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S 1

SUMMARY

The reflex regulation of reticulo-ruminal movements was analysed in the

present experiments using an electrophysiological 'single fibre* recording

technique. The afferent input to and the efferent output from the 'gastric

(retioulo-ruminal) centres' was repeatedly sampled by recording from single

gastric units dissected from the cervical region of the left vagus in 8 sheep

anaesthetized with chloralose and 70 with halothane. Primary cycle movements

of the reticulo-rumen were usually evoked by distending a reticular balloon

with ij.00-600 ml air.

By recording from afferent gastric units, it was found that the majority

of gastric mechanoreceptors are slowly-adapting 'in series' tension receptors

situated in the muscle layers of, principally, the reticulum, the reticulo-

ruminal fold and the cranial sac (dorsal rumen). The afferent discharge from

these receptors increases during passive distension and during isometrically-

recorded contractions. Receptors in the lips and the floor of the reticular

groove and oma sal canal respond both during a contraction and, particularly,

to pressure. The 'resting discharge* generated by tension receptors is largely

determined by the intrinsic motility of smooth muscle cells. The mean conduc¬

tion velocity in afferent gastric fibres is 12.A m/sec.

By recording from efferent gastric units, at least 7 distinctive types

were discernible and, by relating their discharges temporally to movements of

the reticulum and of the rumen, it wa3 concluded that Types I, II and III occur

in fibres innervating the reticulum or associated structures, Type IV the rumen

and Types V, VI and VII other gastric structures not yet identified. In only

Type/
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Type VII units is there a 'resting discharge1 during the quiescent part of the

gastric cycle. By cold blocking vagal nerves, it was demonstrated that

separate efferent fibres innervate the reticulum and the rumen and, that the

dorsal vagal trunk carries predominantly excitatory afferent fibres to the

gastric centres whereas the ventral vagal trunk carries predominantly either

excitatory or inhibitory fibres depending on the experimental conditions.

By recording from afferent and from efferent gastrin units at the same

time as altering conditions in the reticulum either physically or with certain

drugs, the changes in the afferent input to and the efferent output from the

gastric centres evoked by these manoevres were recorded and estimates of the

total and the central reflex time for gastric reflexes were made.

It is concluded from the present investigation that:

(a) the co-ordination of the complex sequence of primary cycle movements

is a function of the 'gastric centres', through their ability to

determine the parameters and temporal interrelationships of efferent

nervous discharges in the various types of gastric units innervating

different regions of the forestomach.

(b) the tonic afferent input from 'in series' reticular tension receptors

during the quiescent period of the primary cycle provides a reflex

•drive* to the gastric centres and largely determines the rate, the

duration and the amplitude of reticular and ruminal contractions.

(c) the enhanced afferent input to the 'gastric centres', occurring during

a reticular contraction recorded under isometric conditions, modifies

the form, the amplitude, the duration and the delay in onset of the

later parts of the contraction sequence of the reticulum and the rumen.



FORS.y.ORD

The present investigation arose as a sequel to the demonstration by Iggo

(1951, 1956) that 'centres' in the hind-brain are responsible for the reflex

regulation of reticulo-ruminal movements and that the necessary afferent 'drive'

may be provided through the activity of tension receptors located near the

reticular groove (iggo, 1953). The extent and. the nature of reflex regulation

was analysed in the present experiments by the use of an electrophysiological

•single fibre' recording technique. By repeatedly sampling the afferent input

to and the efferent output from the 'gastric (retioulo-ruminal) centres' under

a variety of experimental conditions, one hoped to elucidate the manner in

which nervous integration was performed by the centres in the regulation of

gastric movements.

For ease of description and discussion, the present investigations are

divided into six sections. Section A is concerned with the means of obtaining

gastric (primary cycle) movements in sheep during acute experiments. Section B

deals with the distribution and physiological properties of mechanoreceptors

in the reticulo-rumen and of the afferent vagal fibres by which they are

innervated. The various types of nervous activity present in efferent gastric

units are described and classified in Section C and the manner in which this

activity may be reflexly modified is considered in Section D. The reflex

effects of interfering with nervous transmission in afferent and efferent vagal

patnways are dealt with in Section £ and, finally, the reflex consequences of

administering drugs which affect neurohumoral transmission and gastric smooth

muscle motility are described in Section F.

Parts of the investigation comprising this thesis have already been

published/



published or have been accepted for publication, i.e. Leek (1963, 1966, 1967)

and Iggo & Leek (1966, 1967a, 1967®). & copy of each of these, except for the

last one, has been bound as part of the appendix.



I 1

The ruminant stomach consists of a non-secretoiy forestoaach divided into

three compartments, viz. the reticulum, the rumen and the omasum, and a peptic

acid-secreting compartment, viz. the abomaaum. The anatomy of these structures

is given by Sisson & Grossman (19^1) and, throughout this thesis, the nomen¬

clature recommended by the International Committee on Veterinary Anatomical

Nomenclature (Habel, 19^5) has been used as far as possible.

Huainant gastric movements are of two physiologically different types,

i.e., intrinsic and extrinsic. Intrinsic movements consist of localised

contractions of the reticulo-ruminal wall, appearing as 'ripples* when observed

visually or radiographically (Ash & Kay, 1959} Phillipson, 1939) and on

kymographic recordings (Brunaud & Dussardier, 1953# Dussardier, i960, Fig. h-).

They are still present after the extrinsic nerves to the ruminant stomaoh have

been cut (Duncan, 1953). Intrinsic movements in the reticulo-ruraen are

functionally ineffective per se for the purposes of propelling or of mixing the

voluminous contents of these compartments, although results obtained during the

present experiments suggest that intrinsic movements may affect extrinsic

movements of the reticulo-rumen reflexly. Intrinsic movements may therefore

be of greater significance than has hitherto been considered.

Extrinsic movements of the reticulo-rumen are responsible for mixing

and propelling the fluid contents and for eliminating rumen gases. These

movements are forceful and constitute co-ordinated sequences, involving in

turn various regions of the forestomach compartments. It is generally

agreed that two different sequences exist, although various names have been

given/
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given to them, e.g. 'primary and secondary cycles' (Schalk & Amadon, 1928),

'backward and forward moving contractions' (tieiss, 1953), 'mixing and belch¬

ing cycles' (f:eid & Cornwall, 1959) and *A and B sequences' (Reid, 1963).

Extrinsic movements are dependent upon the presence of at least one intact

vagal nerve or one thoracic/abdominal vagal trunk (Mangold & Klein, 1927,

Popow, Kudrjavcew & Krasausky, 1933, Hoflund, 1940; Duncan, 1953; /Zeiss,

1953; Clark, 1953; Habel, 1956; Howard, 1966), In the present experiments,

using anaesthetized sheep, only the sequence comprising the primary cycle has

been studied and the details of this sequence are of moment for two reasons.

First, records of nervous activity in afferent gastric units (Section B)

innervating raechanoreceptors in various discrete regions of the reticulo-

rumen have enabled the onset and the duration of the movement in each of these

regions to be determined preoisely and without many of the draw-backs of the

classical recording methods discussed below. Secondly, since the forestomach

region innervated by a particular efferent unit whose nervous activity was

recorded (Section C) could not be determined directly, (because the 'single

fibre' technique used necessitated sectioning the unit peripheral to the

recording site), it was deduced from a knowledge of the time relationships

which exist between the sequential movements in the various forestoaach regions

comprising the primary cycle.

One of the classical methods for detecting reticulo-ruminal movements

involves chronically fistulated animals. This preparation was first used by

Flourens (1833) and movements may be observed by visual examination, by intra¬

luminal/
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rurainal palpation or by recording the associated pressure changes using

either balloons or, as recently, open-tipped oatheters (tester, 1926;

Schalk & Amadon, 1921 , 1928; Phillipson, 1939; Dsiuk & McCauley, 1965).

The disadvantages of the first two methods aire that permanent reoords are not

obtained and that only one region at a time may be inspected or palpated.

The principal drawbacks of recording manometrically are that certain regions

are unsuitable for applying this technique, e,g, the folds and pillars, that

(when using balloons) the record obtained will depend on whether the balloon

is located in the lumen of the compartment or is pressed against the wall,

that raanometric devices record gross movements (including some from adjacent

compartments) and that movements which lead to a propulsion of contents

with only a slight pressure rise will be less readily detected than those

in which the movement is relatively isometric, i.e., is associated with a

pressure rise accompanied by only a alight reduction in the volume of the

contents of that particular region.

Another classical method makes use of x-rays. One advantage is that the

animal is both conscious and intact but the disadvantages are that it can only

be applied to the small ruminants, that some structures cannot be delineated

readily without the use of contrast medium or implanted radio-opaque 'tags'

and that serial fluorography or cinefluorography can only be used over a very

limited period. This technique lias been employed by Czepa & Stigler, 1929;

Magee, 1932; Phillipson, 1939» Benzie & Phillipson, 1957J Dougherty &

Meredith, 1955. Another method applicable to intact ruminant animals involves

siraultaneously/
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simultaneously ausculating the reticulum and palpating the lorsal nominal

sue but no permanent records are obtained (//illiams, 1953) •

The newer recording techniques have been developed to overcome the above

problems, particularly with the objeot of recording the movements of discrete

regions and of establishing the temporal inter-relationships of the various

parts of the contraction sequence. Peid & Titchen (1959) and Eeid (19£>3)

have examined, in conscious surgically-prepared sheep, the motility of local¬

ized regions of the reticulum and rumen which have been partially exteriorized

(herniated). Movements of the ventral pole of the reticulum, the cranial

ruminal sac and the ruminal pillars have been recorded, using a vertical dis¬

placement technique, by P.eid A Cornwall (1959). Movements of the ruminal

pillars have been recorded with an electromagnetic induction technique (Lucas

& Dougherty, 19&1). Chiesa, Vacirca & Colombo (1965a,b) have attached a

series of small transducers to specific sites on the external surfaces of the

reticulum and the rumen and have recorded movements from discrete areas after

the sheep had regained consciousness. For the same purpose, Leek & Ullah

(1967) have implanted the sealed pressure-sensitive endings of polythene micro-

cannulae between the muscle layers at discrete sites in the reticulo-rumen and,

during the subsequent fortnight, have recorded manometrieally movements

localized to these regions, using transducers connected to a hot-wire pen

recorder. In anaesthetized sheep, the motility of discrete regions has been

obtained by recording the afferent discharge from units innervating mechano-

receptors at sites subsequently located by manipulation of the reticulo-

ruminal/
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ruminal wall (Section B),

The results obtained by the various techniques are in general agreement.

The original terms, 'primary and secondary cycles' (Sohalk & Arnadon, 1928)

will be used to describe the two sequences, 'Primary cycle' will refer to a

sequence which starts with contraction of the reticulum and is immediately

followed by a contraction of the dorsal ruminal sac et seq and 'secondary cycle'

will refer to a cycle in which the dorsal rurainal sac contraction et seq is not

immediately preceded by a reticular contraction. The frequency, the form and

the duration of each cycle depends largely upon the ruminant species, the state

of the animal, i.e., whether It is eating, ruminating or doing neither, and on

other factors, 3uch as posture, type of food, interval since previous feed and

the absence of disease. Comparative studies of retieulo-rurainal movements in

sheep, ox and goats are the most numerous (e.g., Phillipson, 1939} Dziuk &

MoCauley, 1965) records have also been obtained from the white-tailed deer

(Dziuk, Fashingbauer & Idetrom, 1963), the American bison (Dziuk, 1965) and

the alpaca (Vallenas, 1965). The basic sequences described below occur when

the ruminant is neither ruminating nor feeding unless there is a statement to

the contrary and are therefore likely to correspond most closely to the state

in the anaesthetised sheep used in the present investigations.

The primary cycle commences with the reticulum contracting twice during a

period of about 5 sec. In cattle the reticulum relaxes completely between

each contraction (Webster, 1926; Schalk & /ksadon, 1928} Dziuk & MoCauley,

1965)t whereas in sheep and goats, there is usually only a partial relaxation

or/
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or a pause with no relaxation between the first and second contractions (Czepa

& otigler, 1926, 1929; Magee, 1932; Phlllipson, 1939; Dziuk & !4cCauIey, 1965).

Czepa & Stigler, (192r), using a radiographic technique, concluded that the

reticular contraction was total but Wester (1926) claimed that a wave of

peristalsis swept across the reticulum, after which followed a wave of anti-

peristalsis. Using small transducers applied to specific sites on the parietal

surface of the sheep's retioulum in order to record localized movements at their

sites of application, Chiesa et al (1965a) have shown that the reticular oon-

traotion starts on the (left) dorso-lateral region and subsequently involves,

in turn, the (left) eranio-lateral, the ventro-lateral, the (right) ventro-medial

and the dorso-medial regions. The duration of the contraction diminishes in

the same order. From their illustrations it appears that the left (lateral)

wall undergoes a double (bipha3ic) contraction and the right (medial) wall

undergoes a single (monophasic) contraction. During rumination there is an

extra reticular contraction which precedes the contractions described above

(Schalk & Amadon, 1928). At its peax the cardia opens and the cud 'bolus* is

drawn into the oesophagus (Downie, 1954-; Bell, 1959). This extra contraction

has a shorter duration in the cow (1.0 -1.5 3ec) than in the sheep and goat

(2.0 - 4.0 sec), and consequently, in the latter, the next contraction is of

low amplitude or absent (Dziuk & McCauley, 1965)# Henceforth, these one, two

or three movements of the reticulum will be referred to as 'the reticular con¬

traction' and each of its component contractions as a 'phase'.

Associated/
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Assooiated with the reticular contractions are movements of the reticulo-

ruminal fold and the reticulo-omasal sphincter. Using induction coils

clipped on to the reticulo-ruainal fold of fistulated cows, Lucas & Dougherty

(1964) showed that the fold underwent a biphasie contraction at the same time as

the (biphasic) reticular contraction. From their records it appears, however,

that relaxation after the second phase is much slower for the fold than for the

reticulum and another contraction of the fold may occur at the time of the

dorsal nominal sac contraction. Keid Sr. Cornwall (1959) using a vertical

displacement recording device in fistulated cows, also found that the fold

underwent a biphasic contraction coincident with that of the reticulum.

Variations in the aperture of the reticulo-omasal orifice are related to the

phase of the reticular contraction, tester (1926) observed that the orifice

was partially open during most of the cyole in cows, that it was widely dilated

during the reticular contraction (at which time there was a rush of reticular

contents through it) and that it was closed immediately afterwards. Schalk &

Amadon (1928) concluded that the wide dilation wa3 related to the second phase

of the reticular contraction. Balch, Kelly & Heim (1951), by recording pressure

changes in balloons inserted into the orifice, demonstrated that the orifice

was loosely open to 6O-70£ of the cycle but closed during the first phase of

the reticular contraction, widely dilated during the second phase and then

closed again for several seconds («^15 sec) afterwards. This sequence has

been confirmed by Brunaud & Dussardier, (1953), Stevens et jCl (1980), Borgatti

& Matscher (1958) and Ghga et al (1985),

In the primary cycle, a contraction of the rumen follows that of the

reticulum,/
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reticulum. The early literature on this subject is controversial, Czepa

& Stigler (1926, 1929) concluded that rumen contractions in sheep and goats were

total not peristaltic and independent of reticular contractions, whereas Jester

(1926) and Sohalk & Amadon (1928) considered the rumen contraction in cows to

be linked to the reticular contraction and to consist of a peristaltic wave

which originated near the reticular groove and moved caudally across the dorsal

sac. fester (1926) described this as a spiral wave affecting, in turn, the

cranial sac, the cranial pillar, the longitudinal pillars and dorsal sac, the

caudal and dorsal coronary pillars and caudo-dorsal blind sao, the ventral

and caudo-ventral blind sacs. The description given by Schalk & Amadon (1928)

is similar to fester's except that (a) the caudal, longitudinal and dorsal

coronary pillars contract simultaneously with the cranial pillar, (b) the

caudo-ventral blind sac contracts after the ventral coronary pillars but before

the ventral sac and (c) the caudo-dorsal blind sac contracts after the ventral

sac. Phillipson (1939), using both balloon and radiographic methods in sheep,

as well as by palpation through a fistula in a cow, concludes that structures

contract in the following sequence

(a) the reticulum (first phase)

(b) the reticulum (second phase) and the cranial, caudal and longitudinal

pillars,

(0) the cranial sac, dorsal and caudo-dorsal blind sac and

(d) the caudo-ventral blind sac and ventral coronary pillars. Dorsal

and ventral sac contractions were regarded as total and not as

peristaltic.

The idea that the dorsal ruminal sac (primary cycle) contraction was not

a/
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a total contraction but occurred as a wave, spreading across the wall from

the cranial to the caudal regions was revived by .Zeiss (1933)» although it

was not implied that this wave was 'peristaltic', as defined by Bayliss &

Starling, (1899)» or involved an intrinsic reflex, e.g., the 'myenteric reflex'.

ZZeiss (1953) called it a 'backward (i.e. caudally) moving contraction' and

most observations since then have confirmed this. Reid & Cornwall (1959)

give the following sequence of contractions for cattle

(a) first phase in the reticulum and retioulo-ruminal fold,

(b) second phase in above,

(c) the cranial sac

(d) the dorsal sac and the oranial, caudal and dorsal coronary pillars,

(e) ventral displacement of the cranial pillar together with contractions

of the caudal and ventral coronary pillars, the ventral sac and the

oaudo-dorsal blind sac.

Dsiuk & McCauley (19&5) describe a sequence similar to the above for cattle,

sheep and goats except that the caudo-dorsal blind sac contraction precedes

the ventral sac movements. In decerebrate sheep with evoked rumen contractions,

Eeid & Titchen (1 S'65) have clearly demonstrated a wave of contraction moving

caudaliy across the dorsal sac. Lucas & Dougherty (19&♦-) claim that, when

the wave of muscular activity reaches the anterior pillar, the posterior

pillar and also the musculature of the dorsal ruminal aao contract simult¬

aneously but Chiesa et al (1965b), using small transducers applied to the

parietal/
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parietal surface of the sheep's rumen, observed that the contraction arises in

the left cranial region and spreads rapidly along the left longitudinal pillar

to the caudal and then the right longitudinal pillars and slowly outwards

from the pillars through the rumen walls both dorsally and ventrally. ?rom

the values given in their tables, it appears that dorsal sac activity arises

mainly from the left pillar and therefore, precedes the ventral sac activity

which arises mainly from the right pillar.

The ruminal contraction comprising the secondary cycle are not preceded

by a reticular contraction. «Vester (1926) described this cycle in cows as

an 'antiperistaltic wave' passing cranially over the caudal and dorsal coronary

pillars, the longitudinal pillars, the cranial pillar and finally the cranial

sac, whereupon the eardia opened and rumen ga3es were eructated. Schalk &

Arnadon (1928), however, concluded that the secondary cycle contraction of the

rumen was identical with that of the primary cycle except that the ventral

sac contraction was more pronounced. Magee (1932) did not observe secondary

cycles and suggested that those described above might have beer, artefacts I

Weiss (1953) describes the secondary cycle in sheep as a 'forward (i.e.

cranially) moving contraction* of the dorsal sac of the rumen, followed by

a contraction of the ventral sac. This has been confirmed by Reid & Titchen

(1965) using decerebrate sheep. According to Dziuk & McCauley (1965) the

caudc—dorsal blind sac contraction had an amplitude and duration which were

greater in cattle and less in sheep and goats in the secondary cycle than in

the primary. In cattle the caudo-dorsal blind sac contraction started

before the dorsal sac contraction but both sacs reached their peaks at the

same/
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suae time, whereas in sheep and goats the starts and peaks occurred simultan¬

eously although the amplitudes were different. The cranial sac did not

contract during the secondary cyole. Dougherty & Habel (1955), during

radiographic studies on sheep, found that the reticulo-ruminal fold contracted

during the secondary cycle and formed a barrier which effectively kept the

cardia clear of ingesta and assisted the expulsion of gas, Lucas & Dougherty

(1964.) observed no contraction of this fold in cattle: instead there was a

strong contraction of the cranial piliar, This species difference may be the

functional correlate of the structural differences, namely, that the cranial

pillar is more prominent than the reticulo-ruainal fold in cattle and vice

versa in sheep. It is claimed that the secondary cycle in sheep usually

starts with a contraction of the caudo-ventral blind sac 1-7 sec before the

dorsal sac contraction (Reid, 19^0), using sheep with specific regions of the

rumen partially exteriorised. This has not been confirmed by Leek & Ullah

(1967), U3ing sheep with implanted miero-cannulae, who found that secondary

cycles usually start without a prior contraction of the caudo-ventral blind

sac, .then this contraction was present, it was more closely related to the

preceding primary cycle than to the subsequent secondary cyole,

fellers & Stevens (1966) have reviewed the motor function of the ruminant

forestomach and conclude that there is general agreement on certain aspects

of reticulo-ruminal motility, vis,, 'After the reticular contraction(s) the

primary cycle wave of contraction passes (caudally) over the rumen, resulting

in a lifting of the cranial sac, contraction of the cranial, caudal and

dorsal coronary pillars and compression of the dorsal sac of the rumen.

The/
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The wave oontinues over the caudo-dorsal blind sac, ventral coronary pillars,

ventral sac and caudo-ventral blind sac, and the cranial pillar may be

ventrally displaced at this time. ...(for the secondary cycle) in the cow

the dorsal coronary pillar or caudo-dorsal blind sac can contract before the

cranial pillar and dorsal sac. Then follows contraction of the ventral sac(s).
In sheep the caudo-dorsal blind sac and dorsal sac contract simultaneously.'

