potential , 

indicat ing the refl ex mus cular activity , is connected to the con­

tracting region of the intestinal wal l by a second broken line . 

These two points are separated by half the wave l ength of a s low wave . 

( a) I f  the l ength of the bolus is s l ightly great er than h al f  

the wavel ength o f  the s low wave the l eading edge of the 

bolus wil l s t imul ate  a contraction half a wavelength 

beh ind it . This contraction wil l propel the bolus aborad 

and as it moves it w i l l  provide a continuous stimul ation to 

maintain the contraction . The result is that the bolus is 

propel l ed aborad at the velocity of the mi grating s low wave . 

(b) I f  the b olus is subs tantia l ly greater in length than half 

the wavelength o f  the s low wave , (as happens , for ins tance , 

as the wavelength of the s low wave decreases in the more 

aborad j ej unum) the contraction half a wavelength b ehind 

the bolus , chops off a part of its orad s ection whi ch is 

l e ft behind, to b e  propel l ed by the next contraction .  

This phenomenon w i l l  occur continually as the bolus passes 

aborad in the sma l l  intestine becaus e of the progress ive 

decreas e in wavel ength of the s low wave . 
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( Fi g .  22 ) . This pattern of activity results in the s t op-s tart move­

ment of the bolus es in this region .  Somet imes the stimulus for con­

traction resulting from one bolus evokes a contraction over a more 

orad bolus , caus ing it to b e  split into two parts which then amalga­

mate with adj acent bolus es . Should the amalgamation of bolus es 

proceed to the point where a b olus of cri tical l ength is formed,  this 

bolus will  continue some distance ab orad in a s ingle continuous 

movement . 

In the ileum thes e proces ses continue . The further shortening o f  the 

l ength of the s low wave results in the bolus es being shorter and 

c l oser  together . As the s low wave pas ses over these b olus es ,  the 

stimulus evokes contractions wh ich often occur over a more orad 

bolus , splitting i t ,  and pushing the resulting segments into the orad 

and aborad bolus es . The next s l ow wave may caus e the n ewly amalga­

mated boluses to migrate a short dis tance ab orad and the fol l ow ing 

s low wave may again caus e division and amalgamati on ( Fi g .  2 3) . 

To expl ain the caudal ly migrating rhythmi c contractions (RSA) by this 

hypothes is is more compl ex . Digesta are propel l ed through the small 

intestine by a seri es of contract ions of the wal l which tend to occur 

at a set  frequency controlled  by the s low wave frequency . If the 

re lationship between the fl ow of diges ta into the smal l intestine and 

the frequency of the s low wave becomes correct ly adj us ted ,  bolus es 

w i l l  take on a l ength and spacing direct ly related to the wave l en gth 

of the slow wave . When this happens , contractions wil l occur with 

every s l ow wave s o  that an RSA phase starts up .  As the RSA becomes 

estab lished, the length of intestine contracting with each s low wave 

increas e s ,  thus decreas ing the s i ze of the boluses and increas ing 

the dis tance between them . This continues til l the l umen is empty 

( Fi g . 24) . 
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The importance of  the rate of p assage of di gesta  into the small  

int es t ine as a factor affecting the estab lishment of the RSA phase was 

demonstrated by other observations . When the flow of digesta through 

the pylorus was increased by distending the ab omasum the RSA phas e was 

ab o l i shed until  this flow rate returned to normal . Altering of the 

volume of digesta  in the s ma l l  intestine by addit ion or subtraction of 



F IGURE 22 

This diagram i l lustrates the rel ationship between the wavelength of 

the s l ow wave and the propuls ion of bol us es by ISA in the j ej unum . 

The point on the aborad migrating s l ow wave which caus es  the 

intes tine to be sus ceptib l e  to s timulati on is j oined to the 

influenced s e ction of the intestine at the leading edge of the 

bolus by a broken line . The portion of the s l ow wave carrying the 

spike potential indi cating mus cul ar activity is connected to the 

contract ing region of the intestinal wal l by another broken line . 

The dotted line connects the s ame s low wave as it mi grates caudal ly 

across the s ame s e ction of intestine il lustrated in a, b and c .  

( a) Neither the orad nor aborad bolus are in a s e ction of 

the intestine which is sus cept ib l e  to stimul at i on . 

The central bolus s t imul ates a contraction whi ch 

migrates aborad w ith the s l ow wave . 