Despite this 'general agreement*, the precise movements of certain regions

and their time relationship to movements in other regions remain either

controversial or unsolved. To some extent the experiments described later

(in Sections B and C), in which the activity in afferent and efferent

gastric vagal units has been recorded, have helped to elucidate these issues.

The basic sequence of movements described above may show modifications

which either arise for reasons not as yet known or are induced by factors such

as feeding and rumination. The most common modification is the absence of a

primary cycle ventral sac contraction. This is more prevalent (a) when the

animal is not feeding, (b) when the animal is ruminating, (c) when the primary

cycle is followed by a secondary cycle and (d) in cattle than in sheep and

goats (Phillipson & Reid, Dsiuk & McCauley, 19^5; Phillipson, 1966).

A detailed description of the changes in the sequence which occur in sheep

during fasting, feeding and immediately after feeding is given by Reid (l9^3)•
The changes were more pronounced when hay was fed than when fresh cut

lucerne was given. The principal effects of feeding are (a) an increase

in the amplitude and duration of the contractions, (b) a decrease in the

duration/
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duration of each cycle and (c) a decrease in the rate at which the wave of

contraction spreads across the dorsal and ventral ruminal sacs.

The primary and secondary cycle sequences also involve contractile activity

in certain regions of the omasum. Movements of the omasum have been described

by tester (1926), Schalk & Aaadon (1928), Phillipson (1939), Balch et al (1951),

Brunaud & Duasardier (1953), Stevens, Sellers & Spurrell (1960) and Ohga jet al

(1985), There is general agreement on the movements involving the reticulo-

oaasal orifice, described earlier (p. I 7). These consist of closure during

the first phase of the reticular contraction, wide dilatation during the second

phase, then closure for several seconds and partial dilatation f'or the remainder

of the primary cycle. The confusion that exists between the results obtained

for other regions of the omasum can largely be resolved by realising firstly,

that the movements in different regions of the omasum are not the same and

secondly, that some of the movements are temporally related to reticulo-

ruminal movements whilst others are not. Aocording to Stevens jet al, (19&G)
the omasal oanal gave a large prolonged pressure wave coincident with the

dorsal ruminal sac contraction of both primary and secondary cycles. In

contrast the omasal body gave protracted contractions of great amplitude

(i.e., up to kO mm Hg for 1-2 min) with a frequency which was less than half

that of the primary (reticulo-ruminal) cycles. Superimposed on these tonic

contractions, which were independent of the reticulo-rumen, were marked

relaxations coincident with the dorsal ruaina'l sac and omasal canal contractions

of the primary cycle only. Tae secondary cycle had no effect on the oraasal

body/
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body movements.

Movements of the abomasum 3eem to be largely independent of movements

in any compartments of the forestomach, despite a oontrary view by Schalk &

Amadon (1928). Using radiographic techniques, it appears that the fundus is

more or les3 inert but strong peristaltic contractions sweep across the pyloric

region (Czepa & Stigler, 1929; Krzywanek & Quast, 1937> Phillipson, 1939;

Benzie & Phillipson, 1957). This ha3 been confirmed by observations made

visually and by recording with balloons (Dukes & Sampson, 1937; Magee, 1932;

Brunaud & Dussardier, 1953). The last authors also describe tonus waves

with superimposed peristaltic contractions in the prepyloric regions. Both

movements were present after bilateral vagotomy, although the tonus waves

then had a longer duration.

Part of the present investigation is concerned with recording the nervous

discharge in efferent gastric vagal units arising from 'gastric centres' in

the medulla. Unlike most movements of the non-ruminant stomach and of the

abomasum, the extrinsic movements of the ruminant forestomach compartments

(i.e. primary and secondary cycle movements) are dependent upon the presence

of at least one intact vagal nerve or one thoracic/abdominal vagal trunk

(Mangold & Klein, 1927; Popow, Kudrjavcew & Xrasauaky, 1933» Hoflund, 1940;

Duncan, 1953; #eiss, 1953? Clark, 1953; Babel, 1956; Howard, 1966). If

both vagi are sectioned, reticulo-ruainal stasis occurs. Eructation and

rumination are abolished and there is no transfer of digesta from the retic¬

ulum, via the omasum, to the abomasum. The last structure retains a reduced

capacity/



I 15

capacity for propulsive motility and this results in delayed emptying and

dilatation (Duncan, 1953). although the rumen is innervated almost solely

by branches from the dorsal vagal trunk, normal ruminal motility is re¬

established within 3 weeks from the time it is sectioned (.Zeiss, 1953?

Duncan, 1953* Hub el, 1956). whilst there is no apparent permanent impairment

of motility after sectioning the left or right cervical vagal or the dorsal

or ventral thoracic/abdominal vagal trunk, section of more than one nerve or

trunk, exclusive of total vagotomy, causes a persistent dysfunction (Duncan,

1953; Habel, 1956).

Excitatory motor nerves to the ruminant stomach are present in the vagi.

Stimulation of the vagi causes contraction of the stomach compartments

(e.g. Mangold & Klein, 1927# Habel, 1956), The gastric efferent fibres are

parasympathetic and cholinergic in type (Srunaud, Dussardler & Labouche, 1950)

and have a conduction velocity in the B range characteristic of preganglionic

fibres, i.e., 1-16 m/sec (iggo, 1956). Inhibitory gastric motor fibres are

present in the splanchnic nerves. Splanchnic nerve stimulation reduced the

amplitude of contraction of the reticulum, rumen and abomasum and the tonus of

the rumen and abomasum after these had been elicited in anaesthetised sheep by

vagal stimulation (Brunaud & Navarro, 1953). Bilateral splanchnotomy had no

apparent effect on reticulo-rurainal motility (Duncan, 1953). This division

of motor fibres into excitatory fibres in the vagi and inhibitory fibres in

the splanchnic nerves may not, however, be absolute, since Cosline & Titchen

(1951, 1961) have demonstrated the presence of some inhibitory fibres in the

vagus/
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vagus and some excitatory fibres in the splanchnic nerves of atropinized,

acute spinal goats. U3ing a histocheaical technique for the localization of

cholinesterases, Comline & Massage (1965) have shown that (a) preganglionic

and postganglionic cholinergic fibres are present in all compartments of the

sheep's stomach, (b) the principal ganglia lie between the inner and outer

layers of smooth muscle and (c) each fasciculus of smooth muscle appears to

be innervated by its own set of cholinergic nerve fibres. In similar studies

but using a silver impregnation technique, Morrison & Habel (1 $6l+) concluded

that few preganglionic fibres directly innervated ruminal structures distant

from the reticular groove region. They considered that this region served

as a peripheral co-ordinating centre for intrinsic and extrinsic nervous

activity and caused contractions in the rumen musculature through extensive

multisynaptic connexions by postganglionic cells in the intramural plexuses.

The concept of 'peripheral' co-ordination is contrary to the conclusions

drawn from the results of the experiments described later, in Sections C, D

and S,

The central nervous control of reticulo-ruminal movements is carried out

by centres in the medulla oblongata, Iggo (1951) obtained spontaneous

normal gastric movements in sheep which had been decerebrated at the inter-

collieular level and in one decerebrate sheep in which the spinal cord also

had been sectioned at the level of the second thoracic vertebra. These

contractions were absent when nerve impulse conduction was abolished by

blocking/
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blocking the vagi with local anaesthetic agents, cooling or pressure. In

preparations where contractions were not present spontaneously, they could

often be evoked by tetanic stimulation of the central end of a sectioned

vagus or abomasal nerve. It was postulated therefore, that the hind-brain

contains 'reticulo-ruminal motor centres' which are 'triggered' by vagal

afferent impulses and give rise to the vagal gastric efferent discharge

responsible for co-ordinated activity in the reticulum and rumen. Clark (1953)
was unable to confirm this observation, since his decerebrate sheep showed no

spontaneous reticulo-ruminal movements nor could these be evoked by rubbing

the mucosa with roughage. Since then, numerous investigators have recorded

reticulo-ruainal movements in decerebrate sheep and Clark's inability to

evoke them probably resulted from his use of an inadequate stimulus on sheep

devoid of spontaneous movements (Titchen, 1953» 195$, 1960; Bussardier &,

Albe-Pessard, ^95b■)•

The location and behaviour of the •reticulo-ruainal motor centres'

(henceforth called 'gastric centres') has been studied by stereotaxic

electrical stimulation in decerebrate sheep and goats (Bell 1 Lawn, 1955}

Bussardier, 1960; Howard, 1$66) and in conscious goats with implanted electrodes

(Andersson, Kitohell & Persson, 1958)» Electrophysiological recordings of

nervous activity in the medulla associated with reticulo-ruminal movements

in anaesthetised and decerebrate sheep have been made with glass micro-

electrodes (Beghelli, Borgatti & Parmeggiani, 1963$ Howard, 1966), Bell &

Lawn (1955) found that the reactive looi lay mainly in the dorsal part of the

lateral/
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lateral reticular formation at the level of the obex. On stimulation there

was a strong contraction of the reticulum followed by a contraction wave in

the rumen which started in the cranial sac and spread caudally across the

dorsal 3ac only. The contraction lasted for as long as the deration of the

stimulus. There appeared to be no intramedullary decussation of motor

fibres. Andersson et al (1958) have evoked opposing effects from two

different sites, firstly, an acceleration of the movements (through

stimulation of white reticular formation) and secondly, a slowing of the

movements (through stimulation of grey reticular formation). The latter

effect was followed by an acceleration of movements when stimulation ceased

and they concluded that this was a rebound phenomenon. Dussardier (1$6o)
lias observed three possible effects arising out of stimulation, viz., direct

motor, acceleratory and inhibitory. He regards the direct motor effects

as equivalent to those induced by Bell & Lawn (1955) and attributes them to

direct stimulation of the motoneurones or their processes. The acceleratory

effects are presumed to be due to the stimulation of areas which act as

•pacemaker' and •reticulo-ruminal co-ordinating' networks. The inhibitory

effects are discussed in the light of three possibilities, namely, that they

might be due to electrical stimulation of splanchnic (inhibitory) afferent

pathways, fibres from higher (inhibitory) centres or inhibitory nerve nets

responsible for the quiescent phase of the primary cycle, Howard (1966)
has demonstrated by electrical stimulation and by micro-electrode recordings,

that oertain areas in the dorsal vagal nucleus rostral to the obex are

concerned with excitatory and with inhibitory effects.

One/
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One of the objects of recording from single efferent gastric vagal units

in the present investigation is to examine the character of the efferent dis¬

charge by a direct method, in order to determine the extent to which the inte¬

gration and co-ordination responsible for the complex sequence of primary and

secondary cycle movements occurs in 'gastric centres' in the medulla or in

'peripheral co-ordinating centres'. Only three previous investigations have

been concerned with recording efferent gastric activity and two of these

recorded nervous activity by means Of micro-electrodes inserted into the

medulla, .Vith Ms technique it seems difficult to decide whether nervous

activity,preceding the reticular contraction or the ruminal contraction by
an appropriate interval,represents the discharge in the motoneurone or merely

a discharge in an interneurone which will be subjected to further integration.

Using micro-electrodes inserted into the medulla of chloralose-anaesthetised

lambs, Beghelli et al (1963) have recorded nervous activity in tho dorsal

vagal nucleus associated with evoked reticular contractions. They have

recorded (a) biaodal activity which precedes the biphasic reticular contraction

and therefore is presumed to be directly associated with the reticulum,

i.e., impulses in a motoneurone or its processes and (b) nervous activity

which occurs after the reticular contraction and, since there were no rumen

contractions in these lambs, is assumed to represent the discharge in

interneurones in reverbatory circuits. Similar results were obtained by

Howard (1966), using halothane-anaesthetized adult sheep vd.th spontaneous

reticulo-ruminal movements. Eleven types of discharge were recorded, two

of which were presumed to be closely related to efferent gastric vagal activity.

The/



I 20

The other investigation of efferent gastric vagal activity is that of

Dussardier (1^58* 196o)» who used an indirect but most ingenious method.

He cross-sutured the central end of a cut thoracic vagus to the peripheral

end of a out phrenic nerve and allowed the cut vagal preganglionic fibres to

regenerate in the phrenic nerve stump and to reactivate the diaphragmatic muscle.

He was then able to record the effects of vagal efferent activity electro-

myographically from muscle fibres in a partially exteriorised diaphragm.

Thirteen different patterns of activity are given dlagramaatically (Dussardier,

1960 Fig. 20). Three of these precede and are likely to be connected with

the reticular contraction and the remainder occur after it and presumably are

related to activity in the ruemn, Except for a few units (Fig. 22) there

was no discharge during the quiescent part of the primary cycle. In the

present investigation (Section C), a direct method of recording efferent

activity in gastric vagal units is employed.

The rate, form and amplitude of reticular and ruminal contractions

and the ratio of priaaryssecondary cycles are variable. Under normal conditions,

these variations are brought about by factors such as feeding and rumination

(Schalk & Aaadon, 1928; Balch, 1952; Reid Ss Cornwall, 1959; Phlllipson &

Reid, 1960; Reid, 19&3; Daiuk St McCauley, 1965; Ohga et al. 1965;

Phillipson, 1966), 'apparent sleep'(Balch, 1955; Dsiuk & Me auley, 1965)»

the consistency of the diet (Schalk & Amadon, 1928; Weiss, 1953; Freer,

Campling & Balch, 1962; Reid, 1983), posture (l alch, 1952) and intercurrent

disease (e.g., Blood & Henderson, i960). Under experimental conditions,

variations/
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variations may be induced by stimulating either reflexogenic zones, afferent

nerve pathways or higher centres in the central nervous system itself.

In the present investigation, the reflex effects upon efferent gastric vagal

discharges of increasing arid of decreasing the 'afferent input* to the gastric

centres (by a variety of means) is examined, in order to determine the efficacy

of a particular stimulus, the reflexogenic zones, the afferent pathways and

the reflex effects of applying or removing the stimulus. Two facets of this

study which receive considerable emphasis are the dependence of the 'gastric

centres' upon a tonic afferent drive from the periphery and the extent of

•feed-back' (particularly from the reticulum), whereby movements occurring

during the early part of the primary cycle reflexly modify those occurring

during the later parts (Section f).

There are numerous accounts of gastric movements being affected by stimuli

applied to the reticulo-ruaen. tester (1926) describes the enhanced frequency

of movements due to increasing the rumen contents. Distension of the

reticulum has been shown to evoke or increase the frequency and amplitude of

gastric movements in decerebrate sheep (iggo, 1951? Titchen, 1953) in

chloralose-anaesthetised sheep (Dussardier, 1955, 19^0) and in conscious

fistulated cows (Stevens & Sellers, 1959). In decerebrate sheep, Titchen

(19^0) found that stretching the reticulo-ruminal fold was a more potent

stimulus than distending the reticulum, to evoke or enhance ruainal contractions.

Menchanical stimulation of the reticular groove region, reticulum, reticulo-

ruminal fold and cranial pillar were particularly efficaceous in reflexly

exciting reticulo-ruminal movements, rumination and parotid secretion in con¬

scious sheep with large bore cannulae, although more forceful stretching and

squeezing/
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squeezing of the mucosa inhibited these activities (Ash & Kay, 1959). In

the present investigation, the behaviour of cechanoreceptors (Section B) and

their reflex effects upon efferent gastric vagal discharges (Section D) receive

particular emphasis.

haseous insufflation of the rumen increases the rates of eructation and

secondary cycle contractions (Dougherty, 1940; Cole, et al 1942; Weiss, 1953?

Dougherty & Meredith, 1955; Stevens & Sellers, 1959)• In an analysis using

fistulated cows, Stevens & Sellers (1959) demonstrated that primary and

secondary cycles were independently excitable. After removing the contents

of the reticulo-rumen, primary and secondary cycles still occurred. Both

cycles increased in rate and amplitude when either normal or simulated

ruminal contents were replaced. In the case of the secondary cycles, it was

concluded that this increase was due to increased pressure or tension rather

than to chemical to tactile stimuli. The enhancement of primary cycles

resulting from ruminal insufflation was not affected by local anaesthesia of

the reticulum (excluding the retioular groove region), of the dorsal ruminal

mucosa or of the ruminal nerves. In contrast, secondary cycles were abolished

by anaesthesia of the dorsal ruminal mucosa in the caudal region and of the

ruminal nerves, whereas they were enhanced by local pressure applied to the

caudal dorsal sac and by stimulating either the ruminal nerves or the dorsal

abdominal vagal trunk, using implanted electrodes. It was inferred that a

reflexogenic area for secondary cycles exists in the caudal regions of the

dorsal ruminal sac which responds to pressure or tension and receives its

afferent innervation through the ruminal nerve branches of the dorsal vagal

trunk./
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trunk. One of the objectives of the afferent gastric unit studies described

in Section B waa to test this conclusion.

Reticulo-ruminal motility is reflexly affected by physical and chemical

conditions in the aboaasua. Paillipson (1939) showed in conscious cannulated

sheep, that distension of the abomasuia with a balloon or with 500-600 ml

solutions of either normal 3aline, -warm water, sodium bicarbonate or 0.1 N

liCl caused primary contractions to cease completely for 8-12 minutes and

secondary ruainal movements to be reduced in amplitude and frequency. A

similar effect was recorded by weiss (1953) and in decerebrate sheep by

Titchen (1958). Sectioning the splanchnic nerves abolished the inhibition

and instead, distension produced an excitatory effect. Titchen (1958)

also observed that acidifying the abomasal contents with 0.2 N HC1 to attain

a pH of not more than 1.0 evoked or enhanced reticulo-ruminal movements. Ash

(1959) showed that 100 ml of unbuffered 150-200 mM V.F.As. solutions introduced

into the abonasum of conscious cannulated sheep enhanced reticulo-ruminal

movements after a latency of 2 min for a period of up to 50 min. Under these

conditions the abomasal pH was usually 2,0-3.0 and never below 1.3. Titchen

(1958) concludes that •acid receptors* with a threshold of about ph 1.0

exist in the walls of the fundic glands and are stimulated during the secretion

of abomasal acid and are therefore more or less independent of the pH of the

contents found in the lumen of the aboaasum. These receptors are considered

to provide a tonic afferent drive to the 'gastric centres' for the reflex

excitation of reticulo-ruminal movements. This hypothesis has been tested

to some extent during the present experiments (Sections A, D and F)»

Numerous/
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Numerous attempts to analyse the reflex regulation of gastric movements

have involved studies of visceral afferent pathways; three general approaches

having been employed. In the first category are those investigations in

which the existence of specific and non-specific afferent pathways have been

demonstrated by stimulating the central end of a cut or blocked nerve. This

approach has produced some profitable results. The idea that the gastric

centres are dependent upon a tonic afferent drive stems from iggo's demonstration

(1951) that tetanic stimulation of the central end of a cut cervical nerve showed

no motility. Using anaesthetized sheep, Dussardier (1995, 19^0) showed that

continuous stimulation (more that 10 stimuli/sec) of the central end of a

cut cervical vagus reflexly evoked contractions for as long as the stimulation

lasted. The frequency of the contractions increased as the rate of stimuli

increased but there was no change in their amplitude. When spontaneous

contractions were present, stimulation often enhanced them but occasionally

inhibited them. Similar results were obtained with stimulation of the central

end of the cut abomasal nerve. The latter has been confirmed by Matscher &

Beghelli (1957* "1958). Titchen (1958), by stimulating the central ends of

the ventral thoracic vagal trunk and the aboaasal nerve in decerebrate sheep,

observed an enhancement of motility with low stimulus frequencies (20-60/sec)
and an inhibition with frequencies greater than 60/sec, Stimulation of the

dorsal thoracic vagus produced no reflex effects on motility, whereas

stimulation of the central end of a sectioned splanchnic nerve resulted in

reflex inhibition.

The/
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The second category of investigations consist of those in which test

stimuli have been applied before and after blocking the afferent nerves, in

order to identify the effective stimulus, the reflexogenic zone and the reflex

response to stimulation. Reversible block of vagal pathways has been employed

in decerebrate sheep (iggo, 1951), conscious sheep (Dussariier, 1960; Popow,

et al, 1933) and conscious cows (Dziuk & Sellers, 1955; Stevens & Sellers,

1956). In decerebrate sheep with spontaneous retieulo-rurainal contractions,

Iggo (1951) blocked one vagus with local anaesthesia, cooling or pressure.

This resulted in reversible, graded depression or complete abolition of the

contractions. Block of motor fibres may have aocounted for the former result

but the latter must be due to block of a tonic afferent input. Using

conscious sheep, Popow et al (1933) cooled both vagi after they had been

exteriorized in a skin loop and this abolished movements. Dussardier (1960)

combined unilateral cervical vagotomy with cooling the other vagus by means

of a chronically implanted thermode and, in accordance with Popow et al (1933),

movements ceased: these experiments did not differentiate between afferent

and efferent nerve block. Dziuk & Sellers (1955) and Stevens & Sellers

(1956, 1959) implanted assemblies on the ventral and dorsal abdominal vagal

trunks and the rurainal nerves, which allowed the nerve to be stimulated

electrically before and after procaine anaesthetization of the nerve peripheral

to the point of stimulation. They showed that stimulation of the dorsal

abdominal trunk and ruminal nerves increased the ruminal contraction rates (i.e.

secondary cycles?) and eructation frequency. Block at these sites reduced

the amplitude of ruminal contractions and the frequency of eructation but this

was reversed by electrical stimulation central to the blocked region.

Stimulation/
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Stimulation through the assembly on the ventral abdominal trunk increased

the rate of secondary rumlnal contractions and initiated rumination but had

no effect on eructation. Block resulted in an atonic reticulum. It was

concluded that the principal afferent pathway for the eructation reflex is

through the 'dorsal vagal trunk. The reflexogenic zone for eructation would

therefore, lie within the rumen and, for rumination, it would not lie in the

rumen. An extension of these investigations is used on some of the present

experiments (Section S), in which selected vagal branches are reversibly blocked

by cooling and electrical stimuli given above and below the blocked region.

The reflex effects of these manoevres are observed as a result of the changes

which take place in efferent gastric vagal discharges recorded from single

efferent units.

The third category of investigations into afferent gastric activity

employs the electrophysiological technique of recording from 'single afferent

gastric units'. Apart from present experiments detailed in Section B, the

only previous electrphysiological investigations are those of Iggo (1954»

1955, 1956), who recorded the activity in 22 'single afferent units' inner¬

vating the reticulum. He describes 19 afferent units which produced a slowly

adapting or non-adapting response to reticular distension (iggo, 1955) and

three units which gave a rapidly-adapting response (Iggo, 1954), Three of

the 19 slowly-adapting units had a resting discharge even when the stomach

was empty and 8 others developed a sustained regular discharge, when the

reticulum was inflated. The resting discharge frequency of afferent impulses

increased,/



I 27

increased, when reticular tension was increased either passively due to

inflation of the reticular balloon or actively during a reticular contraction,

A further 8 slowly-adapting units had an intermittent resting discharge whioh

appeared in bursts lasting 1-5 sec and recurred at intervals of up to 50 sec.

The discharge in these units was also increased by passive and active rises in

reticular tension. It was concluded, therefore, that all of the 19 units

innervated *in series* tension receptors. By manipulation inside the

reticulum, the receptors of 5 units which had given an intermittent discharge

beforehand were located to the lips of the reticular groove and on pulling

and stretching the lips these units produced a sustained discharge. One

unit which had had a regular sustained discharge before manipulation was

thought to have a receptive area in the cranial wall of the reticulum. The

conduction velocities of four afferent units was measured and those were 12,

6, 5 and 2 m/sec (iggo, 1955), Using a compound action potential method,

Iggo (1956) showed that tetanic stimulation of afferent fibres with conduction

velocities estimated at 10-13 m/sec reflexly evoked reticulo-ruminal movements

in decerebrate sheep and stimulation of units with conduction velocities of

less than 10 m/sec reduced the interval between contractions.

In view of the many investigations on reticulo-rurainal movements,

eructation, rumination and salivation, which have implicated receptors in the

reticulum reticular groove, reticulo-ruminal fold, cranial pillar and

dorsal ruminal sac, the results obtained by Iggo, (195^» 1955) are clearly

inadequate. This has led to further investigations of afferent activity

arising from the reticulo-rumen and the results are detailed in Section B,



Theobjecta of the present experiments

The present experiments were designed to study the reflex regulation of

reticulo-ruminal movements, using an electrophysiological technique. The

afferent input to and the efferent output from the gastric (reticulo-ruminal)

centres were sampled repeatedly by recording the nervous activity in 'single

fibres' dissected from the left cervioal vagus. This necessitated, at first,

a method of preparing sheep for acute experiments such that reticulo-ruminal

movements would be present under defined standard conditions, so that results

obtained at different times in the same sheep or in different sheep might be

satisfactorily compared.

The objects of recording from afferent gastric units were to determine:

(a) the types of receptors present in the reticulo-ruraen.

(b) the distribution of receptors in the reticulo-rumen.

(c) the level in the wall at which receptors are located,

(d) the effective stimulus for each type of receptor.

(e) the physiological properties of receptors in terras of their responses

to stimulation.

(f) the pathway taken by afferent fibres innervating gastric receptors,

(g) the conduction velocity of afferent gastric fibres.

(h) the afferent input to the gastric centres when reticulo-ruminal move¬

ments are present. The input was recorded during both the active and

the quiescent parts of the primary cycle at different initial levels

of reticular distension and also with the reticulum contracting under

both isometric and isotonic recording conditions.

(0/



(i) the pattern of movements which discrete regions of the reticulo-rumen

undergo.

(j) the temporal relationship which exists between the sequential contrac¬

tions of the various regions of the reticulo-rumen.

(k) the action of certain drugs on the reticulo-rumen.

The objects of recording from efferent gastric units were to determine:

(a) the efferent output from the gastric centres during both the quiescent

and the active parts of the primary cycle.

(b) the different types of efferent discharge patterns.

(c) trie relationship between the efferent discharges and the form of

contractions in various regions of the reticulo-rumen,

(d) the reflex effects upon the gastric centres, and hence upon the

efferent gastric discharges, of altering physical conditions within

the reticulo-rumen and chemical conditions within the abomasum.

(e) the dependence of the gastric centres upon a 'drive* provided by

afferent vagal inputs,

(f) the extent of central/reflex and peripheral actions of certain drugs

on the reticulo-rumen.

(g) the total and the central reflex times for gastric reflexes.



(d) Pharyngoesophageal nerve; (e) cranial laryngeal nerve; (f) external laryngeal branch; (g) left
recurrent laryngeal nerve; (j) cervical sympathetic trunk; (m) common carotid artery; (1) muscular
angle of stylohyoid bone; (3) hyopharyngeus muscle; (4) thyrohyoid muscle; (5) thyropharyngeus muscle;
(7) cricothyroid muscle; (8) sternothyroid muscle; (9) sternohyoid muscle; (10) omohyoid muscle;
(11) stylohyoid muscle; (12) digastric muscle; (13) jugulohyoid muscle; (14) sternomaatoid muscle;
(16) cleidomastoid muscle; (16) longus capitis muscle; (17) scalenus muscle; (18) esophagus; (X, XI,
XII) cranial nerves.

Fig. 2—The left side of the neck of the sheep.

J
(a) Cardiovagal nerves; (b) left recurrent laryngeal nerve; (c) dorsal branch of left vagus nerve; (d)
dorsal branch of right vagus nerve; (e) dorsal vagal trunk; (f) ventral branch of left vagus nerve;

tg) ventral branch of right vagu6 nerve; (h) bronchial branches; (i) ventral vagal trunk; (j) anastomosis
(variable); (k) cervical sympathetic trunk; (m) middle cervical sympathetic ganglion; (n) cervicothoracic
sympathetic ganglion; (o) vertebral nerve; (p) thoracic sympathetic trunk; (q) cardiosympathetic nerves;
(r) phrenic nerve (roots removed); (s) common brachiocephalic trunk; (t) costocervical trunk; (u) left
subclavian artery; (v) common carotid artery; (w) jugular vein; (x) azygos vein; (y) thoracic duct;
<,i> esophagus; (X) cervical vagus.

Fig. 4—Nerves in the thorax of the sheep.
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EXPERIMENTAL METHODS

Experimental animals

Seventy-eight adult Scotch Blackface sheep were used. They weighed

20-AO kg and were 8-18 months old except for a few aged ewes. The sheep were

held indoors, usually for at least a fortnight, before use and they received

)2 lb (0.27 kg) oats/day and an unrestricted amount of hay. This practice
was found to result in more satisfactory experiments than those in which the

sheep had been starved for 24 hr before the experiment or had undergone a

change of diet and environment during the previous 2 weeks.

Surgical procedures

Anaesthesia was induced with a 2$ halothane B.P./oxygen mixture by a

semi-closod method employing a facemask. Then an endotracheal tube (MoGill

No. 10) was inserted. For the first 8 experiments, anaesthesia was maintained

with warm 1$ chloralose solution, given intravenously in an initial dose of

4 ml/kg body weight followed by maintenance dose3 of 1 ml/kg body weight

approximately every hour. In subsequent experiments, anaesthesia was

maintained with a controlled mixture of halothane and oxygen using a 'Eluotec'

halothane vaporizer and a circle type, closed-circuit method incorporating

a respiration pump. In the early experiments this was a Starling pump

and in the later ones a iiarvard 'variable phase large animal respirator'

(Model 613)# Because swallowing and reflex limb movements seriously inter¬

fered with recording from single units, the level of anaesthesia had to be

comparatively deep. The oorneal reflex was either absent or sluggish and

the/



M 2

the limbs and tail were flaccid.

The horns were cut off with a hacksaw and bleeding stopped with bone wax

and gauze pads. An intravenous cannula was inserted into the left lateral

tarsal vein. A large rubber balloon (a 1 litre anaesthetic bag) was inserted

into the reticulum either through the reticulo-ruminal orifice (reached by

way of a ruraenotomy incision in the left sublumbar triangle) or, more usually,

through the ventral pole of the reticulum (exposed by a median laparotomy).

Sometimes small balloons were inserted into the dorsal and ventral rurainal

sacs and a small cannula was put in the abooasum. The animal was then

transferred to the experimental table where the sheep's rectal temperature
o

was maintained at 38 C by means of a thermostatically controlled electric

blanket. The sheep was laid on its right side with a block of wood under

its neck and a saliva tray below its mouth. Further surgery was delayed

until reticulo-ruminal movements were recorded. When spontaneous contractions

were not already present, they could usually be evoked by distending the

reticular balloon with 200-600 ml of air.

The left cervical vagus was exposed by inoising the 3kin for 15 cm along

the line of the jugular groove and excising the left sternocephalie muscle.

The edges of the skin wound were sutured to a horizontal ring of solder to form

a pool for liquid paraffin B.P. A silver earth electrode was embedded and

sutured In the longus colli muscle. About 1.5 cm of vagus was freed from

underlying connective tissue and a rigidly held black perspex dissecting plate

was placed under this region, ilhen required, Ag/AgCl stimulating electrodes

or the thermode were inserted beneath the nerve on either side of the plate.

When
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.then the surfaces of the reticulum and rurien were manipulated in order to

locate the sites of receptors, the hand was inserted usually through a large

fistula made through the sublumbar triangle into the dorsal sac but occasionally

into the reticulum directly (see below), frequently, ribs 7-9 and the left

lung were removed for a variety of reasons, e,g#,

(a) the removal of the left lung largely eliminated afferent pulmonary

discharges, whose presence made the recognition of gastric afferent

discharges rauoh more difficult,

(b) the dorsal branch of the left thoracic vagus and the dorsal and ventral

thoracic vagal trunks were accessible for the application of stimulating

electrodes or thermodes and

(c) by incising the diaphragm, the left (lateral) wall of the reticulum

could be observed directly or could be opened to allow direct access

to the reticular surface for the purpose of locating raechanoreceptors.

In three experiments the greater splanchnic nerves were cut at the level,

of the diaphragm and both adrenal glands were removed,

anaesthesia and gastric contractions were maintained for up to 19 hr.

Merve recording and stimulating techniques

Extracellular recordings were made from fine nerve strands dissected from

the left cervical vagus and placed across a pair of fine Ag/AgCl wire

recording electrodes carried on a micromanipulator, as described by Iggo &

Vogt (196'y') for recording from preganglionic cervical sympathetic fibres,

The dissecting instruments consisted of fine watchmaker's forceps, a beading

needle held in a pinchuck and a piece of razor blade sharpened to a point on

.rkansas/
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nrkans&3 stone and also held in a pinchuck, iith the aid of a iieiss
sheath

raicrosoope, the nerve/was incised for about 1 ca of its length to expo

underlying fasciculi. The sheath of one fasciculus was opened as above and

then a fine strand was parred away from its parent fasciculus by cutting

centrally in the case of afferent fibres and diotally in the case of efferent

fibres, The strand was subdivided on the dissecting plate using either forceps

alone or combined with the beading needle (Fig* Ml), The vagus and the fine

strand dissected from it were at all times immersed in a pool of warm liquid

paraffin. The action potentials (,spikes*) were pro-amplified 10G0X. by a

Tektronic (Type 122) low-level pre-amplifier, set with a high-frequency

response of 1 KG and a low-frequency response of 80 o/'sec, and further

amplified by and displayed on either a Tektronic 502 dual beam oscilloscope

or in later experiments a Tektronic 5^5 dual beam oscilloscope, With the

spots stationary on the X. axis, movements along the Y axis were recorded

photographically on moving bromide paper using a Gossar camera mounted in front

of the oscilloscope screen. The amplified 3pikes were also fed into an

audio-amplifier and loudspeaker and, when desired, into a Thermionic Products

8 channel tape recorder and into a frequency meter connected to one channel

of a Devices 8 channel pen recorder,

Electrical stimulation was made through ag/AgCl electrodes connected

via a stimulus isolation unit to a Grass 34 stimulator, tfhen intermittent

trains of stimuli were required a second stimulator was connected to the first

to act as a modulator#

icec rding forestoa&ch movements/
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Recording forestomaeh movements

Movements of the various compartments of the reticulo-ruaen were recorded

manometrically using air filled balloons (Pig. M 2). Both a narrow polythene

tube, with a tap through which air could be introduced or removed rapidly by

means of a 200 ml hypodermic syringe, and a wide polythene tube were passed

through the neck of the 1 litre balloon in the reticulum. The wide tube

had a side-arm which branched and wa3 connected to a ttarey tambour writing

on a smoked kymograph paper and to either a C.ii.C. or a Statham (P23) strain-

gauge manometer or, in the early experiments, a glass diaphragm which activated

the grid pin of a R.C.A. 5734 valve. The other end of the wide tube was

connected to the top of a 10 litre aspirator flask and the latter was joined

to a similar flask by a very short length of wide tubing between the openings

near their bases. The top of the second flask was connected to a 600 ml

float recorder, which recorded the volume changes, or to a Greer micro-

manometer, which recorded the very low pressure changes in the aspirator

bottle caused by an (imperfectly isotonicJ reticular contraction. The

flasks were half-filled with water, so that a head of pressure could be

established in the reticular balloon and, due to the siae of the tubing and

the flasks, this pressure changed by not more than 2 mm Hg during the course of

a reticular contraction. The recording conditions were, therefore, approx¬

imately isotonic, since the contraction resulted in a change in the volume

but not in the pressure of the reticular contents. »Vhen the wide tube was

clamped between the first aspirator flask and the side-arm leading to the

Marey tambour and the transducers, isometric recording conditions were

obtained/



M 6

obtained, since the reticular contraction then resulted in a rise in pressure

without a reduction in the volume of the contents. The small balloons in

the dorsal and ventral ruminal sacs were connected by polythene tubing to G.ti.C.

strain-gauge manometers, Each manometer was connected to a separate channel

on the Devices pen recorder and one or two were also connected to the

oscilloscope, so that pressure changes were displayed simultaneously with the

spike discharge. The pre-aaplifier outputs from the Devices pen recorder

were tapped and recorded on magnetic tape along with the spike discharge

described above. A Venner Electronics Frequency Source (t.S.A. 602/a)

was used as a time base for recordings made on bromide paper and magnetic

tape.

pH recording

An E.I.L. Vibret pH meter and glass electrode were used to measure the

pH of abomasal and ruminal contents in vitro and, by inserting the glass

electrode through a cannula, ruminal contents in vivo. A continuous record

of pH was made on a channel of the pen recorder in a few experiments.

Merve cooling

Nerve transmission could be reversibly blocked by applying a thermode to

a length of the nerve. The thermode consisted of (a) a curved metallic

shield with a groove, the shield being placed under the nerve so that the

nerve lay in the pyoove, and (b) a drum which fitted into the shield and

through which fluid was cooled and rapidly circulated by means of a Colora

(KT 1GK.) low temperature bath with a built-in pump. For total block of

nerve/



nerve transmissiont the fluid circulating to the thermode was usually oooled

to less than 4®C«

Drugs

Drugs were administered intravenously through the oannula inserted into

the left lateral tarsal vein# She doses and manufacturers of the drugs are

given in the relevant .Sections (D and F)#



. M1. The dissection of 'single fibres' from the left cervical vagus in

sheep.

A shows the vagus lying on top of a black perspex dissecting plate.

The nerve sheath has been slit longitudinally to expose the underlying

fasciculi. The exposed tissues are immersed in a pool of warm liquid

paraffin,

B shows a multifibre strand which has been dissected from one of the

fasciculi after slitting its sheath. The strand is laid on the dissect-

sing plate, where it is subdivided. The dissecting instruments shown are

(a) fine watchmakers forceps, (b) a scalpel made from a piece of rasor-

sblade, held in a pinchuck and (c) a beading needle held in a pinchuck.



 



. M2. The experimental design used in the first experiments.

♦Single fibres' were isolated from the cervical region of the left

vagus and their nervous activity was recorded extracellularly with a pair

of Ag/AgCl electrodes, amplified and displayed on an oscilloscope. A

stimulator and electrodes were available for conduction velocity measure-

zments, etc., (see Sections A, B and E),
A large balloon was inserted into the reticulum and reticular con¬

structions were recorded either isoiaetrically (i.e. when the clamp was

closed) or isotonically (i.e. when the clamp was removed). Air could be

suddenly introduced or removed by means of the large syringe. Rumen

movements were recorded with small balloons inserted into the dorsal and

ventral sacs.

Not shown are (a) the closed ♦circle type' anaesthetic circuit

incorporating a Beaumont anaesthetic machine, a respiration pump and a

McG-ill intratracheal tube, (b) the cannula in the tarsal vein, (c) the

thermode with it3 refrigerator and pump and (d) the glass electrode and

pH meter.

Later modifications were the replacement of the kymograph with a 6

or 8 channel 'hot wire* pen-recorder, the Marey tambours with strain gauge

transducers and the single connection to the reticular balloon with three

separate connections, i.e. for the isometric system, the isotonic system

and the syringe connection. Signals from both the pen-recorder and the

oscilloscope could be transferred to and stored on 7 channel magnetic tape.
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SECTION A

(testric movements in anaesthetised sheer.;

IM'itO-DUCT ION

One of the main problems in the study of gastric motility in sheep is

that the reticulo-rurainal movements are abolished by aany anaesthetic agents

(Iggo» 1956). The movements may be present in decerebrate preparations of

sheep (Iggo, 1951? Titchen, 1953) but they aro not always present and cannot

always be evoked. when present, they may be different in form and frequency

from those in the intact animal and may persist for a relatively short time.

These features of decerebrate preparations make them unsuitable for the kind

of work to be described in this thesis, in which it is necessary to obtain

regularly recurring contractions of more or less normal shape and size,

particularly since reflex modification of these movements is also studied. A

further disadvantage of decerebrate preparations is that they may exhibit

reflex somatic movements, elicited by cutaneous and other stimulation arising

from the experimental manipulations. These movements interfere both

electrically and mechanically with single unit recording and so an attempt

was made to find a preparation with recurrent reticulo-rurainal movements as

near as possible.to those occurring in the conscious animal.

This section with only slight modification has already been published

(Iggo & Leek, 1967a).

H&1ULTS

Brunaud & Lussardier (1951) described active gastric movements in sheep

anaesthetised with chloralose and a modification of this method was tried.

Particular/
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Particular difficulty was found in maintaining an optimum anaesthetic level

and because of the long interval between the injection of chloralose and its

einfective action, estimation of maintenance doses was not easy, Eight sheep

were prepared in this way, Two of these had been fed out-of-doors on

turnips until two days before use; in one no gastric movements were evoked,

and in the other they persisted for only 6 hours, The remaining 6 all

produced gastric contractions which were intermittent, because of the variations

in anaesthetic level.

During the preparation of sheep for decerebration, hftlothane was used

to induce anaesthesia and it was discovered that gastric movements were

often present or could easily be elicited in sheep maintained under a

halothane/oxygen mixture. The use of this anaesthetic offers several

advantages over both decerebrate and chloralose-anaesthetized preparations.

These are (a) the absence of swallowing and reflex limb movements, (b) the

persistence of gastric movements for very long periods, as long as 19 hours

and (c) the ease of rapidly adjusting the anaesthetic level while retaining

the ability to maintain a fairly constant level of anaesthesia for a long

time, k respiration pump was incorporated into the anaesthetic circuit,

since this permitted the anaesthetic level to be kept more constant and

caused gastric movements to be larger than those present during spontaneous

breathing.

The halothane/oxygen method of anaesthetizing sheep was used in 39

animals included in the present study. In 16 of these animals gastric

movements were present for longer than 12 hours and in some they were still

present/
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present after 19 hours. Twenty-three animals produced gastric contractions

that persisted for less than 12 hours but these included 6 animals with

extensive surgery and 6 which were starved for 24 hours prior to the

experiment. Only 2 failed to produce any gastric movetjats and these included

1 v/hleh was only 5 months old.

Gastric movements were present in only 8 of the sheep after induction

of anaesthesia at the start of an experiment, but in a further $6 animals

it was possible to elicit them reflexly, A simple and effective way to do

this was to inflate the reticular balloon with 400-600 ml air, causing an

intraluminal pressure of about 10 mm Hg. These conditions were adopted

as the 'standard* procedure and the comparisons of single unit activity made

later are based, as far as possible, on recordings under these conditions.

Other procedures that were known to evoke reticular contractions in decerebrate

sheep were also tried. Electrical stimulation of the central end of a cut

cervical vagus or of an intact cervical vagus or acidification of abomasal

contents were ineffective in sheep in which reticular contractions could not

be evoked by reticular distension. These procedures did elicit reticular

contractions for a short time from some of those animals in which, either

previously or subsequently, reticular contractions were produced by retioular

distension. The addition of 50 ml of 0.2 N hydrochloric acid to the abomasum

sometimes produced a temporary enhancement of the amplitude or frequency of

reticular contractions that had been evoked by reticular distension. Gastric

contractions were reduced in amplitude or frequency when the aboaasua or

the runen became markedly distended, for example, when the ruminal pressures

exceeded/
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exceeded 20 mm Hg. During the early stages of an experiment, bacterial

fermentation in the rumen caused the rapid accumulation of gas and resulted

in high intraluminal pressures. If reticular contractions were absent in

these conditiona,they re-appeared 1-4 minutes after the gas was released by

inserting a large bore needle through the flank of the animal into the

rumen. An optimal intrarurainal pressure appeared to be necessary, since the

reticular contractions did not re-appear if too much gas was removed.