(b) The area of contraction has migrated with the s l ow 

wave and causes the central bolus to move a short 

dis tance aborad . However there is now nothing in 

the sus ceptibl e  region of the gut to maintain the 

contraction , so it is not cont inued .  

( c) As the slow waves move aborad th e int estine over 

the orad bolus b ecomes sus ceptib le to stimul at ion 

and the s equence of events such as occurred with 

central b olus in ( a) and (b) repeats its el f.  The 

intes t ine over the aborad bolus has also b ecome 

sus ceptib le  to s t imulation so a contraction occurs 

hal f  a wave length orad which is the regi on in which 

the central bolus now l i es . This bolus is divided 

by the contraction the orad part moving orad and 

the aborad p art amalgamating with the aborad b olus . 
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FIGURE 2 3  

Th i s  diagram i l lus trates the relationship between the wavelength of 

the s low wave and the propuls ion of b olus es by ISA in the i l eum . 

Th e  point on the aborad migrat in g  s low wave which causes the int estine 

to be sus ceptibl e  to stimul at ion is j oined to the influenced s ection 

at the l eading edge of the bolus of intes tine by a b roken line . The 

part on the s l ow wave carryin g  the spike potential , indicat ing 

muscul ar activity , is  connected to the contracting area of intest ine  

by a broken line . The dotted line  connects the s ame s l ow wave as it  

migrates caudally across the s ame section of  int estine il lustrated 

in a, b ,  c and d .  

(a) Equal si zed b oluses  equal ly spaced approximate ly half  a 

wavel ength apart . One bolus acts as a s timulation for 

a contraction which divi des the immediately orad bolus . 

(b) The parts of divided b olus es have amalgamated with the 

bolus orad or aborad . 

( c) These bolus e s  are propel led a short distance aborad but 

are not of s ufficient l ength to s us tain the contraction 

s o  it fades out l eaving the bolus es equally spaced . 

(d) The bolus es s top moving b riefly but the next s l ow wave 

advances over them evoking a contraction which may 

e i ther caus e a bolus to move a short distance as is 

occurring with the orad bolus or may caus e a divis ion 

of a bolus as is occurring with the two more aborad 

b olus es . 

The s equence of events depicted in ( a) then repeats itsel f .  
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F IGURE 24 

This diagram i l lus trates the relat ionship between the wavelength of 

the s l ow wave and the propuls ion of bolus es by RSA . The point o f  

the aborad migrating s low wave which causes the intes tine t o  b e  

sus ceptib le  t o  stimul ati on i s  j oined to the influenced section of  

intestine by a broken line . The p art on the s l ow wave carrying 

the spike potential , indi cating mus cul ar activity , i s  j oined to  the 

contracting area of intestine by a broken line . 

(a)  A sufficient number of boluses are present within the 

intestine to caus e spike potentials on every s low wave . 

(b ) Should the amount of di gesta in the intestine al low i t ,  

the bolus es get evenly spaced and equal i n  s i ze . 

( c) The spike potentials start to occupy a greater proportion 

of the slow wave and a greater length of the intes tine 

is contracted s o  the bolus es get smaller and further 

apart but remain equa l ly spaced . 

( d) This trend continues w ith a greater and greater l ength 

of  the intestine contracting between the boluses  until 

eventual ly no di ges ta remains in the lumen.  
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digesta through a T cannul a also had a marked influence on the 

occurrence of the RSA phas e ,  both manipulations inhibiting it . The 

changes in the pattern of smal l intestine activity reported with 

weaning ( Ruckebusch and Bueno , 19 73) could be a reflection of the 

change in flow rates through the pyl orus impos ed by the di fferent 

feeding regimes . 

15 1 

The variation in the pattern of activity s e en in different spe ci es can 

als o  be explained on the b as is of the hypothes is that has been advanced . 