The movements of the different parts of the stomach were affected to

varying degrees by anaesthesia. The pressure changes associated with

reticular contractions were approximately the same as those recorded in

conscious animals, as regards their frequenoy, wave-form, duration and amplitude

(Pig. A 1 & B 9)« The typical isometric reticular contraction was biphasic.

Initially the pressure rose sharply at a rate of 4 ram/sec for 1.5-2.0 sec

to reach a low first peak of 6 mm Hg. During the next 1.5 sec there was

usually a slight drop in pressure (4 ®a Hg) but there might be no fall or

even a slight rise at this time. Then followed anjeven sharper rise in

pressure at the rate of 4»5 ma/sec lasting 1.5-2.0 sec, so that a high

second peak of pressure was reached, 15 mm Hg above the resting pressure.

After this the pressure fell quickly at first, at the rate of 4 am/sec

for 2-3 sec to reach 4-7 ma Hg, and then followed a slow terminal fall back

to the resting pressure during the next 4-6 sec. «hen large ruminal con¬

tractions were present, this terminal phase usually had superimposed upon

it a slight rise and fall of pressure coincident with the dorsal sac con¬

tractions.

The/
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The reticular pressure changes were compared, on a few occasions, with

movements of the (left) lateral wall of the reticulum, that had been exposed

by resecting ribs 9-11» removing the left lung and incising the diaphragm.

The reticular movement was seen to start as a weak contraotion involving

simultaneously all parts of the lateral wall of the reticulum. Thai

followed, in sequence, a slight incomplete relaxation, a sharp strong

contraction and a complete relaxation which was rapid at first but terminated

slowly. There were no signs of waves of contraction or of regions which

were inactive for a part, or whole, of the sequence, as was suggested by

some of the earliest investigators (Wester, 1926} hchalk & Amadon, 1928),

Ruainal contractions in the anaesthetized animals were usually much

weaker than in the conscious animal, especially in the more caudal and ventral

parts of the rumen. The largest recorded dorsal ruminal sao contractions

lasted 10-12 sec and reached a peak pressure of 10 ma Hg about 4 sec after

the second peak of the reticular contraction. Dorsal sac contractions were

more often absent or weak. They were largest when the level of anaesthesia

was light or when the reticular distension was large (600-1000 ml). In

the present experiments the retioular balloon scarcely projected over or

stretched the reticulo-ruainal fold. Contractions of the caudo-dorsal

blind sac and the ventral ruainal sac, were sometimes present, though

always of very low amplitude. The position of the sheep affects the

ruminal movements, e.g., secondary cycles of contraction were found to be

absent when the animal was on its side,

Retioulo-ruminal contractions were most often present or most easily

evoked/
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evoked when there was only a short interval between the induction of

anaesthesia and the insertion of the reticular balloon, and its inflation.

For this reason the reticular balloon was always put in place as soon as

possible after anaesthetizing the sheep and before completion of the other

surgical procedures that were required for the electrical recording. The

reticular movements were always reduced in amplitude find rate by even

relatively minor surgical procedures, e.g., incising the skin, and they were

completely abolished for 5-10 minutes by more extensive surgery, e.g.,

exposure of the cervical vagus, although they regained their former amplitude

and rate over the course of a further 5-10 rain. This effect was seen during

surgery at any site on the body, either superficial or deep, mid also, when

exposed viscera and the edges of unsutured wounds were manipulated. The

effect appeared to be independent of anaesthetic level and was also present

in adrenalectomised animals in which both major splanchnic nerves had been

cut. Blood loss during surgery was quite small and was unlikely to have

contributed to the effect.

For comparison with the gastric movements elicited reflexly by distending

the reticulum, a brief study was made of movements evoked directly, by

stimulating electrically the peripheral end of a cut cervical vagus at

intensities that were sufficient to cause maximal reticular contr ctions

when continued for 5 sec at 20/sec, Using a train of stimuli at this rate,

which is the average peak frequency of di charge recorded from the Type I

units described later, a stimulation period of approximately 1 sec was

necessary to produce a reticular contraction similar in amplitude to those

occurring/
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occurring spontaneously under the standard conditions described on p. A 3.

The reticular contraction was monophasic, began 0.7 to 1.0 sec after the

start of stimulation and reached a maximum amplitude if the stimulus was

continued for 5 sec. For submaximal contractions the phase of contraction

lasted for as long as the period of stimulation (Fig. A 2). The interval

between the middle of a 1 sec train of stimuli and the peak of the reticular

contraction was about 1.3 sec (1.2 to 1.5 sec). This interval is slightly

shorter than the average interval (1.8 sec) between the peak of the impulse

discharge in Type I units (described later) and the second peak of the

associated reticular contraction. Electrical stimulation at frequencies of

less than 20/sec caused the rate of pressure rise in the reticulum to be slower.

Electrical stimulation of a vagus produced similar effects in the rumen, except

that the latency in the mid-dorsal sac was 0.8 sec longer than the reticular

latency.

DISCUSSION

One of the principal difficulties encountered in analysing the reflex

basis of reticulo-ruiainal motility has been that of maintaining gastric

movements in suitable experimental conditions. In the present experiments

halothane anaesthesia has allowed the movements to be investigated in the

anaesthetized animal for up to 19 hours. This nas avoided the use of

decerebrate preparations, in which gastric movements are often difficult to

evoke and maintain for long periods (Iggo, 195^! Tltohen, 1959)# It was also

more convenient and reliable than the chloralose anaesthesia method used by

drunaud & Bussardier (1951) and also in the first 8 of the present experiments.

A/
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A number of other conditions were also found to result in more reliable

preparations. Gastric movements were most easily elicited and maintained in

anaesthetized sheep which had not been starved before the beginning of the

experiment, or which had not recently had a change of diet. This usually

leads to a reduction in appetite for a few days. Active ruminal fermentation

prior to an experiment seems, therefore, to be associated with more lively

reflex preparations.

Retieulo-ruminal movements evoked under halothane anaesthesia showed

some differences from those recorded in the conscious animal. Reticular

movements were similar so far as the frequency, form, duration and amplitude

of the biphasic contr ctions were concerned and it is concluded that the

observations made on reticular function during these experiments would also

hold for conscious animals, This was not so for the rumen, because, although

the dorsal sac contractions had a similar form and duration in conscious and

anaesthetized animals,they were of smaller amplitude in the latter. Ventral

sac contractions were either very small or absent under anaesthesia. it is

likely that the reduction in ruminal motility was due to reflex and central

factors rather than to a transmission block in the motor pathway, even

though halothane in high concentration blocks peripheral nervous transmission

and ruminal movements are known to be more susceptible than reticular

movements to the action of ganglion blocking agents (Brunaud & Mavarro,

(1954)• This conclusion is based on a comparison of our results with those

of Dussardier (i960), who used the cross-sutured nerve technique in conscious

animals, and recorded many more units with a ruminal or late discharge

(equivalent to the ffype IV units described in ;>ection G) than with a reticular

or early discharge (equivalent to the units of Types l-III). Dussardier's

ruainal/
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ruminal unite also had many more spikes per discharge and higher peak frequencies.

Further experiments are required, in order to determine the extent to which

halothane was depressing the reflex centres for ruminal motility and the

extent to which the experimental conditions diminished reflex excitatory-

effects and introduced or enhanced reflex inhibitory actions. It is likely

that halothane had a stronger central depressant action on the 'ruminal

centres' than on the 'reticular centres* because lightening the anaesthetic

level alone often led to the appearance or increase in amplitude of ruminal

movements without a change in those of the reticulum, i.e. in conditions in

which there is unlikely to be any modification of gastric afferent input.

In the present experiments the reticular balloon scarcely projected through

the reticular ruminal orifice and hence did not stretch the reticulo-ruminal

fold appreciably. The 3heep were, therefore, deprived of a stimulus which

Titchen (19bo) found to be very effective in evoking reflex ruminal contractions

in decerebrate sheep. Other peripheral factors might include the abnormal

position of lateral recumbency, a posture wnich is known to influence rumen

movements (Balch, 1952; field & Titchen, 1965) and also physico-chemical

changes in the rumen contents resulting from ruminal stasis and the lack of an

inflow of saliva.

In some experiments reticular movements were present before the reticular

balloon was inflated but usually it was necessary to add 300-600 ml air to

evoke reticular contractions which were comparable in rate, form, duration

and amplitude to those in the unanaesthetized sheep. The results obtained

from studies of gastric afferent units might be significant in this connection.

Reticuljir distension of about 400 ml w s required to change the discharge

pattern/
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pattern in a ga :tric tension receptor during the inactive phase of the gastric

cycle from one of irregular bursts of activity to one in which the discharge

was continuous and regular (Iggo, 1955)* Results described in dection B

confirm that mechanoreceptors in the reticulum and cranial sac (dorsal rumen;

produce either no discharge or an intermittent discharge during the inactive

part of the gastric cycle when the reticulum contains less than about 400 ml

air, whereas these receptors tend to produce an uninterrupted resting discharge

at greater volumes of distension.

The suppression of retioulo-ruminal movements which occurred (even at

the deepest planes of anaesthesia;, when surgery was performed or contact

made with exposed tissues, was most striking and was evident within a few

seconds of applying noxious stimuli. The full effect took about 30 sec to

develop. This suppression was present even in sheep which had been

adrenalectomised and had had thetr splanchnic nerves cut, although in these

animals the effect seemed to persist for a shorter time. Titchen (1958»

i960), using decerebrate sheep, had observed similar reflex suppression of

reticular contractions through manipulation of the viscera (particularly

the pylorus) and distension of the abomasua. He concluded that the splanchnic

nerves were providing an afferent pathway for these effects, except for the

ones from the pylorus. In the present experiments the suppression took

the form of an absence or suppression of a discharge in the efferent fibres,

so that the inhibition was a central phenomenon, The inhibitory mechanisms

require further study.

Although reticulo-rurainal movements in the halothane-anaesthetized sheep

are,/
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are, to a slight extent, subnormal, the preparation has several aeritsi

(a) by standardising the experimental conditions, it becomes possible to

compare units recorded from a large number of animals, (b) recordings are

made directly from efferent gastric fibres and the afferent and efferent

pathways in both vagi remain intact, apart from the fascicule from which the

fibres have been dissected, (c) the anaesthetized sheep, unlike decerebrate

animals, are free from reflex limb and neck movements which can seriously

interfere with single unit recordings, and the gastric movements persist

for much longer.
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Fig.AI. Movements of the reticulo-rumen in (a) a standing conscious sheep fitted
with a rumen cannula and (b) a halothane-anaesthetized sheep lying on its right
side. The records were made under identical conditions with air-filled balloons con¬

nected by polythene tubing to strain-gauge manometers. The first phase of the
reticular contraction is small and followed by a relaxation in the conscious animal
but large, with only a slight relaxation in b. The 'primary' ruminal contractions are
smaller in the anaesthetized animal. 'Secondary' ruminal cycles (s) are present in
the conscious sheep but absent from b. Certain pressure changes (t) in the rumen
are passively transmitted from the dorsal to the ventral sac and vice versa.
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Fig. A2. Contractions of the reticulum (upper trace) and dorsal sac of the rumen

(.middle trace) caused by electrical stimulation at maximal intensity (lower trace) of
efferent fibres in the intact left cervical vagus in a halothane-anaesthetized sheep.
Maximal contractions were obtained only when the stimulus lasted for at least
5 sec. Submaximal contractions are illustrated and in all of them the phase of
contraction has approximately the same duration as the period of stimulation but
starts after a latency of 0-7 sec. The contractions are superimposed upon pressure
fluctuations due to respiratory movements. The stimulus artifacts in a are larger
than in b and c because of a change in recording conditions.

Trains of stimuli (30 V) at a frequency of 20/sec were given at intervals of 1 min
for durations of 1 sec (a), 2 sec, (b) and 4 sec (c).
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'.The afferent discharges arising from raechanoreceptors in the reticulo-rumen

INTROAUCTIOM

Forestoaaoh movements and the production of saliva are reflexly modified

and the processes involved in eruct; tion and rumination are reflexly triggered

by applying stimuli to the surface of the reticulo-ruaen (p. I 39 et seq)>

..part from the reflex effects produced by altering the pH of the rumen contents

described by Ash (1959)• most effects have been induced by mechanical stimuli,

e,g,, in decerebrate sheep, it appears that some degree of reticular distension,

either alone (Iggo, 1951} 1955) or combined with stretching of the reticulo-

ruainal fold (Titchen, 1958)» is necessary to provide the 'gastric centres' with

a tonic afferent drive.

Investigations of sensory mechanisms which depend on observing a reflex

effect after applying a test stimulus usually suffer from three important

drawbacks:

(a) the stimulus is ill-defined e.g., 'stroking', 'scratching', 'stretch',

•distension', i3Sy 'stretch' and 'distension', is it meant that a

region is being lengthened, tensed in a tangential direction (in

accordance with the concepts of 'surface tension' physics) or

compressed between the inner and outer walls of the viscus?

(b) the receptive area is often vaguely located

(c) it is usually technically difficult and undesirable to stimulate and

record activity from the same region, since the recording device may

interfere/
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interfere with the application of the stimulus or may itself provide

an additional stimulus.

These problems have been overcome by Iggo (1954, 1956) using a 'single

fibre technique* for recording afferent gastric vagal unitary discharges in

decerebrate sheep# Unfortunately, only a few units were isolated and, in

most of his sheep, gastric movements were not occurring spontaneously but

were induced by tetanic stimulation of the central end of a cut cervical nerve.

In the present experiments the same 'single afferent fibre technique*

has been used to investigate the locations, types and physiological properties

of mechano-receptors in the reticulo-rumen. This technique for examining the

sensory input to the *gastric centres' is complementary to those methods in

which reflex effects are studied, since the 'single fibre technique' per se

provides no indication of the reflex consequences of the afferent discharges

which are recorded, illthough Titchen (1958) has snowed, in decerebrate

sheep, that very low abomasal acidity provides an important tonic excitatory

drive to the 'gastric centres', aoid receptors in the abomasuin have not

been examined in the present experiments. There appear to be no a priori

reasons why abomasal acid receptors should differ substantially from those

described for the cat's stomach (Iggo, 1956).

Brief reports of this work have been published (Leek, I966, 1967)#

RESULT.!

Sixty-six afferent units were isolated from 15 sheep. In 41 units the

activity was recorded under conditions when (spontaneous) reticulo-ruminal

movements/
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movements were present. The sites of the receptors were located fox' 13 of

the 41 units and the conduction velocities were measured for 4 of the units.

The afferent activity in a further 25 units was examined in sheep with no

spontaneous reticulo-ruminal movements, principally to determine the location

of their receptors, the conduction velocity of the afferent fibres and, for 11

units, the thoracic vagal branch in which the fibres were to be found. Due

to the inhibitory effect upon gastric movements (discussed on p. A 10)

caused by surgical procedures and the manipulation of wound edges and viscera,

the manoeuvres necessary for locating receptors often resulted in the abolition

of spontaneous movements.

The location of receiptors

The locations of the forestomach aechanoreceptors responsible for the

disc targe in 38 single afferent units, were determined by manual exploration

of the mucosal surface of the reticulo-rumen. Access to the interior of the

reticulo-rumen was gained through fistulae made either in the dorsal ruminal

sac, using a sub-lumbar approach, or in the reticulum, using a transthoracic

approach (p. M 3)« It was usually necessary to remove some of the rumen

contents and to partially or completely deflate the reticular halloon, if

present. Using fingers or a glass rod, the mucosal surface of the forestoraach

was stimulated mechanically by gentle stroking, pinching, pressing with one

finger, pulling on strips of mucosa and stretching the wall by opening two

fingers applied to adjacent areas of the wall. In this way the location of

mechanoreceptor sites and their distribution were found (Table B 1) and the

afferent discharges elicited by manipulation are illustrated in Fig. B 2 (A & B).

The/
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The majority of receptors (15 units) were found in the walls of the

reticulum, predominantly in the medial wall adjacent to the lips of the

reticular groove, Few receptor sites were found in the caudal wall and even

less in the cranial wall. Ho receptors were located to the lateral (left)

wall of the reticulum in these experiments. In only one of the 41 units was

it possible to elicit an afferent discharge when the mucosa was gently stroked.

The receptive field of this unit was located in the cranial wall of the reticulum:

stretching the wall also caused a short burst of afferent impulses but a sustained

discharge could not be produced. In the remaining 14 reticular units there

was no response to pinching or gentle pressing. Harder pressing, pulling

on the mucosa or stretching (in the manner described above) caused a sustained

discharge. The frequency of the discharge increased a3 the stretch increased.

It was established that the receptive field for one of the units was in the

cranial wall of the reticulum, which had been exposed by the transthoracic

approach, While recording the afferent discharge in this unit, the receptive

area was compressed between the finger (on the mucosal surface) and the thumb

(on the peritoneal surface). Ho discharge was evoked by transmural com¬

pression, although a discharge was readily elicited by tangential stretch of

the same region. Similarly, with 600-1,000 ml air in the reticular balloon,

it was not possible to evoke afferent discharges (in any of the several units

tested) by exploring the peritoneal surface of the reticulum manually and

pressing on the outer side of receptor area.

Six units had receptive fields in or near the reticular groove, one of

these was situated very close to the ca diac sphincter, another in the floor

of/
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of the omasal canal, about 1 cm distal to the retieulo-omasal orifice, and

two others in the floor of the reticular groove. All of these units gave a

high frequency sustained discharge when the site was pressed upon with a

finger. The remaining two units had receptive fields located in the cranial

and caudal lips of the reticular groove respectively. An afferent discharge

appeared in these two units when the lips were stretched, and more particularly

when they were pressed and pinched. By their response to pressing and

pinching, the receptors in the lips of the reticular groove clearly differed

from those in the reticulum.

Four units with receptors situated in the reticulo-ruminal fold were

isolated. A high frequenoy (up to 100 spikes/sec), sustained, regular

afferent discharge was produced by stretching the fold, the frequenoy being

directly related to the degree of stretch. The discharge in these units was

not evoked by lightly pressing or stroking the fold, nor by compressing the

fold between the finger and thumb. When a forceful stretch was maintained

for several seconds, it often caused a local contraction of the fold, which

could be readily i'elt beneath the fingers and which gave rise to a short burst

of afferent activity with an even higher discharge frequency than that which

could be evoked by stretch alone.

Thirteen units had receptors in the rumen and 9 of these were in the

cranial sac (dorsal rumen). Seven of the ^ cranial sac uniis had receptors

located in the medial wall, one in the ventral wall and one in the dorsal
*

wall. Stretching, but not pinching or stroking, stimulated the receptors and

caused a sustained discharge in the afferent unit. Usually the discharge was

not/
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not regular, however, because the stretch stimulus induced local contractions

of the muscle in the area being stretched. As in the case of the reticulo-

ruminal fold described above, these contractions were easily detected by the

fingers and caused an extra burst of afferent impulses, after a series of

these local contractions ('ripples') the afferent discharge sometimes diminished

or ceased even though the stretch was maintained. During the preliminary

exploration of the mucosal surface and before the actual recepti/e field was

located and stretched, the resting discharge often increased in frequency,

moreover, after a series of applied 'stretches', the resting discharge often

took the form of frequent bursts of activity, each of which was associated with

a local contraction of that region, Once this pattern of resting discharge

became established it usually lasted for at least 5-10 minutes (Pig, B 2),

Only four single units were isolated from other parts of the rumen

(Table B 1). In two experiments a deliberate attempt was made to isolate

only ruminal afferent units and, during the process, afferent activity in

multiunit strands was frequently detected, when stretch was applied to the

reticulum, reticular groove and cranial sac regions, whereas afferent activity

arising from receptors in other parts of the rumen was observed very

infrequently, Stretch was the effective stimulus for the 4 units which were

eventually isolated. As for the cranial sac and the reticulo-ruainal fold,

stretch evoked local contractions, * hieh could be felt and, which enhanoed the

afferent discharge. In the case of the unit with receptors in the cranial

wall of the ventral sac, the discharge during stretch was not sustained but

fluctuated/
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fluctuated in time with these local contractions.

i'he paths and conduction velocities of gastric afferent fibres

For 23 of the 34 units whose receptor sites had been located, the

conduction velocities were measured by the techniques of Paintal (1953* 1933)

and Iggo (1959)• Stimulating electrodes were placed either on the left

cervical vagus (peripheral to the recording electrodes;, on the left thoracic

dorsal vagal branch or on the ventral thoracic trunk. By stiiaulating the

last two nerves, it was possible to decide whether a particular unit had its

pathway in the dorsal or ventral fcagal trunk. lixeision of the left lung,

besides largely abolishing respiratory afferent activity in the left vagus,

facilitated access to the thoracic vagal branches, which were kept moi3t

under a pool of warm liquid paraffin. If the nerve strand on the recording

electrodes contained more than one live fibre, electrical stimulation evoked

a compound action potential. The recognition of the contribution to the
I

compound action potential by the gastric unit, whose conduction velocity was

being determined, was based on the demonstration of a refactory period in the

gastric unit. With the stimulating electrodes close to the recording electrodes

on the cervical vagus, the 'natural* spike was made to trigger the stimulator

after an appropriate delay. When the delay was less than the absolute

refractory period, tae evoked compound action potential was devoid of the

spike component attributable to the gastric unit. Alternatively, the nerve

could be stimulated repetitively and on occasions the gastric unit component

would be absent from the evoked compound action potential, because, on these

occasions, electrical stimulation would have occurred during the refractory

period/
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period resulting from the natural spike. The latter method alone was used to

identify gastric unit3 when thoracic vagal branches were stimulated.

ihe path taken by 8 of the afferent fibres was determined during the

course of those conduction velocity measurements which involved stimulation

of thoracic branches of the left vagus. The path of one other unit was

determined by blocking nervous transmission in turn in the left dorsal and

the left ventral thoracic branches by cooling,using the thermode described on

p. M 6. This last unit had a receptive field on the medial wall of the

reticulum about 2 cm caudal to and level with the reticulo-omasal orifice and

the afferent discharge was abolished by cooling the left dorsal thoracic

vagal branch. By the method of electrical stimulation, the dorsal vagal

trunk was found to provide a path for afferent fibres with receptors in the

medial wall of the reticulum (1 unit), the caudal (ri$it) lip of the reticular

groove (1 unit), the lateral region of the reticulo-rurainal fold (1 unit),

the floor of the omasal canal (1 unit) and the medial wall of the cranial

sac of the dorsal rumen (2 units). The ventral vagal trunk contained

afferent fibres innervating the medial wall of the reticulum (1 unit) and

the medial aspect of the reticulo-ruminal fold (1 unit).

The mean value for conduction velocity in gastric vagal afferent fibres

is 12.4 m/see * 1.0 a/sec (standard error of mean) and the distribution of

the conduction velocities is shown in Fig. B 1. The individual values for

conduction velocity are given in relation to the receptor sites in Table B 1.

These values have been arbitrarily divided into two groups according to whether

the unit is known or is likely to have a pathway either in the dorsal or in the

ventral/
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ventral vagal trunk, on the basis of the nerve distribution given by Habel

(1956). In the case of units in which the path was not determined experimentally,

it was presumed that units had a pathway in either the ventral vagal trunk, if

the receptors were located in the cranial and cranio-raedial wall of the

reticulum, the cranial lip and floor of tie reticular groove and the floor of

the omasum, or in the dorsal vagal trunk, if the receptors were located in the

cardia, caudal lip of the groove, caudal and caudo-medial wall of the reticulum

the reticulo-ruminal fold, cranial sac and other parts of the rumen (Fig. B 1),

On this basis, the mean conduction velocity for gastric afferent fibres with

pathways in the ventral vagal trunk is 6.6 m/sec - 0.5 m/sec (standard error

of mean) and in the dorsal vagal trunk is 14.5 m/sec - 1.0 ra/sec. These

values are statistically significant at the 0,1^ level (P = less than 0.001).

The nervous discharge in single gastric afferent units

The nervous discharge will be described as it occurs firstly during the

quiescent part of the 'primary cycle' and secondly during the contraction or

active phase of the cycle, recorded under isometric conditions.

Forty-one units were examined with reticulo-ruminal movements present

(Table B 2) and only 4 of these had no discharge during the quiescent phase

of the cycle. The remaining 57 units had one of the following 'resting'

discharges patterns1

(a) An occasional spike, e.g., 1 spike every 11 sec, or a 'doublet* of

spikes e.g., 1 'doublet* every 7 sec (Fig. B 3a).

(b) Rhythmic bursts of spikes lasting 1-2 sec, recurriag every 4 sec and

related to inspiration (positive pressure ventilation). When the

left lung was removed, as was the case in most experiments, the intra-

reticular/
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reticular pressure was scarcely affected by respiratory excursions and

this type of resting afferent discharge was not seen. «>hen both lungs

were present, the resting discharge frequently had a respiratory rhythm

superimposed on it.

(c) Intermittent bursts of spikes with a non-respiratory rhythra, The

bursts lasted 2-5 sec and recurred every 4-10 sec (Fig. B 5 BAG).

(d) A sustained discharge with frequencies ranging from 1/sec to 28/sec

(Fig. B 3 D4E).

A particular afferent unit often possessed either one or more of the types

of resting discharge outlined above dep nding principally on the recording

conditions. In general there was a gradation from either no discharge or an

occasional spike to an intermittent discharge and then to a sustained, regular

discharge as the reticular balloon was progressively distended (Fig. B 3)»

In some units it was possible to relate the intermittent bursts which had a

non-respiratory rhythm to local contractions, which were felt as 'ripples*

during manual exploration. If the reticular balloon was suddenly emptied,

the resting discharge was usually abolished for 1-10 minutes and thereafter

re-appeared but at a much lower frequency. A resting discharge was still

present in many of the units examined either when there were no reticulo-

ruminal movements or after the contents of the reticulum and rumen had been

more or less removed. This discharge took the form of a low frequency

steady discharge or of infrequent bursts of activity, the latter being

particularly prevalent in units innervating the cranial sac of the dorsal rumen.

The pattern of the afferent discharges associated with the actibe phase



B 11

of the primary cycles may be divided into two groups. The first group

(Table B 3) contains 27 units (henceforth termed Type A units) whose discharge

either starts or increases above the resting level 3-5 sec prior to the seccn d

peak of the reticular contraction, reaches its maximum discharge frequency at

about the same time as this second peak and ceases 1-2 sec afterwards. Between

the start and the maximum of the discharge, there is often a raised level of

activity corresponding to. the first phase of the reticular contraction, when

this is clearly present (Fig. B 8b), The receptive fields of 8 Type a units

(Fig, B 5) were localised to sites in or near the reticulum, namely, the

medial wall of reticulum (3 units), the caudal wall of reticulum (2 units)

and the reticular groove (3 units:- one in each lip and one in the floor).

The second group comprised of 10 units (henceforth termed Type B units;

in which the afferent discharge consisted of a submaximal burst of spikes

(occasionally absent) at the time of the £second, peak of the reticular

contraction and a maximal burst 2-9 sec afterwards. Two of these units were

found to innervate receptors in the medial wall of the cranial sac, one of

which was active 6-9 sec after the reticular contraction peak (Fig, B 6B),

whereas the other (from a different sheep) showed subnaximal activity at the

time of this peak and maximal activity 3 sec after it (Fig, B 6C)» a third

unit was found to innervate receptors in the lateral part of the reticulo-

rurainal fold and although slight activity occurred coincident with the peak

of the retioular contraction, the greatest activity occurred 5—3 sec afterwards

(Fig. B 6a), The receptive fields of the other 7 units were not located but

the pattern of the afferent discharge in 6 of them (Table B 4), resembled that

in the unit with receptors located in the reticulo-ruminal fold vesciibed

above./
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above, The seventh unit had a steady discharge of 4 spikes/sec lasting from

1 sec before to 7 sec after the (second) peak of the reticular contraction.

The remaining four units had afferent discharge patterns which were

substantially different from either of the previous groups. In two of these

units the discharge occurred during only the active phase of the cycle but had

a variable time relationship to the reticular contraction. The discharge

consisted of a burst of activity lasting 3-4 sec and started, for example,

11, 9, 6, 2 and -3 sec before the second peak of the reticular contraction.

Another unit had no resting discharge but was active from 5 sec before to 3

sec after the peak of the reticular contraction and two maxima occurred, which

were 3 sec before and 1-2 sec after this peak. The fourth unit wa3 active

from 1 3ec before to 3 sec after the reticular peak.

The afferent discharge recorded under isotonic conditions

The afferent discharges in 7 units were examined under both isometric and

isotonic recording conditions. The change from the former to the latter was

effected by removing the clamp from the airline above the aspirator bottle

(see p, M 5) a«d vice versa by re lacing the clamp. The duration of the

afferent discharge was the same in 4 units and shorter in 3 units, when record¬

ing under isotonic conditions. During the course of the isotonic roticular

contraction, despite an increase in pressure of not more than 2 mm Hg, the spike

frequency of the afferent discharge associated with the early or first phase

of the reticular contraction was similar to that occurring under isometric

recording conditions, but that related to the second phase of the reticular

contraction/
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contraction was much lower in all the units. It was, however, always greater

than the 'resting' discharge. Two Type A units and 1 Type B unit had a phase

of activity during the period 2-y sec after the second peak of the reticular

contraction and the number of spikes and the frequency of the afferent discharges

during this phase were reduced in Type A unit3 and enhanced in Type B units*

when recordings were made under isotonic conditions compared with those made

under isometric conditions (Fig, B 7)* The reoeptors for the 2 Type A units

were not localised. The Type B unit had a receptive field in the medial wall

of the cranial uac, The remaining 4 units, which did not have a third phase

of activity, innervated receptors in the floor of the reticular groove (1 unit),

the caudo-medial wall of the reticulum (1 unit) and unlocated regions,

presumably in the reticulum (2 units). In all the units, the 'resting discharge*

was the same under both isometric and isotonic recording conditions, provided

that the pressure head in the aspirator bottles had been adjusted so that it

was equal to the existing intrareticular pressure prior to removing the clamp.

The effect on the afferent discharge of suddenly inflating or deflating the

reticular balloon

The effects of progressively inflating and deflating the reticular balloon

in steps of 200 ml were examined in 16 afferent units, Intrareticular volumes

of not more than 1,200 ml were used, because, at high levels of distension

the frequency of afferent impulses became too great to photograph except on

fast film speeds and, because reticulo-rurainal movements were less readily

maintained on subsequently deflating the reticular balloon (p# )• The

effects of inflation will be described below. The effects of deflation were

the/
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the converse of these and will not be described.

As detailed earlier, most units were inactive or had a low *resting*

discharge frequency when the reticular balloon was empty. Shen the balloon

was inflated the 'resting* discharge frequency increased, resulting in a low

frequency sustained and regular discharge or in intermittent bursts of activity

unrelated to respiratory or cardiac movements. Further inflation caused

an increase in the resting discharge and took one of several forms:-

(a) low frequency regular discharges increased in frequency.

(b) intermittent discharges became sustained discharges with intermittent

fluctuations in frequency and the interval between these periods of

enhanced activity was reduced.

(c) intermittent discharges became sustained regular discharges.

These changes are illustrated in Fig. B J,

If the left lung had not been removed, a rhythm due to respiratory

movements was often superimposed on the above patterns of resting discharge.

When 200 ml was suddenly added or removed from the reticular balloon during

the course of i—£ sec, a ohange in the frequency of the afferent discharge

was observed about 100 msec after the start of the inflation or deflation.

After inflation a high discharge frequency was reached i-4* seo later and

persisted for about 2 sec before falling to its new value during the course of

a further 3 sec. This is illustrated in Fig. B 4.

Inflating the reticular balloon caused the interval between primary cycle

ooncr ctions to be reduced (i.e. the frequency of movements to be increased)

and the amplitude and the duration of the reticular and the ruminal contract¬

ions to be increased. If ruminal contractions were absent at low levels of

distension, inflation usually evoked them (Fig. B 8). Associated with these

changes/
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changes in the form of the contractions were increases in all parameters of the

afferent discharges related to the first and second phases of the reticular

contraction and, in some Type A and B units, an enhancement or an appearance

of a third phase of activity 2-9 sec after the (second) peak of the reticular

contraction. in Fig. B 8 CpsD is shorn the discharge recorded from a Type B

unit at low and at moderate levels of reticular distension. In the former,

a burst of activity occurs only in association with the second peak of the

reticular contraction and there is no ruminal contraction, whereas in the

latter, in addition to this activity there is a pronounced burst of spikes

occurring at the time of the third phase of the reticular contraction shown

on the record, which itself coincided with a prominent dorsal ruminal sao

contraction (not shown). Despite the reticular contraction being much

greater in C than in D (Fig, B 8), the burst of activity associated with the

second peak of the reticular contraction is only slightly enhanced,

PIAC U 8810x1

The distribution of raechanorecepior sites identified by the procedures

described on p. B 5 shows that the majority are in the reticulum (4%®) and the

cranial sao of the rumen {Zip) and that fewer are in the reticulo-ruminal fold

(IZp), the reticular groove, including the cardia and oraasal canal, (18^) and

other parts of the rumen (12/). This finding is in agreement with the

conclusions of Ash <sc Kay (1959) t who found that a gradient of sensitivity

radiated caudally from the cardia and reticulum, as judged by the reflex effect

of mechanical stimulation on parotid gland secretion, reticular motility and

the/
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the onset of rumination. The five receptors located by Iggo (1955) to the

region of the reticular groove were probably not a representative sample.

Further investigations sees necessary to determine whether the rumen, excluding

the cranial sac, is really as insensitive as the present experiments and those

of Ash & Kay (1959) suggest, despite various hypotheses which implicate

reflexogenic zones in the rumen, to account for reflex phenomena related

particularly to secondary cycle movements and eructation, (e.g., Weiss, 1953}

Stevens & Sellers, 1959} see pi I 39)• Perhaps these reflexogenic zones are

situated more cranially in the rumen (i.e. in the cranial sac) than is generally

suggested by the literature, firstly, because the present experiments have

demonstrated that the cranial sac has a good afferent innervation and secondly,

because Dougherty et al (1956) were able to evoke eructation even after ablating

most of the dorsal and ventral sacs of the rumen.

Thirty of the 34 receptive fields examined manually responded to stretch

but not to pressing, compression (either transmurally or by pinching) or to

stroking. They were therefore neither tactile nor pressure receptors, but

were a form of stretch receptor, because they responded to pas«ive lengthening

of the walls of the viscus. The response to stretch was 'non-adapting* for

13 of these units and also for 23 unit; whose receptive fields were not

located. The afferent discharge was found to increase during reticulo-

ruminal contractions recorded under isometric conditions and, to a lesser

extent, under isotonic conditions. Using the same criteria as Iggo (1955)

for the classification of receptors, these receptors, like his, are non-adapting

gastric tension receptors 'in series' with the muscle cells, because the

afferent/
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afferent discharge increased with tension developed both pas ively, by inflation

of the reticular balloon, and actively, during a contraction involving the

receptor zone (Matthews, 1933)* i'he latter response distinguishes them from

volume receptors 'in parallel* with muscle cells. Under isotonic recording

conditions, the discharge from volume receptors would be expected to diminish

and that from tension receptors to be unaltered. In fact the discharge

increased slightly, partly beoause the isotonic conditions were not perfectj

but this is inadequate to account for all of the increased discharge, however,

and an additional factor may be that the connective tissue 'in series* with both

the muscle cells and the tension receptors is less elastic than the tension

receptors themselves.

Of the remaining four units, one situated in the omasa! canal near to

the reticulo-oraasal orifice responded to light pressure, one innervated 'touch

receptors* situated in the cranial wall of the reticulum (light stroking

evoked a discharge which was 'rapidly-adapting*), and two units, with receptors

in the lips of the reticular groove, responded to stretch but primarily to

pinching. In the latter respect they differ from the tension receptors

described above, 3ince they appear to be sensitive to a deformation (produced

by pinching, stretching, or actively developed tension; rather than to

tangential lengthening (produced passively by stretching or actively by

contraction of 'in series* muscle cells). Iggo (1955) failed to make this

differentiation, because all the receptors which he located were found to be

in the lips of the reticular groove and like the two units above, responded

passively to stretch and to pinching as well as actively, during a contraction.

In/
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Ash & Kay (1959) have shown that gentle stroking (more so than stretch) was

a particularly effective atiaulas for enhancing parotid secretions and reticular

movements and for inducing rumination. They have suggested that this stimulus

may excite tactile receptors situated superficially in the mucosa. Methylene

Blue stained structures have teen observed by Sill (1959) in. new-bom lambs

and kids, although in the absence of physiological evidence, there seems to be

no justification for regarding them as receptors particularly as tne forestomaoa

in a new-born ruminant animal is both structurally and functionally under¬

developed and as these structures have not bean demonstrated in the adult. In

the present experiments, only one afferent unit, which gave a rapidly-adapting

response, was excited by gently stroking the mucosa. To account for tae

disparity between the last observation and the results of ash & Kay (1959)*

several possibilities exist, i.e. either gentle stroking excites receptors in

deeper locations than those assumed by ash & Kay (1959) or the receptors are

not innervated by afferent fibres in tne left vagus or records from the

particular afferent fibres have not been obtained for technical reasons. In

the present experiments, it has been shown that gentle stroking does not

excite directly the tension receptors described above, although there is often

a subsequent increase in their resting discharge frequencies (Fig. B2J, from

which it is inferred ta&t the intrinsic motility of tae *in series* muscle

cells has been increased. un the basis of this, one hypothesis which may

be tentatively proposed is that mucosal tactile receptors are not innervated

by extrinsic vagal afferent fibres but are innervated by intrinsic sensory

neurones/
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neurones thus forming part of an intrinsic nerve network capable of eliciting

intrinsic movements akin to peristaltic movements, as described for the

guinea-pig ileum by 381bring, Lin & dchofield (1958)» la this way, gentle

tactile stimulation of the mucosa would enhance intrinsic motility, through

an intrinsic reflex, and this, in turn, would enhance the resting discharge

in *in series' tension receptors which are extrinsically innervated by

afferent vagal fibres* There remains the possibility that mucosal tactile

receptors may have been overlooked in the present experiments for technical

reasons, e.g. the difficulty of isolating units of very small diameter

(C fibres). This possibility is discussed more fully later (p. G8J.

Localised muscular activity in vivo in the reticulo-ruaen has been

described in sheep before (Brunaud & Bussardier, 1955, Ash & Kay, 1953)

and after section of both vagi (Duncan, 1953)• Since bilateral vagotomy

abolishes the primary and secondary cycle movements, these localised move¬

ments are intrinsic and either originate oyogenically or from intrinsic

reflexes such as that discussed above. Iggo (1955) suggested that tne

intermittent bursts of afferent activity comprising the 'resting* discnarge

in some units might be due to localized gastric movements but he was unable

to confirm this idea. in the present experiments the relationship between

bursts of afferent activity and localized movements of the sell was firmly

established and most easily demonstrated for the wall of the cranial sac and

the reticulo-ruminal fold/
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fold and less readily for the reticulum. The existence of intrinsic move-

seats in strips taken from the reticulo-rmainal wall has been demonstrated in

vitro by Dussardier & H&varro (1955) and Duncan (1954)* Although intrinsic

movements are not directly responsible for primary and secondary cycle con¬

tractions in the manner implied by the earliest investigators (e.g., Wester,

1926), it does appear, from the present experiments, that they may influence

primary and secondary cycles in two possible ways, firstly, by raising the level

of excitability in the muscle cells, so that extrinsic nerve impulses from

efferent vagal fibres are more effective, and secondly, by enhancing the

'resting* discharge in 'in series* tension receptors, thereby increasing the

afferent input to the 'gastric centres* and leading to extrinsic reflex effects.

Physical, chemical and pharmacological factors which affect intrinsic movements

may thereby influence extrinsic reflex movements both directly and indirectly.

Besides ascertaining the character of the gastric afferent input and the

properties and types of reticulo-ruminal mechanoreceptors, recording from

afferent units has thrown some light on the temporal relationship existing

between the sequential movements of different regions of the retioulo-rumen

during the course of primary cycles. She limitations of the present

experiments are

(a) that the afferent discharge in only one gastric unit is recorded at

any one time,

(b) that comparisons have to be made of aotivity in units isolated from

different sheep, in which experimental conditions and the rate and form

of the contractions are not the same and

(c) that gastric movements were being recorded raanometrically from a

limited number of sites.

The results/
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The results supplement those obtained for gross movements by the classical

manometric and radiographic methods (discussed on p» I IT) and for discrete

regions by techniques involving partial herniation (fieid <* Titchen, 1959)t

implanted transducers (Ghiesa et al, 1965a) implanted aicrocannulae (Leek So

Ullah, 1967) and others discussed earlier (p. I 18;. One of the major problems

of all manoaetric methods is in determining which of the recorded pressure
• '• t

changes are due, firstly, to movements of the compartment in which the sensing

device is located and secondly, to pressures transmitted from adjacent compart¬

ments during the course of their movements. This problem existed also in the

present experiments to some extent. i^om an examination of the afferent

discharge it was usually not difficult to decide which was the principal con¬

traction in a particular region but it was often less easy to differentiate

between an afferent discharge dee to a partial contraction and one due to a

transmitted pressure or a passive stretch of the wall. The premise underlying

the identification of the principal contractions at a particular receptor site

is based on an observation made by iggo (1955) and confirmed during the present

experiments, namely, that 'the rate of (the afferent) discharge was often

greater during isometric contractions than the maximal rate during gastric

distension*• Periods of high frequency afferent discharges were, therefore,

assumed to indicate contractions in the region containing the receptors

innervated by the unit.

In the first group of 27 units described on p. B 11 the highest impulse

frequency in the afferent discharge occurred at the time of the main or second

peak of the reticular contraction recorded by the reticular balloon. for 8

units/
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units (with receptors located to sites in the reticulum or reticular groove)

it was established that their receptor sites were undergoing contraction at

this time. Conversely, for the other 19 Type A units, their receptors,

although not located manually, were presumed to be in the reticulum, because

their afferent discharges resembled those of the previous 8 units, when the

reticular contraction was clearly biph&sic a phase of increased afferent

activity with a subaaximal frequency was associated with the first phase of the

reticular contraction (Fig, B 8B), Because the spike frequency associated

with the first phase of the reticular contraction exceeded that, which would

have resulted from passively distending the intrareticular balloon to establish

a similar tension, it is concluded that the first phase of the afferent discharge

in these units is due actively to a contraction phase at the site of the

receptors and is not due passively to pressures developed by and transmitted

from a contraction in an adjacent site. As the receptive fields for some of

these units were located in the medial wall of the reticulum, it is concluded

that this region may undergo a biphasic contraction. The same argument holds

for the reticular groove region and this is clearly sho?m in Fig, B 5H, where

the reticular contraction is, in this instance monophasic, yet the afferent

discharge in a unit innervating receptors in the floor of the groove is biphasio,

as presumably is the contraction in the reticular groove region.

The main part of the afferent discharge in 10 units occurred 2-9 sec

(mainly 5-7 sec) after the second; peak of the reticular contraction, coincident

with or sometimes 1-2 sec later than the pressure change recorded in the dorsal

ruminal sac. The receptors for two of these units were located to the cranial

sac/
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sac (Fig. B 6 B.4C) and, for on© other, to the reticulo-ruminal fold (Fig. B 6a) .