The different feeding hab its and anatomy of the alimentary tract , 

result in different ranges of fl ow rate through the pylorus and the 

different wave lengths of the s l ow waves rel at ive to the flow rate 

impose di fferent patterns of activity . In the ruminant the stomach 

function results in a relatively constant flow of diges t a  through the 

pyl orus s o  the repetitive sequence of MMC occurs at frequent , evenly­

spaced intervals . If the stomach funct ion is disturbed by impos ing a 

3 times per day feeding routine on an unweaned animal , the cyc l e  of 

activity of the smal l int estine is disrupt ed b ecaus e the flow rat e 

through the pylorus no longer remains constant . In s irnp l e-stomached 

animals such as the dog , whos e feeding habits are to gorge once per 

day ,  the MMC only occurs after some hours of fasting b ecause 

immediately after feeding the flow rate of di gesta into the smal l 

intestine is too great to al l ow the s l ow wave to es tab l ish a regul ar 

sequence of contractions . This  rel ationsh ip of flow rate , s l ow wave 

and function is further supported by the findings of Ruckebus ch and 

Bueno ( 19 76) . They showed , in pigs , that changes in the feeding 

regime wh ich would result in variat ion in the passage of diges ta 

through the pylorus als o  changed the activity of the sma l l  int estine . 

The results of this have supported the general hypothes is of Code 

et al . ( 1968) . There is little  doubt that the maj or factor control l ­

ing the pattern o f  mus cular act ivity in the smal l intestine is the 

relationship b etween the rate of pass age of digesta through the pylorus 

and the site of origin and frequency Cif the slow wave . I t  would appear 

that extrins ic control , neural or hormonal ,  plays only a minor role  

and prob ab ly operates by  altering the s ens itivity o f  the sma l l  intes­

tine to stimulat i on or by altering the frequency or speed of propaga­

tion of the s l ow wave . 
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The e ffects on the passage of di gesta res ulting from the ins ertion of 

re- entrant cannul a  in various s ites al ong the small  intestine can als o 

be exp l ained on the bas is of the propos ed hypothes is . I f  the cannula 

is p l aced in the duodenum orad of the s it e  of ori gin of the s low wave 

( Ruckebus ch and Bueno , 1977)  but far enough aborad of the pyl orus so 

that contraction of the duodenal bulb and duodenum orad of the cannula 

will  propel through the cannula a volume of diges ta great enough to 

initiat e a continuous ly ab orad moving bolus , th ere is little effect on 

the pass age of digesta . I f  however , a re- entrant cannula is p l aced 

aborad of the point of origin of the s l ow wave there is a pronounced 

effect on diges ta movement . The cannula disrupts the bolus es so that 

the relationship between s l ow-wave wavel ength and bolus length become 

di sorganised with the result that the aborad propuls i on of di gesta is 

markedly impaired . Also  RSA phas es do not appear to cros s a re­

entrant cannula ,  adding to the de lay of pas sage time of digesta 

through the sma l l  intestine . Th e  pos s ib l e  consequence of this s l owing 

of the pas sage time has been reported b y  MacRae and Wil s on ( 19 7 7 ) . 

The s e  dramat ic effects on diges ta fl ow caus ed by the ins ertion of a 

re- entrant cannul a in certain s ites indicate  that any dat a on passage 

or absorption obtained from animals prepared with re- entrant cannulae 

mus t b e  interpreted with great care . 



Chapter VI 

GENERAL CONCLUSIONS AND 
SUGGESTI ONS FOR FURTHER RESEARCH 

1 5 3  

The co- ordinated mus cular activity of the sheep ' s  alimentary tract 

performs a variety of functions in di fferent regions . The oes ophagus 

transports material effi ciently with rapidly migrating rings of  

contraction . Contractions of the reti culo- rumen delay the aborad 

progression o f  digesta to allow fermentation , e l iminate the gas 

resulting from fermentation , and mix di gesta and s ort i t  to progress 

through the ret icul o- omas al ori fice . Movement of the wal ls of the 

abomasum effect ively mixes secretions with digesta and pumps them 

through the pyl orus , whi l e  the patterns of activity in the smal l 

intestine mix the digesta and propel i t  in a general aborad direction 

at a pace whi ch allows absorption of nutrients . The movements of the 

caecum and orad colon again delay the aborad progression of  di ges ta,  

functioning as a secondary fermentati on site . Slow cont inuous pas s age 

through the spiral co lon permits the absorption of water forming the 

di ges ta int o  the hard dry p e l lets whi ch are s tored in the aborad colon 

and rectum b e fore excretion . 

Although the mus cular act ivity of the various regions of  the aliment­

ary tract appears di fferent and has di fferent e ffects , the form of the 

act ion is b as ical ly the s ame . It i s  a ring o f  contraction whi ch 

migrates a variable  dis tance along the muscular tube that forms the 

tract from pharynx to anus . This ring of contraction is general ly 

preceded by a ring of relaxat ion and is commonly referred to as 

peristals is . In s ome regi ons there may als o b e  tonic contractions , 

replacing or superimp osed on peris t al s is , increas ing the t ens ion in 

the wall and applying increased pressure to the contents . 