It is concluded that units with this pattern of afferent discharge innervate

units in the reticulo-ruiainal fold, cranial sao or other regions in the dorsal

sac. Most descriptions of retieulo-ruminal fold movements indicate that it

contracts biphasicaliy coincident with the bipha ic reticular contraction but

Lucas jc Dougherty (1964» Fig, 4), using cows, have shown that it may contract

a third time and sometimes with greater force, coincident with the dorsal

sac contraction. The latter observation is supported by the results of the

present experiments. In addition to this late activity, most of the units

in this group showed some afferent activity at the time of the second and

occasionally the first phases of the reticular contraction, I cannot decide

whether this afferent activity was developed actively by contractions in the

receptor region or passively by stretch or distension, transmitted from con¬

tractions in the reticulum or possibly the reticulo-ruminal fold.

Under conditions of moderate reticular distension (800-1,100 ml) a third

pressure rise is recorded by the reticular balloon ^recording under isometric-

conditions; 2-9 sec after the second peak of the reticular contraction and

this coincides approximately with the dorsal ruminal sac contraction. One of

the problems was deciding whether this pressure rise was due to a third con¬

traction phase in the reticulum itself or whether it was due to pressures

d veloped by and transmitted from the dorsal 3ac contraction, an examination

of pressure recording's made from the reticulum and dorsal sac favours the

former possibility, because the temporal relationships and the amplitudes of

the third phase did not always s ;ow consistent changes with variations in the

dorsal/
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dorsal ruminal sac contraction (Fig* B 8). Associated with this third phase

of contractile activity, 7 of the 26 Type A units showed a third phase of afferent

activity having spike frequencies in excess of those likely to have been caused

by tensions developed passively, Two of these units innervated receptors

located in the cranial part of the reticulum and therefore would probably have

been less susceptible to transmitted tensions. This evidence suggests that

a third phase of reticular contraction does occur under certain conditions.

Conclusive evidence for this idea comes from a comparison of spike discoarge

patterns recorded under isometric and under isotonic recording conditions for

Types A and B afferent units and Type I efferent units (p. 1) 3 )» After

changing to isotonic recording conditions the third phase of a reticular con¬

traction is not observed, whereas often the dorsal ruminal sac contraction

increases in amplitude (Fig. F I ). As a corollary to this the third phase

of activity is reduced or abolished in Type A (i.e. reticular) afferent units

(Fig. B 7 is enhanced in Type B (i.e. ruminal) afferent units (Fig.

B 7 BdF) and is reduced or abolished in Type I (i.e. reticular) efferent units

(Fig. I) 1).

The mean conduction velocity for gastric afferent nerve fibres (12.4 m/sec)

is greater than that obtained by Iggo (1955) from 4 units, i.e. 6 a/sec. It

seems likely that this difference is due to the latter being a small and

unrepresentative sample. Conduction velocities measured by the compound

action potential method gave values of 10-13 m/seo for the most excitable

gastric afferent fibres (Iggo, 1956) and these are similar to the values

obtained/
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obtained from 'single fibre' measurements during the present experiments.

The observed paths of 8 afferent fibres in dorsal and ventral vagal trunks

were found to be in accordance with those expected, on the basis of Habel's

(1956) anatomical observations. The conduction velocity of units known or

presumed to have a pathway in the dorsal vagal trunk was significantly higher

(P = less than Q.0G1) than for those in the ventral vagal trunk.

From the present experiments it is concluded thatj-

(a) The majority of reticulo-ruminal aechanoreceptors are 'in series*

tension receptors located in the medial walls of the reticulum and

cranial sac.

<b) The 'resting discharge' from mechanoreceptors is largely determined by

the intrinsic motility of the muscle cells. Reticular distension is

one of the factors which excites thi3 intrinsic motility.

(c) The afferent discharge developed during a contraction in Type A (i.e.

reticular) units is greater toder isometric recording conditions than

under isotonic recording conditions*

(d) The afferent discharge developed during a contraction in Type A units

recorded under isometric conditions exoeods that which may be evoked

passively by distension alone.

(e) In halothane-anaesthetized sheep the primary cycle contraction may be

monophasic, biphasic or triphasic in the reticulum and reticular

groove. The main contraction of the cranial sac and the reticulo-

ruainai fold occurs 2-9 sec after the (second) peak of the reticular

contraction.

<f)/
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Afferent fibres from retieulo-ruainal receptors have pathways in both

the dorsal and the ventral vagal trunk, the mean conduction velocities

being 14#5 a/sec and 6.6 a/seo in eaoh trunk respectively.



Table B1* The locations of receptors innervated by 38 gastric afferent vagal
units and the conduction velocities of 28 of these units.

Site No. of Conduction velocities
units (jE/'seo)

Mean

C.V.
(a/sec)

cranial wall 2 6, 8

Reticulum medial wall 8 15 5, 7# 8, 10, 11 11

oaudal wall 5 14, 21, 24

Cardia 1 19 19

Omasal canal 1 7 7

Reticular groove 4 5, 15 10

Reticulo-ruminal fold 4 12, 16 14

Cranial ruminal sac 9 9, 10, 11, 11, 13, 16, 10 11

Caudodoraal blind sac

(dorsal wall)
1 15 15

Mid-dorsal sac (medial wall) 1 16 16

Right longitudinal pillar 1 23 23

Ventral sac - cranial surface 1 11 11

Total 38 Overall mean = 12.4



B2. The form of the 'resting discharge' at the start (a-e) and after
inflating the retioular balloon (f-h) in 41 units innervating reticulo-
ruminal tension receptors. This includes 27 Type A units and 10 Type B
units. In most sheep the left lung had been removed.

form of 'resting disoharge' No. of units

(a) no spikes 4

(b) occasional spikes (< 1/sec) 7

(c) respiratory rhythm 3

(d) intermittent non-respiratory bursts 16

(e) continuous discharge (> 1/sec) 6

(f) a+b + c + e 1

(g) o ♦ • 2

(h) d + e 2

41



TableB3.Theafferentdischargein27TypeA(i.e.•reticular')units.Thespikefrequencyrepresentsthe numberofspikesoccurringin1sec.Severalvaluesfortheintervalbetweentheburstsofactivity
ofthe'restingdischarge*havebeengiventoillustratetheirvariability.Theright-handcolumn showstheintervalbetweenthemainpeakofthedischargeandofthereticularcontraction(i.e.the secondpeak).

Unit&site

Restingdischarge

Contractiondischarge

12/8/65 Cret-cd D ?ret-cd/md 15/3/66 A
C

2/6/66
D ?(100ml) (300ml)

13/6/66 A
B C

1-ret-cd F—groore-cr C-groove-cd 28/7/66 A B-ret-cr/md

Spikefre¬

Intervalbetween

Spikefrequencies
Dura¬

Pk->3

quencies

bursts

(sec-1)

tion

(sec-1)

(sec)

(sec)

min

aax

1st

2nd

3rd

phase

phase

phase

5

5

continuous

17

45

28

12

—0.2

2

2

continuous

11

11

7

9

1.0

0

5

1.3

12

19

5

12

-0.2

9

10

continuous

24

36

0

5

0

6

11

4,6

17

60

0

6

0.5

0

0

_

47

40

0

2.5

0

2

4»6

2

42

•

3

0.5

16

28

3,6

51

>100

38

14

-0.2

0

8

13

8

18

0

4

0.5

0

21

3

54

>70

0

7

0.3

0

20

5,7

26

44

20

10

0.3

0

1

continuous(0.2/sec)
18

12

0

5

3.0

11

35

4,6

35

50

28

10

0.5

1

7

2,4

14

27

0

4

0.1

0

8

5

10

11

0

4

0.4

0

10

2,4

17

28

16

9

0.4



2/8/66
A

3

6

3(resp)

B

0

1

10

Cret-cr/ad

1

2

reg.

9/3/67
A

0

6

4,6

B

0

3

3

C

0

4

4(resp)

£

0

7

6,8

?

0

4

6

Gret-cd/md

0

20

3,8

22/3/67 C

0

9

3,6

Dret-cr/md

0

37

10,20

27/3/67 Agroove-floor

0

10

3,6

Mean-S.5.

1,9-0,8
10.4^1.9

5.7-0.6

Ret=reticulumcr=cranialcd=caudal
reg.=regular

12

22

22

11

-0.2

0

16

8

6

0.8

6

8

4

9

0.7

36

45

12

10

-0.3

0

8

0

4

0.2

9

16

6

10

0.7

0

11

8

13

OA

4

11

4

12

-0.3

33

53

0

9

0.0

7

19

0

7

0.0

0

58

0

8

-0.7

25

40

0

6

—0.2

17.7-3.033.2^4.17,4-2.08.1^0.60.4^0.1
odamedialreap=respiratoryrhythm



TableB4.Theafferentdischargein11TypeB(i.e.'luminal')units.Thespikefrequencyisthenumberof spikesoccurringin1sec.Severalvaluesfortheintervalbetweenthepeaksofburstsofactivityinthe'restingdischarge'havebeengiventoillustratetheirvariability.Theintervalgiveninthe right-handcolumn(Pk->Pk)ismeasuredfromthepeakoftheafferentdischargeandthesecondpeakofthereticularcontraction.
Unit&siteRestingdischargeContractiondischarge Spikefrequencies

Interval

Spikefrequencies

Duration

Pk->Pk

(sec-
-1)

between

(

sec-1)

(see)

(sec)

bursts (sec)

uin

max

1stphase
2ndphase
3rdphase

12/8/65 D

0

2

4

0

8

28

7

-2.7

K(small)

0

1

2,6

0

14

13&16

14

-4.0&-9.0

E(large)

0

0

0

0

0

7

2

-6.0

2/6/66 A

0

5

4(resp)

21

26

41

14

-7.0

B

0

6

4(resp)

29

21

31&31

12

-4.7&-6.5

C

0

1

3

6

0

32&50

12

—2.5&—6.2

7/6/66 B—c.s«—md

0

3

3,6

3

0

15

13

-3.0

15/6/66 D-(2units)
8

27

4(resp)

61

65

82

8

-3.2

1/9/66 A-fold-lat

0

8

4(resp)

21

19

54

15

-6.5

22/3/67 B

1

3

reg

10

0

11

11

-6.7

27/3/67 B-c.s.-md

0

8

4»6

17

32

35

7

-2.5

18

27&24

9

-2.2&-4.7

Mean*S.E.
0.8*0.7

5.8*2.3

4.3-0.6

15.3*5.5

16.9^5.4

33.2*6.2

10.3*1.1

-5.2*0.5

c.s.=cranialsacfold=reticulo-ruainalfoldmd=mediallat=lateralreg=regular



, B1• The conduction velocities of 28 gastrlo afferent units.

The overall mean is 12.4 m/see 1 1,0 a/sec S.B, (standard error of

mean)• The mean for units either known or presumed (see text for details)
to have pathways in the ventral thoracic vagal trunk (hatched area on

histogram) is 6,6 m/aeo - 0.5 m/aeo S.2. and in the dorsal thoracic

vagal trunk (dear area on histogram) is 14.5 s^/sec 1 1,0 m/aeo S.S.

The location of ihe receptors innervated by these units is given in

Table B1.



The conduction velocity in gastric afferent units.

Conduction velocity (m/sec)



. B2, The effect upon the afferent discharge, recorded from gastric units

innervating 'in series1 tension receptors in the reticulum, of manipul¬

ating the receptive field per aanus.

A and B were recorded from the same unit. The receptors were stim-

:ulated by splaying open two fingers applied to the reticular wall con¬

taining the receptive field, thereby lengthening the reticular wall.

The period of stimulation is indicated by the bars beneath the tracings:

the narrow part representing a period of slight splay and the thick part

representing a wide splay. Between the two periods of stimulation in A,

a burst of spikes appeared spontaneously and was associated with a local

contraction of the reticular wall, which was discernible as a 'ripple'

beneath the finger tips. After the stimulation in B, spontaneous bursts

of activity were present,

C and D were recorded from the same unit under conditions when

cyclical reticulo-ruminal movements were present and the reticular balloon

contained the same volume of air and was at the same pressure. Between C

and D, the balloon was temporarily deflated and the reticulum manipulated,

to locate the receptive field innervated by this afferent unit. Although

recording conditions were returned to their former state before D, the

'resting discharge' was much greater than in C,
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B3. The delayed effects upon the afferent discharges, recorded from a

unit innervating reticular tension receptors, of increasing the volume

of air in the reticular balloon.

In A, B, C, D and S, the reticular balloon contains 100 ml, 200 ml,

300 ml, 400 ml and 600 ml air respectively. All the records were

obtained from the sane units.

In A there is negligible 'resting discharge': a doublet of spikes

(not shown) occur approximately every 7 sec. The reticular contraction

has a small amplitude and the afferent discharge is correspondingly of

relatively low frequency. As the level of distension is increased the

'resting discharge' is also increased. At first, intermittent bursts of

spikes appear (B) and, upon further inflation, the interval between bursts

is reduced and the peak discharge frequency reached during each burst Is

increased (C). Finally, the 'resting discharge' becomes continuous,

although it fluctuates at a rhythm unrelated to respiration (D and S).

At the higher levels of distension the durations and amplitudes of

the reticular contractions are greater and, associated with these, the

afferent discharges are enhanced. In E, the peak frequency is greater

than 100 spikes/sec.
A small non-gastric 'contaminant' spike, which extends below the

base line, is also present but should be disregarded.
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, B4-. The immediate effect upon the afferent discharge, recorded from a

unit innervating reticular tension receptors, of suddenly injecting 200

ml air into the reticular balloon.

This unit i3 the same as that shown in the previous figure (Fig, B3).

It demonstrates that tension receptors are excited both during the active

part of the primary cycle in the reticulum, and during passive distension

of the reticulum. This characterises the receptors as being 'in series'

with the smooth muscle cells.

The latency between the rise in pressure (upper trace) and the

increase in afferent discharge (middle traoe) is approximately 100 msec.

The high frequency discharge occurring at the end of inflation falls

steadily over the course of the next 10 sec to a new rate, which is

greater than that prior to inflation.
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B5. The afferent discharge in 8 Type A units, for which the discharge

during spontaneous reticular contractions was recorded and the location

of the receptors innervated by these units was established by manipulation

The same ainplification was not used for eaoh retioular pressure

tracing (upper trace in each record),, In E and H, the upper trace is the

retioular pressure and the middle trace is the dorsal ruminal sac pressure

The locations of the receptive fields ares

A. Reticulum • cranio medial wall, about 2 cm cranial to the reticulo-

oaasal orifice.

B. Reticulum • (tall, thin spikes) - cranio-medial wall, as A.

C» Reticulum - cranio-aedial wall, as A.

D. Reticulum - medial wall, between the reticulo-omaaal orifice and the

reticulo-ruminal fold.

2. Reticulum - medial wall, about 1 cm caudal to the retieulo-omasal

orifice.

F. Reticulum - (small spikes) - caudal wall, about 1 cm below the

reticulo-ruainal fold,

G. Reticular groove - ventral end of caudal (right) lip. Responded to

pinching > stretching.

H. Reticular groove - middle of floor. This unit responded to light

pressure as well as during a contraction. Note that the discharge

in thi3 record is biphasic, although the reticular contraction is

monophasic.
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. B6» The afferent discharge in 3 Type B units, for which the discharge

during spontaneous gastric contractions was recorded and the location of

the receptors innervated by these units was established by manipulation.

The reticular pressure is shown in the upper trace. The middle

trace in C is incidental and should be disregarded.

The locations of the receptive fields are:

A. Reticulo-ruxainal fold - (left) lateral border.

B. Rumen - cranial sac, medial wall.

C. Rumen - cranial sac, medial wall.
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• B?. Comparisons of the afferent discharges, recorded from units inner-

zvating tension receptors, when the reticular contractions arc recorded

under isometric conditions (A, D and B) and under isotonic conditions (B,

C and F).

A and B show sequential contractions of the reticulum whilst record-

zing from the same unit: a tension receptor in the reticulum. In A and

B, the upper trace records reticular pressure and the middle trace records

the volume of air displaced by the reticular contraction. The afferent

discharge, when the reticulum contracts under isotonic recording condi¬

tions (b), is less than, when it contracts under isometrio recording

conditions (A),

c and d show sequential contractions in the reticulum, whilst record-

zing from a unit innorvating tension receptors in the reticulum. The

upper trace shows pressure changes in the reticulum. The discharge

frequency was so great relative to the paper speed that it is not possible

to make the same comparisons as in A and b. Note that under isotonic

conditions (C), there is no enhancement of the afferent discharge at the

time of the third phase of the reticular contraction shown in B,

E and F show the afferent discharges in a unit innervating the

cranial sac of the rumen (as Fig, B6C), when the reticulum contracts under

isometric recording conditions in E (shown as a pressure rise in the upper

trace) and under isotonic recording conditions in F (shown as a volume

ohange in the middle trace). Under isotonic conditions in the reticulum,

the ruminal contraction (not shown) had a greater amplitude and, corres-

zpondingly, the afferent discharge occurring after the reticular contrao-

ztion and associated with the ruminal contraction was enhanced.
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B8. The influence of the initial level of reticular distension upon the

third, phase of a reticular contraction and upon the ruminal contraction,

A and B are recordings of the afferent discharges in the saiae Type

A unit, innervating tension receptors in the reticulum. The spikes have

a different size in A and in B, because of a change in electrical record-

ring conditions. For A, the initial level of reticular distension was

low (400 ml) and there is neither a third phase in the reticular contrac¬

tion nor a corresponding enhancement in the discharge. For B, the

initial level of reticular distension was moderate (800 ml) and there is

both a third phase in the reticular contraction and a corresponding

enhancement of the afferent discharge,

C and D (thick spikes only) are records of afferent discharges in

the same Type B unit, innervating tension receptors in the cranial sac

(dorsal rumen) at a moderate level, i.e. 900 ml (C) and a low level i.e.

300 ml (D) of reticular distension. At the low level, the nominal

contraction (not shown) and the corresponding enhancement of the afferent

discharge are absent, whereas with a moderate level of reticular disten-

ssion, ruainal contractions and the corresponding enhancement of the

afferent discharge are present (C).

In each record, the lower trace represents the reticular pressure.
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39. The for® and temporal relationship of reticular and dorsal ruminal

sac contractions in a halothane-anaesthetized sheep.

In the middle part of the record, the paper speed was increased.

On the dorsal rumen trace, the first and second notches correspond to the

second and third peaks of the reticular contraction respectively. The

peak of the dorsal ruminal sac contraction occurs about 5 sec and about

2 sec after the second and the third peaks of the reticular contraction

respectively. The ventral sac contraction (not shown) reached a peak

about 11 sec after the pea* of the dorsal sac contraction and was respon¬

sible for the slight rise in dorsal sac pressure shown on the lower

trace.
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SECTION G

The nervous discharge in efferent gastric vagal fibres

INTRODUUTIOM

Forestomach movements comprising the primary and secondary cycles are

activated by nervous discharges which arise in the *gastric centres* (Iggo,

1951; Bell & Lawn, 1955} andersson et al, 1959; Howard, 1966) and pass to

the stomach along efferent pathways in the vagi (Mangold & Klein, 1927I

Hoflund, 1940j Popow et al, 1933f Iggo, 1951f 1956s Duncan, 1953;

Dussardier, i960; Titchen, 1953* 1958» I960; Reid & Titchen, 1965)#

Experimental methods which depend upon the presence or absence of reticulo-

ruminal movements as evidence for the existence of efferent gastric vagal

pathways provide no information on the patterns and durations of the nervous

discharges using these pathways. The only previous attempts to record

efferent vagal activity associated with reticulo-rurainsl movements have been

by Dussardier (195s, I960), Beghelli et al» (1963) and Howard (1966),

Dussardier cross-sutured the vagus and phrenic nerves and recorded electro-

myographically the activity in the reinnervated diaphragm initiated by vagal

efferent fibres. He established, on the basis of differing discharge

patterns, that there are a variety of vagal efferent fibres, and this result

has been confirmed by Beghelli et al, (1963) and Howard (1966) who recorded

electrical activity, presumably from gastric aotoneurones or their processes,

using micro-electrodes inserted into the dorsal vagal nucleus in the medulla

oblongata. In the experiments described below, efferent gastric vagal

activity/
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activity was repeatedly sampled in nalothane-anaesthetised sheep with spontaneous

gastric movements (described in Section A) by recording from single efferent

units dissected from the left vagus, using the 'single fibre technique'

described on p# M 3* This method allowed direct sampling of nervous activity

©merging from the gastric centres without appreciably interfering with either

the afferent or efferent pathways. The objects of this analysis were to

determine (a) the extent to which the gastric centres emitted a 'tonic'

efferent discharge during the quiescent part of the primary cycles, (b) whether

co-ordination for the complex sequence of forestomaeh movements was attributable

to activity in the 'gastric centres' or in peripheral co-ordinating plexuses

in the forestoraach itself and (c) the relationship between the pattern of

nervous discharges in efferent gastric vagal units and the forestomach

movements with which the discharges were presumed to be associated.

The results and discussion given in this section have been published

briefly (Leek, 1963, 19&6; lggo & Leek, 1966) and wholly, except for minor

alterations, by Iggo & Leek, 19&7a«

ftSSULTL

The results detailed in this section were obtained by recording from

strands dissected from fasciculi in tne left vagus. The strand was transected

at the peripheral end of the exposed fasciculus and parred away centrally from

the underlying nerve fibres. Various patterns of nervous discharge were

obtained. In some units, the discharge had a clearly recognisable relation¬

ship to cardiac, respiratory or swallowing movements, a brief description

of/
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of these units is given later in this section. Principal interest centred on

efferent units having a nervous discharge pattern related in time to contractile

events in the retioulo-ruaen.