The s equences of co�tractions of the reticula-rumen, as determined 

radiograph i cal ly ,  did not di ffer to any signifi cant extent from thos e 

previous ly described but a number of  details of  the movement , 

especially of the folds and pi l lars , were revealed . The ab ility to 

observe the form and s equence of these contractions l ead to the con­

clus ion that they could be expl ained by waves of peristalsis passin g  



caudal ly and cran i al ly as was original ly s uggested by Wester ( 1926) . 

The rather bi zarre track they take appears to  be a result of how the 

reticulo-rumen deve l ops from the primordi al di ges tive tube and the 

organis ation of the different mus cle l ayers in this s ection of the 

tract . 

That the s equence of  events should vary w ith the degree of fas ting 
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is not s urpris ing as it has been wel l- estab lished that the maj or 

stimulus for peristalsis is distens ion . The di fference between con­

traction s equences in the replete and fas ted state can be partly 

exp l ained by the peristalsis  mi gratin g over increas in g di stances with 

increas ing distens ion . Distension of the caudal ventral b l ind s ac by 

gas displaced from the dors al rumen may p rovide the s timulus for a 

cran i al ly moving contraction which can e li minate the gas by eruct ation 

through the cardi a .  Conditions in the aborad regi ons of the tract 

esp e cially in the abomasum , als o influence the form and frequency of 

the contraction s equences . The regular rhythmic nature of thes e 

sequences is control led extrinsi cally from the brain s tem and is  

modi fied b as ical ly by vago-vagal refl exes . 

The s ugges tion that the s equential contraction of  the vari ous struc­

tures that make up the reti culo-rumen comp l ex can be explained on the 

bas is  of peri s taltic and ant ip eristalti c waves requires further 

inves tigation . The path of  propagation of  the mi grating waves of 

contraction could be es tab l ished by recording the el ectrical activity 

from a l arge number of electrodes clos ely spaced across the rumen , 

s imultaneous ly with recordings from s mal l strain gauges . Much further 

information coul d be obtained radiograph ical ly us ing the n ew l arge 

fie l d  image intens ifi ers and with a system of obtaining a good dorso­

ventral or ventro- dors al image . It is poss ib le that some of the 

evolving methods of depicting movement us ing images formed by ultra­

s oun d  wi l l  provide yet another tool to invest igate the p attern of 

rumen movement :  the ultra sound sys t ems presently avai l ab l e  give 

c l ear i mages of movement of the individual flaps o f  the heart valves 

and can show abnormality of thes e movements ( Fe igenbaum, 1 9 76) . 

The demons trated regular pattern of flow of di gesta within the rumen 



gives an indication of how the digesta  is either held up for further 

breakdown or  is  p assed out through the reticulo- omas al orifice . The 

fate of a parti cular piece of diges ta appears to depend on whether 

it s inks in the rumen contents that surround it . The further it 

sinks the cl os er it comes to being pas se d  out , but i f  i t  floats , 
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it w i l l  b e  held up and cyc l ed in a p arti cular region e ith er ti l l  the 

dens i ty of the surrounding di ges ta changes or the dens i ty of the piece 

of diges ta increas es . 

It  is suggested that ruminat ion comes into play when the reti cula­

rumen system becomes overl oaded;  it als o provi des an additional 

sorting and breaking down mechanism . I f  new ingesta introduced into 

the reti culo- rumen by eating is not broken down fast enough the den­

s ity of  material in the rumen may decrease  unti l  the stage is reached 

when the diges ta  passed over the cranial pil lar is inadequately pro­

ces se d .  This digesta wil l be made up of l arge pieces which wil l pro­

vide a tacti l e  s timulation of the reti cul ar fo ld regi on as they are 

tipped back and forth across the ret iculo-ruminal fo l d .  