Gastric (reticuio-ruminal) units

Single unit discharge patterns associated with reticuio-ruminal movements

were readily distinguished from other patterns since the gastric movements had

a characteristic and regular cycle which was unrelated to the movements of other

thoracic or abdominal viscera. Two criteria had to be satisfied for a unit

to be classed as a gastric unit, namelys-

(a) a discharge of impulses must appear, or an existing discharge must be

modified, at the same period during epeh gastric contraction and

(b) the discharge should onange appropriately with both spontaneous and

reflexly induced variations in the amplitude and frequency of gastric

movements,

oixty-four single units satisfying these criteria were isolated, as well

as more than fifty strands containing 2-4 active gastric units some of which
i

could be used for the purposes of analysis and classification (Fig, CI).

In ad-ition there were many more strands in which gastric units were present

together with active non-gastric units, but these strands were much less useful

for purposes of analysis. Prolonged recording was possible from many of the

single units and recordings were made from twenty-seven of them for longer than

one hour and, in two instances, for as long as hours. The single units

were usually lost either as a result of physical damage to the very fine nerve

strands resting across the recording electrodes, caused by slight movement of

the/
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the neck or oesophagus, or due to further dissection of a strand in an attempt

to improve the recording conditions*

For any individual unit, the pattern of discharge was very similar during

successive gastric cycles throughout the recording period lasting several hours,

provided that the experimental conditions remained the same or, if altered,

were subsequently returned to the original condition. This is illustrated in

Fig. C 4. The discharge was, on some occasions, so regular that the units

could be mistaken for afferent fibres. The following tests were used to ensure

that the gastric units were efferent?

(a) the reticulum was suddenly distended with 200 ml air. Iggo (1956)

showed that this procedure either initiates or enhances a resting

discharge in the afferent gastric units. No resting discharges were

observed in the gastric efferent units, with the exception of those

classed as Type VII.

(b) Drugs which block impulse transmission distal to the recording electrodes

were administered (tetraethylammonium chloride, 1 mg/kg body weight,

probanthine hydrochloride, 0.02 mg/kg body weight). These drugs

caused both gastric contractions and the corresponding phase of an

afferent discharge to be abolished but an efferent discharge was still

present (see pages D 6, F 5),

All the gastric units described below satisfied one, or both, of the above

criteria.

Classification of gastric efferent units

Sixty-four gastric efferent single units were classified into seven types

on/



c 5

on the basis of their discharge patterns, and the time relationship of this

discharge to the gastric contraction. Fig, C 2 summarises the results in the

form of frequency curves. Detailed results are given in Tables C 1 and C 2,

Each class of gastric unit was distinctive and quite separate from the others

for the following reasons

(a) ho discharge pattern changed in type during recording sessions lasting

as long as hours, either spontaneously or as a result of deliberately

altering gastric conditions in a way which reflexly modified the activity

of the unit (Fig, G 4)#

(b) In some multi-unit records (Fig. C 1), when each unit had a distin¬

guishable spike waveform and amplitude, it was possible to identify

several active units which could be of different types e.g., Types I,

II and III were present in all combinations.

(c) During an experiment, units of several types could be isolated, so

the presence of one type or another did not depend only on the

experimental conditions.

In the classification which follows, a functional grouping has been used;

Types I-III are believed to represent units that innervate the reticulum or

neighbouring structures, Type IV is thought to innervate the rumen, and Types

VI and VII probably innervate special regions of the reticulo-rumen, e.g.,

sphincters, and/or pillars.

Type I gastric efferent unit3

Twenty-five single units of this type were examined (Fig. C 3» Table CI).

The standard discharge was bimodal, the frequency of the first peak (6/sec)

being/
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being much lower than of the second. (2G/seo). These units were active

only during the contraction phase of a cycle and were silent during the quiescent

part in between the contractions. Most of the action potentials, including

the peak frequency of the discharge, preceded the peak of the reticular contract¬

ion, The peak frequency of discharge under •standard conditions' was never

greater than 45/see. It preceded the peak of second reticular contraction

by an average of 1,6 sec for all the units, and varied within the range of

0.5 to 2.5 sec for individual units. In addition to this consistent temporal

relation between she Type I discharge and the reticular contractions, there

were the following similarities between the pattern of the discharge and the

form of the contraction.

(a) Both the discharges and the contractions were biphasic and the

intervals between the peaks were similar (3«5 sec and 5,0 - 3*5 sec

respectively), although it was not easy to identify consistently the

peak of the first reticular contraction.

(b) The mean ratio of spike frequencies of the first and second peaks of

the efferent discharge was 1»4 and the mean ratio of the amplitudes

of the first and second peaks of the retioular contraction was 1»4

(Table CI).

(c) The interval between the second peak and the end of the spike discharge

(3«5 sec) was similar to the phase of the reticular relaxation (6-8

sec). There was, howevert considerable variation in the various time

relations.

(d) The average interval from the start of the discharge in the unit to

its/
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its peak (5.0 sec) was similar to the average duration of the phase of

reticular contraction v4.9 sec).

Type II gastric efferent units

Seven single units of this type were isolated (Fig. Q 3» fable C 2). The

Type II discharge was always unimodal, consisting of an early peak with a long

tail. The peak discharge was less than for the Type I units and rarely

exceeded 18/sec. Occasionally, up to 3 spikes preceded the main part of the

discharge in 3 of the units. The presence, number and position of these early

impulses were erratic, even for successive contraction cycles, and they were,

therefore, disregarded v.'hen measuring the intervals detailed in Table C 2.

The start-to-peak interval for the discharge ws3 very short (1.7 sec), whereas

the peak-to-end interval was viry long (9sec). The overall duration of the

discharge (11 sec) was the same as for Type I units (10.8 sec), although the

number of spikes (41) and the peak frequency (12/sec) were less. The interval

between the peak frequency of the discharge and the second peak of the reticular

contraction (2.1 sec) was longer than for the Type I units. Because of the

similarity of these units to those of Type I, particular care was taken to

ensure that they were, indeed a separate group. For example, Types I and II

discharges were, on at least one occasion, recorded simultaneously from a

multi-unit strand, so the experimental conditions were not important in

determining whether one or the other type of discharge was present in the

unit. Both types of unit were isolated from animals at different times and

were not in any particular sequence. Furthermore, the Type II discharge

always started after the beginning of a reticular contraction and could be

present/
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present even when the reticular contractions were clearly biphasic, For

these reasons, the Type II units have been assigned to a separate category.

lyre III gastric efferent units

Eight single units of this class were isolated (Fig, C 4, Table C 2).

The discharge of Type III units began at about the same time a3 in Type I

units but, unlike the latter, the discharge was in the form of a fairly

even, extended plateau and did not exhibit sharp peaks. The peak frequency

was also lower with an average value of 9.4/sec, The period during which; a

fairly steady frequency of discharge was present in the Type III units was at

least twice as long as the period for the peak discharge in either the Type

1 or II unitss 4,4 sec, compared with about 2 sec. An interesting feature

of the discharge of a Type III unit was that the discharge appeared at the

same time as that of Type I units, reached a plateau almost coincident with

the peak of the first discharge in Type I units, and fell fairly abruptly just

after the peak of the second discharge of Type I units. Although, therefore,

the discharge patterns for these Types I, II and III unit ere quite different,

the principal part of the discharge in each case occurred at about the same

time. For each type of "unit the discharges appeared before or during the

earlier part of reticular contractions and for this reason it is likely that

all 3 types were in some way associated either with these contractions or with

the contraction of other structures closely associated with the reticulum.

Type 17 gastric efferent units

Fifteen units of this type were examined, 10 as single units (Fig. C 5t

Table C 2)/
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Table C 2) and 5 that were clearly distinguishable in multi-unit records.

The Type IV discharge began after the second peak of the Type I discharge,

i.e. during the second phase of the reticular contraction, reaching its peak

shortly after the second reticular contraction peak. The discharge then

continued on for several seconds at a lower frequency* Both the peak frequency

(7/sec) and the total number of spikes in any one cycle of contraction were

less than for the 'Types I, II or III unit. A discharge of impulses began

1.2 seconds before, and reached its peak frequency 1.8 seconds after the

second peak of reticular contraction. This was the most striking difference

between Type IV units and those of Types I, II and III, as is illustrated in

Fig. C 2.

Activity in Type IV units was present under those conditions which also

led to the appearance of large dorsal rurninal sac contractions. The effective

conditions were a preparation in which reticular contractions could be readily

evoked, a relatively light plane of anaesthesia and a moderately high reticular

distension (6(X)-1,000 ml). There were several occasions, when a Type IV

discharge and ruminal contractions suddenly appeared whilst recording from

a strand which initially had no Type IV discharge in it. The discharge and

the contractions were, in these circumstances, elicited by an increase in

the reticular distension.

The time relationship of the Type IV discharge to reticular contractions

also supports the identification of these units as ruminal efferent units.

During primary gastric cycles, the peak of a doreal ruminal sac contraction

occurred/
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occurred about 4.5 (2-9) sec after the peak of a reticular contraction (Figs.

A 1 & B 9)* The peak of the Type IV efferent discharge also occurred, on

an average, 3*5 sec after the peak of the Type I discharge (Fig. C 2). The

Type IV discharge preceded dorsal ruminal sac contractions: the peak discharge

being on an average 2.4 sec earlier than the peak of the dorsal sac contractions.

The latter was difficult to assess acurately since the ruminal sac contract¬

ions tended to be slow and of low amplitude. The interval is similar to the

latency of rurainal contractions (Fig. A 2) elicited by direct electrical

stimulation of the peripheral cut end of the vagus (2.2 sec).

Type V gastric efferent units

Six single units of this type were found (Fig. C 5) • The common feature

of this group was a very low frequency of discharge with no obvious or con¬

sistent peak. It lasted about 10 seconds and began 4 seconds before the

peak of the reticular contraction. The Type V discharge, therefore, began

at about the same time as the Type II and earlier than the Type IV discharge

but had ceased before the end of either. The frequency of discharge was

very irregular and was scarcely affected by experimental procedures that

caused pronounced reflex effects in the Types I, II, III and IV units. There

was no discharge during the inactive phase of the primary cycle of gastric

contractions. For these reasons the Type V units are regarded as a distinct¬

ive group.

Type VI gastric efferent units

Five units of this type were found (Fig, C 5)* The discharge appeared

in two separate bursts with a silent interval of 2.5 sec coincident with the

peak/
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peak of the reticular contraction. ihe peak frequency of the discharge was

low (4.4/sec), and occurred during the first burst of impulses, which lasted

only 2.5 sec. The second burst was much longer (7.6 sec) but had a lower

frequency of discharge {.2/sec;. This pattern of discharge is, therefore,

quite dissimilar from any of the preceding types. Like Types 1, II, III and

IV, it could be modified reflexly. It is suggested in the discussion that

Type VI units may innervate special regions, such as gastric sphincters or

pillars.

Type VII gastric efferent units

Only three units of this type were found (Fig. C 5)» all of which

survived for less than 10 minutes. The discharge began just after the start

of the first reticular contraction and reached a peak frequency of 17/sec

1 second after the peak of the reticular contraction, at a time during which

the Type VI units were si ent. This peak discharge, therefore, occurred after

the peaks of activity in Types I, II and III but before the peak of activity

in Type VI units. The unique and distinctive feature of this type was the

presence of a discharge at a low frequency (about 1/sec) that persisted

throughout the greater part of the inactive phase of a primary gastric cycle.

This persistent activity disappeared for at least 10 seconds prior to a

reticular contraction.

Miscellaneous units

Recordings were made from only one unit whose discharge was related to

gastric contractions but in which the discharge was intermittent, i.e. it

appeared during only 2 out of 3 gastric cycles. The discharge reached a peak

about 2 seconds before the peak of the reticular contraction. Ho other gastric

unit/
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unit was observed in any of the single or multi-unit recordings, made under

the *standard* conditions, which was not active during every primary cycle,

Several units were found which had a tonic or resting discharge with a

respiratory rhythm, superimposed on which was an additional discharge during

a reticular contraction, The spike amplitudes and regularity of the response

of these units to pulmonary inflation indicated that they were pulmonary

inflation afferent units. It was inferred that the superimposed gastric

discharge arose because the receiptors were in a lobe or part of the lungs

adjacent to the diaphragm and reticulum and were excited by pressure changes

or mechanical displacement caused by reticular contractions.

Oesophageal units

Swallowing movements were often present when the anaesthetic level was

light. Normally, anaesthesia was adjusted to prevent these movements, since

they interfered mechanically -with the recording from the fine nerve strands

in the neck. On a number of occasions unitary activity was recorded which

bore a temporal relation to the contractions of the cervical oesophagus.

The discharge consisted of 8 - 14 impulses at a frequency of about 8/sec

(Fig. C 6), A similar discharge associated with swallowing in conscious

sheep was observed by Bussardier (I960, Fig. 17)• Although the conduction

velocities of these oesopna< eal units were not measured, their spike

amplitudes were much greater than those of any of the gastric units, from

which it might be inferred that their axonal diameters were greater.

Single/

Cardiac units
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Single units with a cardiac rhythm were isolated occasionally. An

example is shown in Pig. G 6, in which a burst of 18-20 action potentials

accompanied each pulsation in the carotid artery, observed through the

paraffin pool. Although the nerve strand lying across the recording elect¬

rodes was cut distally, the active unit was not necessarily efferent since,

as Holmes (1954) and Jewett (1965) have demonstrated, the existence of an

afferent discharge arising from the carotid sinus, may be recorded in fibres

dissected from the central end of a cut aortic nerve. This phenomenon

has been attributed to a bifurcation of the afferent fibre at some point

central to the recording site; a situation com arable to that described for

frog tactile receptors by adrian, Gattell and Hoagland (1931)« The

afferent discnarge in these cardiac units was very similar to the discharge

in carotid sinus baroreoeytors, and it is concluded that they were afferent

fibres.

Respiratory units

Single units with a respiratory rhythm were encountered more frequently

than those with a cardiac rhythm. In the example shown in Pig, C 6 the

discharge was related in time to the small pressure waves recorded by the

reticular balloon. These waves are respiratory in origin and inspiration b

recorded as a rise in pressure. Some of these respiratory units may have

been afferent and to test for this point the endo-tracheal tube was

clamped or a graded distension was applied to the lungs. when this was

done it was possible to differentiate between afferent and efferent fibres.

The discharge in an afferent fibre became steady after clamping the endo¬

tracheal/
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tracheal tube and increased in frequency as lung distension was increased,

whereas the discharge rate and rhythm in efferent fibres werenot substantially

altered by these procedures. The recordings obtained were comparable to

those described for pulmonary inflation receptors by Paintal (1963)* for

pulmonary efferents by Widdicombe (1961, 1966) and laryngeal efferents by

Andrew (1955)*

DidCUSdlOH

The results obtained by recording from- single vagal units provide

information not previously available and allow a start to be made on the

analysis of the underlying reflex mechanisms. There was no difficulty in

establishing that the gastric vagal discharge was efferent for the reason

given on p. C 4. The fact that the discharge still appeared at the

expected times when gastric contractions had been abolished by the action

of drugs that are known to block both pre- and post-ganglionic transmission

demonstrates, incidentally, that the gastric efferent discharge is being

transmitted in pre-ganglionic fibres at the cervical vagal level and that the

post-ganglionic fibres are cholinergic, since probanthine hydrochloride

exerts an action similar to atropine (Goodman & Gilman, 1956). These

results are also consistent with the observation of iggo (1956), who measured

the conduction velocities of gastric efferent fibres in cervical and thoracic

vagi by a compound action potential method and showed that they had conduction

velocities in the range (1-16 m/sec) that would be expected for parasympathetic,

preganglionic axons.

The efferent discharge could be classified into several distinct types

and/
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and it is reasonable to conclude that different structures were innervated

by the various classes. One possibility to be considered, however, is that

tne various patterns resulted from an inability to standardise experimental

conditions and not from the existence of several different categories of unit.

The evidence for rejecting this hypothesis is that dissimilar types of discharge

pattern were often seen in successive units during the course of an experiment

on the same sheep, that units with different types of pattern could be

recorded simultaneously in multi-unit records (Fig. CI), and that each

pattern was distinctive and for any individual unit remained basically con¬

stant for several hours, despite reflex and incidental changes in experimental

conditions (Fig. C 4).

The evidence for the hypothesis that each type of gastric unit innervated

a functionally and anatomically distinct region of the reticulo-ruaen is

strongest for Types I and IV. The Type I units are considered to innervate

the reticulum, because (a) vagal denervation abolishes reticular contractions,

(b) the biphasic contraction peculiar to the retioulura was matched by a

biphasic efferent discharge pattern in the Type I units,(c) the interval between

the first and second peaks of impulse discharge was equal to the interval

between the peaks of the first and second reticular contractions, (d) the

ratio of the first to second peak spike frequencies was similar to the ratio

of the amplitudes of the first and second reticular contractions. Further

support for this identification was that the interval betwe n the peak of the

second discharge preceded, the peak of the second contraction by an interval

of 1.8 sec, only slightly longer than the latency of reticular contractions

elicited/
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elicited by electrical stimulation of the cervical vagus at 20/seo« There

was not always an exact match between the discharge pattern of the unit and

the ensuing reticular contraction but this is what would be expected since

the reticular contraction would be the resultant of the activity in a large

number of these Type I units. There may be significant variations in the

form and in the times of the start, peak and end of the contraction in

different parts of the reticulum, as suggested by Chiesa et al (1965 b).

The Type IV gastric efferent units, for reasons similar to those

detailed abows for the Type I units, are associated with, and considered to

give rise to, contractions of the dorsal ruminal sac. The discharge pattern

matched the rate, form, duration; and amplitude of the dorsal ruminal sac

contractions, the peak frequencies occurred at appropriate intervals before

ruminal contraction and, in particular, a discharge in Type IV unit was

present only when dorsal ruminal sac movements also occurred.

The functions of Type II and Type III units are not so clear. The

main part of the discharge preceded the peak of reticular contraction and it

is likely, therefore, that these units are involved in movements either of the

reticulum, or of adjacent structures that contract at the same time, e.g.,

the reticulo-ruminal fold, or the oesophageal groove. Although visual

examination of the left side of the reticulum confirmed that the whole wall

contracted in the biphasic manner expected from rnanometric records, it was not

possible to observe directly the medial wall, which may contract monophasieally

(Chiesa et al, 1965b), and the structurally specialised region around the

reticular groove.

The function of the Type V units is not known, except that the discharge

was clearly related to the presence of gastric contractions. The fact that

these/
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these low frequency units could, be picked up from multi-unit strands prior

to subdivision makes one confident that no gastric units were being over¬

looked due to this particular technical factor of low frequency, and perhaps

small amplitude, in multi-unit recordings.

The Type VI and VII gastric efferent units, although few in number had

very distinctive patterns and they may be associated with the movements of

certain specialised structures, including sphincters or pillars. The bimodal

discharge of Type VI units is unlikely to bear the right time relationship

to the contraction cf the retioulo-rurainal fold described by Lucas &

Dougherty (1964), as the second part of the discharge starts too late. It

seems more likely that the discharge is related to the movements of the

reticulo-orifice described on p. I 21. The Type VII discharge may be assoc¬

iated either with a contraction of the oaasal canal (see p, I 29) or of the

cranial pillar, which may remain in a partially contracted state throughout

most of what is regarded as the quiescent phase of the cycle for other parts

of the reticulo-rumen (Reid & Cornwall, 1959),

There ar only three other published investigations of gastric efferent

vagal activity; Dussardier (i960) Beghelli et al (1963) Howard (1966).

3eghelli et al (19&3) Recorded electrical activity from the medulla oblongata

that had the same rhythm as gastric motility. They used curarised lambs

(20-25 days old) anaesthetized with chloralose. Spontaneous reticular

contractions, as would be expected, were absent, since reticulo-ruminal

structure and function in lambs of this age, according to iferdrop and Coombe

(1961), would still have been in a very primitive stage of development.

Reticular/



C IB

Reticular contractions were evoked by distending the reticulum or stimulating

the central end of a cut abomasal nerve. the records obtained from the

dorsal motor nucleus of the vagus showed multi-unit activity, and it is

possible to identify several different types of discharge in their illustrations

on the bases of spike amplitude and frequency and th temporal relationship

of the discharge to the reticular contraction. The interval between the

peak of the discharge (in those units having an early, high frequency discharge)

and the peak of the reticular contraction was 1.2-2,0 sec, similar to the

Types I, II and III units. In a study involving mature sheep in which reflex

reticular movements were present, Howard (1966) has also recorded several

kinds of unitary discharge in the dorsal motor nucleus of the vagus. Some

of his units correspond to the Types I nd IV units but, in addition, there

were several others, which were probably intemeuron.es,

Dussardier (I960, Fig, 2o) illustrates 13 examples of efferent activity

recorded in his cross-sutured animals. Sfith two exceptions they could be

incorporated in ay classification. The principle differences were that the

number of spikes per discharge, and the peak spike frequencies were generally

less than those recorded during the present experiments and there was also

a preponderance of units with a late discharge, which I would have grouped

together as TypeIV units. In addition there were two examples with a very

late low frequency discharge, which I did not find. JDussardier does not say

how common the various examples were, except that units with an early discharge

were relatively uncommon. He recorded, very infrequently, units having a

tonic/
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tonic discharge equivalent to the Type VII units and others with a very early

brief discharge similar to one of th© Type I units (no, 25)« The prevalence

of units having a late discharge in Dussardier's experiments on conscious

animals is probably due to the higher level of ruiainal activity in his prepar¬

ations.