Such tacti l e  s t imulation has been shown t o  b e  the main s timulus for 

rumination (Ash and Kay, 1959 ; I ggo and Leek , 19 70 ; Leek , 19 7 1 ) . The 

ruminating proces s separates the liquid from the solid phas e in the 

mouth and the liquid phas e is l ikely t o  b e  passed through the reticulo­

omas al orifice rapidly . The s olid ph ase is mechani cal ly broken down 

by chewing ( Re id et al . ,  19 79 )  and is returned to the rumen s aturated 

with s aliva.. This hypothes is readi ly explains the results of much 

previous res earch . However , further work is requi red to substantiat e  

it . For example  the dens i ty of di gesta in various regi ons could be 

measured and the change that occurs with rumination es tablished ; 

l ikewise the changes in di gesta dens ity that occur with various die ts 

and their rel ationship to the time spent ruminating s eem worth 

e xamining . 

Li ttle  addit ional comment can be made on the function of the omasum 

from the observations made in the study reported here . The pattern in 

whi ch the barium sulphate was detained in the omasum s uggests there 

is litt l e  space between leaves and that they are s eparated only by a 
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thin fi lm of flui d .  The flow of di gesta  from the omasum to abomasum 

appeared to result from its being flushed out by abomas al contents at 

each ventral disp l acement ass ociated with reticular contractions 

rather than by some pos itive movement of the omasum. It is unlikely 

that conventional radiographic techniques wi l l  provide much addition al 

information on the function of the omasum . 

The mech anical functions of the abomas um in mixing diges ta  with 

abomas al secretions and pumping it through the pylorus is again 

achieved by migrat ing rings of contraction . The contract ions pass  

over a t apering tube s o  the volume of di gesta  that can be  contained 

between cons ecutive rings of contraction decreases . The resul t is 

that the liquid di ges ta are forcib ly pushed past the movement of the 

contraction caus ing very effi cient mixin g .  The integration o f  pylori c 

contract ions with the ab omasal contractions propels a variab l e  volume 

of di gesta into the duodenum . The frequency of thes e mi grating rings 

of contraction is contro l l ed intrins ical ly by the slow wave ; it  

remains remarkab ly consistent within breeds and is unaltered by dis­

tens ion . The e ffect of  dis tens i on of  the abomasum is simi l ar to the 

effect of distens ion elsewhere in the al imentary tract , it caus es 

inhibition orad to the distended regi on and excitement aborad . Dis­

tens ion of the ab omasum inhibits the contractions of the reti cule­

rumen perhaps , in part , by mechan ical ly disp l acing di ges ta from the 

reticulum and s ti mul ates increas ed act ivity of the duodenum. I t  may 

also s timul ate contract ions of the abomas um its el f .  Those animals in 

whi ch distension of the abomasum was caused by swal lowing of a large 

volume of air wh en bottle- feeding showed a s eries of rapidly mi grat ing 

contract ions occurring round the lesser curvature . Thes e displ aced 

the gas cap to the pylori c antrum from where it is pas s ed into the 

sma l l  intestine . The stimulus for these  contractions is mos t l ikely 

to be the gross distension resulting from the l arge gas cap as they 

were only seen when this was pres ent . Radiological examinat ion pro­

vided a clear pi cture of the contractions of the abomas al walls and 

the ir influenc�di ges t a .  It woul d s e em worthwhile to  s tudy further in 

this way the entry and exit of digesta and to look for evidence of 

s el e ction l eading to different ial passage of solid and fluid fractions . 

The patterns o f  activity des cribed in the smal l intestine  are made up 
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from bas i c  migrating rings o f  contraction and the di fferences between 

patterns are only di fferences in frequency of  occurrence and distance 

migrated . There has been consi derab l e  deb ate  as to how the patterns 

of peris tals is are initiated and control l ed but recent evidence 

indicates the contro l  is independent of an extrins ic nerve supply . 

This b eing the case , s ome expl anation has to  b e  put forward for the 

di fferent types of activity s een over the s ame section o f  the smal l 

intestin e . There has been some evidence produced (Wingate et  al . ,  

19 76) to s uggest that the control is hormonal , at leas t ,  in part . 

However , the obs ervations made here strongly suggest that the pattern 

of activity results mainly from an interaction between the flow rate  

of  digesta and dis t ens ion of the intes tine on one hand and the 

frequency , velocity and wavel en gth of the s low wave on the other,  as 

has been suggested by Code et al . ( 1968) . It may well  b e  that the 

hormones affect the moti lity patterns by altering the s ens itivity or 

degree of respons e to the s timul ation of dis tension .  Indirect 

evidence  has already been produced indi catin g  the influence of diges ta 

flow on the pattern of small  intestinal activity such as the chan ge 

fo l lowing weaning ( Ruckebus ch and Bueno,  19 73) and the change with 

altered feeding regi mes ( Ruckebus ch and Bueno,  1976) . The effects of 

the ins ertion of cannul ae into the intestine provide further evidence 

of the importance of di gesta fl ow in determining intestinal act ivity . 

The disruption of di ges ta flow by the insertion of re- entrant 

cannul ae in certain regions was marked ; the caus e is sugges ted as 

being the intereference with the s ize  and spacing of  b olus es of 

digest a  and their relationship with the s l ow wave . The altered 

pattern of diges ta flow resulting from trans ections , reversed seg­

ments and removed s egments ( Douglas , 1949 ; Hiatt et al . ,  1966 ; 

Aeberhard et al . ,  1980) can als o  be expl ained on this b as is . The 

transe ction results in a sudden s tep in the gradient of s low wave 

frequency , and in reversed s egments the s l ow wave wi l l  be moving 

against the flow . Further p roof of this  p roposed hypothesis could 

be obtained by pas s ing various rates of  flow of digesta  through com­

paratively l ong s egments of  s mall  intestine in vitro so that there is 

no influence from extrinsi c  n erve supp ly or hormones , and obs erving 

the form of activi ty that deve lops . 

The e ffects of cannulation on intestinal function have serious impli-
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cations for nutrition research s ince they must now bring to ques tion 

many results that have been derived from cannulated animals , especially 

where re- entrant cannul ae have been us ed.  In s ome cases , as was found 

w ith caecal cannulation (MacRae et al . ,  19 73) , accommodat ion may occur, 

but there was no evidence of accommodati on to the gros s effe cts 

obs erved in the experiments carrie d  out in this study . The pos s ib l e  

interference t o  s tomach function caus ed by anchoring the stomach wal l 

t o  the abdominal wall in the long- accepted techniques of rumen 

cannul ation and ab omas al cannulation also warrant further s tudy . 

There remains much t o  be learnt about aliment ary tract funct ion and 

the part p l ayed by alimentary tract moti lity . The int eractions of 

die t ,  intake leve l ,  meal pattern with s ites of digestion , of the rate 

of pass age of di ges ta with the s t imul ation of receptors ( including 

chemoreceptors ) ,  and of the phys ics of di gest a  movement with the 

di fferential passage of di ges ta components a l l  des erve further invest­

igation , as do the regul atory sys tems control ling both function and 

motil ity . Many of  the features and inter-re l ationships wi l l  be  

simil ar in  both ruminants and animals with a simple s tomach . In  other 

respe cts , however , because of the adaption of the ruminant aliment ary 

tract to the herb ivorous diet new s ituations have aris en with di ffer­

ent stimuli , di fferent effectors and di fferent effects . The results 

of this thesis support the view that alimentary tract funct ion should 

be studi ed in the l i ght of motility . Future work should therefore 

combine the s tudy of a limentary tract motility and diges ta movement 

with s tudies of other activities such as di gestion , absorption , micro­

bial popul ations and mucosal adaptati ons . In this way could be bui l t  

up a s ound , comprehens ive picture o f  the alimentary tract the funct ion 

of which is bas ic t o  the economy of the ani mal . 
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Appendix 1 

ANAESTHESIA 

Al l surgi cal procedures were carried out under general anaes thesia,  

the s ame technique being used in all sheep . 

183  

Food was removed from the animal s  twenty - four hours befo re and water 

twelve hours before induction of  anaesthesi a .  N o  premedic ation was 

given . Anaesthesia was induced us ing _ a 5% solution of thiopentone 

sodium ( Intraval s odium May and Baker) at a dose rate o f  20 mg/kg in­

j ected rapidly into the j ugul ar vein . An endotracheal t ub e  was then 

ins erted and the anaesthesia maintained with 2% halothane (Fl uothane 

I . C . I . ) in oxygen . Th e  anaes thetic apparatus used was a semi- clos ed 

to and fro system through a Water ' s  soda- lime cannister . The halo­

thane pe rcentage was contro l l ed by an out of  circuit vaporis er 

(Fluotec mark 3 Cyprine Ltd . ) .  Fo llowing s urgery the sheep were 

observed closely until they were ab le to remain in s terna! recumbency 

unaided ensuring that there was no regurgitation and aspiration of 

di gesta . 



Appendix 2 

The Estimation of the Volume of Gas in the Abomas al Gas Cap. 

Becaus e a radiograph compress es three dimens ions into two , it  is not 

pos s ib le to measure a volume from a radiograph taken in one p lane : 

1 84 

at leas t two radiographs ,  in p l anes at 90
° 

to each other ,  are required . 

With the X-ray apparatus avail ab le , it  was not feas ib l e  to get stand­

ing dorso- ventral or ventro-dorsal radiographs which woul d have al low­

ed measurement of the volume of gas in the abomasum.  However, a com­

puter programme was drawn up which allowed an estimate of the volume 

in the gas cap to be derived (Boyne , A. W . , Macpherson ,  G . , Wenham, G .  

19 75) . Th is programme made the foll owing bas ic assumptions . I f  the 

height of the gas cap was great er than hal f its cranio- caudal dimen­

s ion , its shape for the purposes o f  the calcul ati on was cons idered to 

be a cyl inder capped by a dome . I f  the height  was less  than hal f  the 

cranio- caudal dimens ion , its shape was cons idered to be a dome . A 

factor of 1 . 36 times was included in the programme for radiographic 

magnificat ion . This factor was determined as fol lows . Strips of 

lead 5 cm lon g  were placed on b oth flanks of the animal over the 

region of the abomas al gas cap . Taking care to make s ure that they 

were at right  angles to the direction of the X-ray beam, a radiograph 

was taken and the length s  of the shadows of the l ead strips measured .  

The longes t  shadow , that of the l ead strip furthest from the fi lm, 

measured 7 . 9 cm so that it had b een magnified 1 . 5 8  times . The short­

es t shadow , that of the lead s trip nearest the fi lm, measured 5 . 70 cm 

s o  that it had been magnified 1 . 14 t imes . I f  i t  is assumed that the 

abomasal gas cap lies c los e to midline , then its magni fication woul d  

be 1 . 36 times . This factor o f  magni fication was added into the com­

puter programme . 

To test the results obtained with this method a known volume of air 

was introduced to the abomasum of Sheep number 1 and 2 1  on 3 occas ions 

j ust before the radiograph was taken . The correlation with the cal­

culated volume was only moderately good (Tab l e  XXI I I ) . 
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TAB LE XXI I I  

THE ESTIMATION OF THE VOLUME OF GAS IN THE ABOMASAL GAS CAP . 

Sheep Number 
Volume of  Air Calculated 
Introduced Ml Volume (Ml )  of air 

2 1  150 154 

2 1  200 246 

2 1  400 4 5 1  

1 150 144 

1 200 2 71 

1 400 346 

Boyne , A . W . , Macpherson ,  G . ,  and Wenham,  G .  ( 19 75 )  

Pers onal communication . Rowett Res earch Institute,  Scot land .  



Appendix 3 

DETAILS OF MYOE LECTRICAL OBSERVATIONS ON SHEEP 30 AND 34 

From such results mean and s tandard error of the fol lowing were 

cal culated : 

1 .  s l ow wave frequency ; (Tab l e  XVI I) 

2 .  time for the RSA phase o f  MMC to mi grate between 

e lectrodes ; (Tab l e  XVI I I )  

3 .  time for RSA phase of MMC to pas s  on el ectrode ; 

(Table XI X) 

4 .  time for a RAMS to mi grate between el ectrodes ; 

(Tab l e  XXI ) 
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SHEEP 34 

Electrode Sess ion Reading of  s l ow wave frequency 

1 23  23 23 23 2 1  21  23  24  2 3  22 

1 2 2 3  2 3  2 3  24 23  21  22  2 3  2 1  23 

3 23 24 2 3  22 2 3  2 1  24 22  23  22  

1 2 1  22  22  22  22  21  2 3  2 3  23 22 

2 2 2 1  22 22 23 21 22 22 2 3  22 2 1  

3 23 2 3  22 23 2 3  2 3  2 1  22  2 2  22 

1 22 2 1  22 23  2 3  2 1  2 3  23  22 20 

3 2 22 21 22 22 23  22  2 1  24 22 21 

3 23  23  22 22 23 23 22 2 1  2 1  20 

1 20 2 1  2 1  2 1  20 20 2 3  2 3  22  20  

4 2 20 2 1  2 1  21 21 2 1  22 22 2 1  2 1  

3 23 2 3  22  20 20 2 1  2 1  2 0  2 0  2 1  

1 2 1  20 2 1  22 20 2 1  23 23  22  20 

5 2 2 1  22 2 3  23 2 3  21  21  22  22  22 

3 23 22 2 1  2 1  19 19 20 22 22 2 1  

1 2 1  2 2  2 2  22 2 1  2 1  2 3  23  22  19  

6 2 2 1  22 2 2  2 2  22  21  23  23  22 23 

3 23 2 3  2 2  19 23  23  20  20 2 1  2 1  
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SHEEP 34 

Between Sess ion 
Time (seconds ) for the R . S . A .  Phase o f  

Electrodes M . M . C .  to migrate between electrodes . 

1 53  24 2 1  

1 - 2 2 31  33  3 7  

3 2 7  5 7  45 55 

1 66 28 70 

2 - 3 2 39 33 40 

3 2 3  68 44 40 

1 22 17 55 

3 - 4 2 22 33 5 5  

3 16 45 33  49 

1 36 24 89 

4 - 5 2 43  43 46 

3 2 7  34 49 32 I · 

1 22  36 84 

5 - 6 2 53  45 52 

3 18  27  28  30 
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SHEEP 34 

El ectrode Session 
Time (seconds ) for R . S .A .  phase of 
M .M . C .  to pas s  on el ectrode .  

1 164 1 36 200 

1 2 104 245 103  

3 251 180 142 191  

1 20 7 251  224  

2 2 180 262 229 

3 160 158 147  202 

1 19 1 206 180 

3 2 213  224 199 

3 196 202 1 5 3  20 2 

1 153  158 164 

4 2 144 144 1 20 

3 158  185 1 5 3  169 

1 14 1 153 153 

5 2 87 158 144 

3 19 1 164 1 5 3  164 

1 181  170 224 

6 2 200 158 164 

3 164 153 1 5 3  202 
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SHEEP 34 

Between 
Sessi on 

Time (seconds ) for a RAMS to . mi grate 
Electrodes between el ectrodes 

1 2 . 9  2 .9 2 . 9 3 . 1  3 . 1  2 . 9 2 . 8  2 . 7  3 . 2  3 . 3  

\ - )_  2 3 3 2 . 2  2 . 2  2 . 2  2 . 2 2 . 2  3 . 3  3 2 . 2 

3 3 2 . 8  2 . 7 3 . 1  2 . 6  3 . 2  2 . 8  2 . 9 3 . 2  2 . 8 

1 2 . 6 2 . 4 2 . 6  2 . 8 2 . 9  2 . 3  2 . 7  2 . 6 2 . 6 2 . 4 

'). - 3 2 2 3 2 . 2  1 . 8 2 . 2 2 2 . 2  2 . 8  2 . 3  3 . 3  

3 2 . 6 3 2 . 8  2 . 5 3 . 1  2 . 7  2 . 7  2 . 9 2 . 6 3 . 0 

1 1 . 7  1 . 7 1 . 7  1 . 4 1 . 3  2 . 0 2 . 0  1 . 7 1 . 7 1 .6 

3 - lt 2 3 2 1 . 7 1 . 7  1 . 7  1 . 7  1 . 7  1 . 1 1 . 4 2 . 7 

3 2 1 . 4 1 . 7  1 . 7  1 . 5 1 . 4 1 . 7  1 . 9 1 . 7  2 

1 2 . 4 2 . 4  2 . 4 2 . 6 2 . 7 2 . 2  2 . 6  2 . 3 2 . 3  2 . 8  

� - 5 2 2 . 2  2 . 2  2 . 2  3 . 4 2 . 2 2 . 3  2 . 4 2 .4 2 . 6 2 . 3 

3 2 . 2  2 . 4 2 . 0 2 . 8 2 .4 2 . 3  2 . 3  2 . 7  2 . 9 2 . 3  

1 2 . 9 3 3 3 . 2  2 . 8 2 . 7  2 . 9 2 . 7  3 . 2  3 . 4  

� - 6  2 2 . 6 3 2 . 2  2 . 2  2 . 2 2 . 2  3 . 2  2 . 1  2 . 2  2 . 6 

3 2 . 5  2 . 2  2 . 7  2 . 3  2 . 3  2 . 7  2 . 9  2 . 5  2 . 5 2 . 3  
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