Erom my results, together with those of Bussardier and Beghelli et al,

it is now clear that the total efferent discharge passing from the gastric

centre- to the reticulum and rumen consists of several distinct and independent

types of unitary activity. Bach of these has patterns of activity which, in

the course of time, will probably be related to the form, duration and amplitude

of movements of some particula part of the stomach. Activity in the various

types of efferent unit occurs in a sequence that could produce a co-ordinated

series of movement in the reticulum and rumen. It is my view that they

actually cause the movement. The orderly sequence of events that constitutes

the primary gastric cycle can, therefore, be attributed to this co-ordinated

efferent output which arises in the gastric centres rather than in the periphery.

This view is contrary to that of Morrison and Habel (1964) who argued that the

existence of multi-synaptic pathways in the myenteric plexus of the ruminant

stomach implied that *co-ordination* could and would be largely a peripheral

phenomenon, It seems much more likely that the complexity of these

myenteric pathways is related to the large area of the ruminal rails rather

than to the need for a peripheral co-ordinating mechanism. The internal

organisation of the gastric centres is probably very complex; e.g.,

Dussardier (196$)'
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Bussardier (i960) and Howard (1966) have established that there are powerful

inhibitory interactions within the dorsal motor nucleus of the vagus itself.

Several firm conclusions can be drawn from the investigation detailed

in this section*

(a) Halothane-anaesthetized sheep are suitable for acute experiments on

the reflex mechanisms underlying reticular motility but may be less

suitable for studies of ruminal motility.

(b) There are at least seven different types of gastric efferent fibres

with characteristic r^tterns of discharge. Except for one of these

groups* there is no resting discharge in efferent fibres during the

quiescent phase of the gastric cycle. The form, duration and peak

frequency of certain type of units can be related to the form*

duration and amplitude of the movements of particular regions on the

reticulum or rumen.

(0) The co-ordination of the complex sequence of movements comprising

the primary cycle of gastric contraction in ruminant animals is a

function of the 'gastric centres* in the hind-brain, through their

ability to determine the forms, durations, and spike frequencies and

temporal inter-relationships of efferent discharges in nerve fibres

innervating different parts of the stomach.



TableC1,Theefferentdischargesin25TypeIsingleunitsandtheirtimerelationshiptoreticularcon¬ tractions*Eachsetofvaluesisrepresentativeoftheunitandwasobtainedduringonecontraction cycleunder'standard*recordingconditions.23sheepwereused. RefertoFig.C3forthepositionsinthereticularcontractionandefferentdischargeindicated
bya-f.

Unit

Vol.in

Reticularcontraction

Efferent
unitarydischarge

No.

balloon (ail)

Amplitude

Duration

TotalNo,

Peak

Duration

Intervals

atb

a-b

spikes

frequencies
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e-f

e-b

(mmHg)
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(sec)
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(sec)

1

100

5.2

72

9

18

12

6

4

5

2.0

2

100

11

6.7

56

2

24

14

5

4

8

3.7

3

300

V

3.3

40

8

32

6

2

1

4

1.2

4

300

9

5.5

33

5

7

13

6

5

7

1.5

5

300

12

5.5

45

6

11

9

6

4

4

2.0

6

300

14

6.0

27

1

8

7

5

4

2

1.0

7

300

17

6.5

41

5

13

10

5

4

5

1.5

8

300

18

6.5

99

11

17

18

6

5

12

U

9

400

3

2.5

69

15

25

12

6

3

7

1.8

10

400

4

5.7

28

2

13

6

4

3

2

1.7

11

500

9

3.0

88

5

29

13

7

4

8

2.0

12

600

-

6.0

70

10

18

13

6

5

7

1.7

13

600

6

3.2

32

5

10

9

4

3

5

1.0

14

600

10

5.0

56

9

14

10

5

3

5

4.0

15

700

9

if .5

33

2

20

9

4

3

5

2.3

16

700

17

5.0

74

3

14

15

5

4

10

2.5

17

800

2

5.5

105

2

35

18

8

4

10

0.8

18

800

6

1.7

93

20

45

7

5

4

2

1.5

19

800

9

if.5

46

2

18

12

7

5

5

0.5

20

800

9

4.0

34

4

15

5

4

2

1

1.5

21

800

20

if .8

52

10

30

6

2

2

4

0.5

22

900

7

6.2

74

2

29

14

-

13

1.7

23

1000

8

if.O

86

9

17

16

7

4

9

1.0

2!f

1100

16

if.2

78

3

25

10

4

3

6

1.2

25

-

26

if.2

20

4

14

7

3

2

4

5.0

Mean

£2

10.6

if.8

58.0

6.2

20.0

10.8

6.0

1.8

-S.E.

57

1.3

0,2

6.9

0.9

1.9

0.8

0.3

0.2

0.6

0.2



TableC2.TheefferentdischargesinTypeII,IIIandIVsingleunitsandtheirtimerelationshipstoret¬ icularcontractions.Eaohsetofvaluesisrepresentativeoftheunitand.wasobtainedduringone contractioncycleunder'standard'recordingconditions.23sheepwereused. Refertofig.C3forthepositionsinthereticularcontractionandtheefferentdischarge
indicatedbya-f.erepresentstheoeakfrequencyinTypeIIandXVandthemid-pointofthe1plateau' inTypeIII.~

Type

UnitNo.
Vol.in balloon (Hi)

Reticularcontraction Amplitude atb
(mmHg)

Duration a-b

Efferentunitarydischarge
TotalNo. spikes

Peak frequency(/sec)

Duration c-f (sec)

c—e (sec)

Intervals js—f (sec)

e-b (sec)

II

III
IV

26

300

20

4.0

46

10

17

2

15

2.7

27

400

4

3.7

40

12

13

1

12

2.0

28

500

8

6.8

30

18

6

1

5

1.0

29

600

4

4.5

32

16

10

3

7

1.5

30

600

9

4.5

44

11

12

2

10

4.0

31

900

17

3.5

27

8

9

1

8

0.7

32+hean-sJL.
1400 671-141

12^2.9

4.7+4.5-0.41

72+42-6

12 12-1.3

9+11-1.3

2+1.7-0.29

£*1.3

2.5 2.1-0A3

33

150

4

6.0

51

13

7

3.4

3.6

4.2

34

200

11

5.5

81

10

13

5.2

7.8

2.0

35

300

3

5.5

55

10

10

4.3

5.7

4.0

36

400

5

4.0

40

7

8

3.4

4.5

3.0

37

700

17

7.2

35

7

7

3.7

3.5

4.0

38

900

19

5.0

14

5

5

1.9

3.1

3.0

39

1100

6

4.5

59

14

12

3.0

9.0

3.5

40^

1200

1

—

32+

9.

6

2-5+

x

Keanis»E.
619^146

8.3^2.3

5.4-0.40

itS~7

9.4-1.1

8.5^1.0
3.4-0.36
5.1^0.8

3.4-0.30

41

300

4

42

400

1

43

450

14

4^

700

11

45

800

5

46

800

5

47

800

10

48

800

20

49

1000

10

+̂

7+

Mean—h»E.672—781.9
55

15
27

30

46

14
55 27 31

10

7 5 3

17

4 8
4

6 6

15

4

11 18

7

10 11 11

7

11

4.0 2.0 2.0 1.5 4.0 1.0 5.5 3.0 3.0 4.0

11

2 9

17

3 9 5 8
4

7,

10.5^1.33.0^0.447.5^1.4
-2.5 -2.0 -2.0 -3.0 -1.0 0.0 -2.0 -2.0 -2.0 -1.5 -1.8-0.26



.01. An example of efferent gastric vagal activity recorded from a fine

multiunit strand.

The record contains one non-gastric unit and at least four efferent

gastric units, of which two (? Type III) show activity related to the

reticular contraction and two (Type IV) show activity which follows the

reticular contraction ^ is presumably associated with the ruminal con¬

traction (not shown).

This record demonstrates (a) that multiunit recordings are unsatis¬

factory for the type of analysis required by the present investigation

and (b) that the reticulum and the rumen appear to be independently act¬

ivated by discharges in separate efferent nerve fibres.
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C2. The temporal relationship between gastric (reticulo-ruminal) contrac¬

tions constituting the 'primary cycle' and the discharge patterns in the

various types of efferent units# The second peak of the reticular con¬

traction has been used as the ordinate for alignment of the frequency

curves constructed from the mean values given in Tables C1 and C2.

Types 1, II and III are considered to innervate the reticulum or

adjacent structures, Type IV the rumen and Types V, VI and VII special

regions, e.g. pillars ana/or sphincters, which have not yet been identi¬

fied.
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.03. The discharges of Types X and II efferent units (lower traces In

each record) arid the corresponding reticular contractions (upper traces).

A Type IV unit fires with a low frequency in the later part of the lower

record (spikes Barked with a dot).

The points labelled a-f provide the key for Tables 01 and C2; a

indicates the start of the reticular contraction and b its second peak.

The efferent discharge coaaenees at £, reaches its first peak at d, its

second peak at e and ends at f,

The scale on the left of each record represents a i-etieular pressure

of 10 wa Hg at its lower end and of 23 as Hg at its upper end. This

convention has also been used for Figs. CV*5»



a

T
b
T

Type I

1 sec



Pig. C2|». The disoharges of a Type III unit (lower traces) and the correspond¬

ing reticular contractions (upper traces). A and B are consecutive

reticular contractions recorded under 'standard' conditions: the efferent

discharges are similar hut the contractions appear to be slightly differ-

:ent because they are superimposed upon pressure fluctuations due to res-
•j

:piratory movements. C is from the same unit 5/v> later when, after a

variety of experimental procedures, the recording conditions were once

more 'standard'. The discharges are similar in A, B and C hut the splice

amplitude is smaller in C due to an alteration in electrical recording

conditions.



1 sec



, C5. Focamples of gastric efferent discharges (lower traces) in units

innervating structures other than the reticulum* In each record the

upper trace shows the reticular contraction, A shows both a Type IV unit

(large spikes) and a Type V unit (small spikes). The main part of the

Type IV discharge occurs during the phase of reticular relaxation and is

associated with the ruminal contraction* 3 shows a Type V unit which

has the typical irregular discharge of low frequency. C shows a Type VI

discharge which is characterised by the pause during reticular contraction

ana the long* low frequency discharge afterwards. 3 shows a Type VII

discharge. This is maximal near the peak of the reticular contraction

and is followed by a low frequency discharge which persists until upto

10 sec before the start of the reticular contraction.
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, C6« Examples of single unit discharges not associated with gastric

movements. A shows the discharges produced during swallowing in a unit

innervating the oesophagus. B shows bursts of activity which were in

phase with the arterial pulse. They are clearly not related to respira-

:tion (end of inspiration marked with triangles). C 3hows bursts of

activity in a pulmonary afferent fibre (spikes below the line) and an

unusually early reticular efferent unit (spikes above the line). In all

cases the strand from which the recordings were made had been cut distal

to the recording electrodes.

Spikes are recorded in the upper trace in A and the lower traces in

B and C, The pressure line (lower trace in A and upper traces in B and

C) shows the reticular contraction superimposed on respiratory movements

(inspiration giving an upward deflection).



1 sec
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dLCTIUE D

Keflexly induced changes in the efferent gastric vagal unitary discharges

IHTHObUCTIOM

The forestomaohs of rujainant animals undergo complex cycles of con¬

traction which are dependent upon extrinsic reflexes integrated by *gastric

centres* in the hind brain. Keticulo-ruminal motility may be altered by a

variety of procedures; e.g., by distending the reticuliun (Iggo, 1956;

Titchen, 1959; fluasardier, i960), stretching the reticulo-ruminal fold

(Titchen, 1958) by altering the pH of the ruainal (ash & Kay, 1959) or

the abomasal contents (Philli son, 1959; Titchen, 1958)* r^be vagi provide

afferent and efferent pathways for these reflexes. Electrophysiological

studies on some of the vagal afferent fibres involved has been reported

previously IIggo, 1956). Gastric efferent vagal activity has been recorded

indirecstly from the diaphragm using electromyography after vago-phrenic nerve

anastomosis (Dussardier, i960) and directly using a single vagal fibre

technique (dection C; Leek, 1963; Iggo ob Leek, 1967).

Two limitations of previous experimental work on reticulo-reticular

reflexes were, firstly, that the reflex responses of the reticulum were often

initiated by changes in the recording conditions, e.g., the use of the same

balloon to provide the stimulus (distension) and to record the evoked con¬

traction, and, secondly, that the extent to which the observed changes were

due to a local mechanism or to an extrinsic reflex could not be determined.

These technical limitations have been circumvented in the present experiments

by/
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by recording the efferent discharges in gastric vagal units and determining

the reflex changes elicited in these, as a result of distending the reticulum

and acidifying the abomasal contents, Shis technique has also provided

information on tne dependence of the gastric centres upon a tonic excitatory

input from receptors in the stomach, the extent of reflex feedback whereby the

early stages of the contraction cycle influence the later ones and, finally,

on the time taken for the central nervous integration of gastric reflexes, A

further problem was to see to wriat ex ent the further excitation of gastric

•in series* receptors during the reflexly elicited contractions modified the

behaviour of the gastric centres (Iggo, 1955« 1956),

Brief reports of these experiments have already been published (Iggo &

Leek, 1966; Leek, 1966), This Section has been published with only minor

alterations by Iggo & Leek (1967b),

* dhoULTd

The results described below were obtained during the course of the

experiments reported in .lection C, The 53 experimental animals, the surgical

procedures and the technique for recording from single efferent units were

therefore the same.

Simultaneous recordings of the nervous activity in single vagal gastric

efferent units and of reticulo-rurainal movements were made before, during and

after the administration of drugs and alterations in reticular tension and

abomasal pH, Reflex changes in the various types of discharge pattern

elicited by these procedures are described below, A detailed account of seven

vagal gastric efferent discharge patterns is given in Lection G. Briefly,

Types/
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Types I, II and III are presumed to activate the reticulum or adjacent

structures. In Type I the discharge pattern is bimodal, preceding and

corresponding to the typical biphasic reticular contraction. Type II is

unimodal and consists of a sharp peak, which precedes the second peak of the

reticular contraction, and a long tail, The Type III discharge has a

flattened peak or 'plateau* which precedes the reticular contraction, although

it has approximately the same duration. Type IV units are considered to

innervate the rumen. Their discharges are uniaodal. They commence during

and reach a peak after the reticular contraction, but before the ruainal one.

Units having discharge patterns of Types V, VI and VII are presumed to

innervate specialized structures e.g., pillars and sphincters, which have

not as yet been identified. Type V units have a discharge with a low,

irregular frequency, occurring during the reticular contraction apd relaxation.

The Type VI discharge pattern consists of a brief burst of impulses then a

pause of 2.5 sec, during which there are no impulses, and this coincides with

the seoond peak of the reticular contraction. Then follows a low frequency

discharge lasting 7,8 sec. The discharge in Type VII units begins after the

start of the reticular contraction and reaches its peak frequency during the

phase of reticular relaxation. A low frequency discharge persists throughout

most of the quiescent part of the gastric cycle in Type VII units only.

Comparisons of efferent discharges recorded under isometric and isotonic

conditions in the reticulum

The reflex effect of the enhanced gastric afferent input which occurs

during the course of an isometric reticular contraction (Iggo, 1955) were

tested/
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tested by comparing the patterns of the various types of gastric efferent discharge

under isometric and under isotonic recording conditions. Reticular movements

were usually recorded isoraetrically, but by removing the clamp from the airline

between the intrareticular balloon and the first aspirator bottle, isotonic

conditions were immediately obtained and vice versa.

The reflex effects of changing from isometric to isotonic recording con¬

ditions in the reticulum and vice versa were examined repeatedly in 20 units

isolated from 10 sheep. The change was made during a quiescent part of the

gastric cycle. Usually 4-6 primary cycles were recorded under one set of con¬

ditions before switching to the other. This procedure did not affect the

interval between the reticulo-ruminal contractions constituting the primary cycles.

No changes in the pattern of the gastric efferent discharge were observed in 3

units. All txhree units had an early discharge which had finished before the

reticulum contracted. Two of these units were of Type I and one of Type II.

The remaining 17 units were all affected and the results are summarized in

Table D 1 and an example is shown in Fig, li l* The overall effects in Type I

units were a marked increase in the maximal frequency of discharge together

with a reduction in the discharge frequency at other times, so that the total

number of spikes was usually reduced. Although the duration of the efferent

discharge was either unchanged or reduced, the interval between the start of

the discharge and its peak w s often increased,whereas that between the peak

and the end of the discharge was always reduced. The effect on 3 Type II

units tested was a reduction in the total number of spikes, the duration of the

discharge and the interval between its peak and the end. The peak discharge

occurred/
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occurred at a very early stage relative to the reticular contraction in two

of these units and there was no apparent effect upon the start-to-peak

interval of the discharge or on the peak frequency. The peak frequency in

the third unit was higher under isotonic conditions, as with the Type I units.

In this unit the peak frequency of discharge occurred later during the phase

of reticular contraction than in the case of the other two units. Four Type

III units were tested. .apart from one unit with a very early discharge which

showed no changes in the discharge pattern, they showed a reduction in the

duration of the discharge, particularly its later phase. Most of the 'plateau*

or flat peak occurred early in the phase of retioular contraction and it was

unaffected by a change in recording conditions. Consequently, the peak

frequency and the total number of spikes in the Type III units showed variable

changes.

Two Type IV (i.e. ruminal) units were tested, Due to oscillations in the

anaesthetic level which caused changes in the reticular contraction rate and

amplitude the results obtained from one of these units was discarded. The

other unit showed an overall increase in both the duration and the total

number of spikes. On a few occasions, whilst recording from Type I, II and

III units, a low frequency Type IV unitary discharge also appeared when

recording conditions became isotonic and disappeared on reverting to the

isometric state (Fig, i) 1). Of the four Type V units examined, three showed

no changes in the discharge pattern and one had fewer spikes and a shorter

duration. The one Type VI unit showed an increase in the total number of

spikes, the peak frequency and the duration of discharge. oeveral spikes

occurred/



I) 6

ocourred during the 'pause' in the discharge, which coincided with the second

peak of the reticular contraction and characterized this type of unit under

isometric conditions.

In all units the converse effects were observed when conditions reverted

to the isometric state.

■the reflex effect of preventing the reticular contraction b,y the use of drugs

An isotonic reticular contraction differed from an isometric one firstly,

by the absence of a rise in pressure during the contraction and secondly, by a

reduction in reticular volume during the contraction. As the reflex effects

described above might have been a consequence of either or both of these

factors, the analysis was carried a step further by examining the effects in

the absence of both a pressure increment and a reduction in reticular volume.

This w; s achieved by administering drugs which blook neurohumoral transmission

in the autonomic nervous system, Tetraethylammonium chloride (T.iS.A.) was

used to block transmission at preganglionic nerve endings and probanthine

hydrochloride at postganglionic cholinergic nerve endings, predominantly

those of the alimentary tract (Goodman & Gilmun, 1956). The doses were

adjusted so that a total block of gastric contr ctions developed after $-2

minutes and lasted 5-10 minutes. Recovery took place progressively during

the next 10-20 minutes.

Ten units were tested with T.E.u. alone, three with probanthine alone

and three others with both drugs. These drugs act at different sites and,

although they produce opposite effects on the cardiovascular system, both

blocked the efferent gastric discharge distal to the recording site. This

abolished/
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abolished, reticulo-ruainal contractions and. resulted in identical reflex

changes in the pattern of the efferent vagal discharge (Fig. D 2). The

interval between the bursts of efferent activity responsible for the primary

cycle movements was unaltered by these drugs.

oix Type I units were tested with T.IS.a* alone and two with both drugs.

The first contraction after the administration of the drugs often showed only

partial block. The next 4 or 5 contractions were completely blocked. The

features common to these cycles in all the units were a reduction in the total

number of s ikes, a sharp increase in the peak frequency of the discharge, an

increased interval between the start of the discharge and its peak and, finally,

a decreased interval between the peak and the end of the discharge. These

effects are summarized in Table D 2 and resemble those seen when recording

conditions were changed from the isometric to the isotonic and similarly were

most pronounced when the preceding (•control1) reticular contractions had a

large amplitude. After about the fifth cycle and until about half way through

the recovery period there was an overall reduction in the efferent discharge,

so that not only were there fewer spikes but also the peak frequency and the

duration of the discharge were diminished.

One Type II unit was tested with T.ii.a. alone and one with probanthine

alone. In both cases the peak frequency of the discharge occurred before

the reticulum contracted and remained unaltered during the second to fifth

cycles after administering the drugs. The number of spikes occurring after

the peak and also the interval between the peak and the end of the discharge

was reduced, as with Type I units, there wits a general reduction in the

efferent/
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efferent discharge from about the fifth cycle until the recovery period. This

was evident as a reduction in the peak frequency and duration of the discharge.

Two Type III units were tested with T.ii.A. alone, one with probanthine

alone and two with both drugs. In all cases the total number of spikes and

the duration was reduced, due to a shortening of the final part of the discharge.

Once again there was a general reduction in the discharge after about the

fifth cycle.

Like Type II units, most of the discharge in Type III units oocurs

either before or during the early part of the reticular contraction. The

reflax effects of changing to isotonic conditions and (for the second to fifth

cycles) of administering blocking agents are, thereofore, restricted to the

tail of the discharge.

One Type IV unit was tested with T.S.a. alone. Luring the first two

cycles after giving the drug, the peak frequency was higher than before but,

by the third cycle the peak frequency, total number of spikes and duration had

reached very low values.

One Type V unit was tested with T.B.A. alone. The only noticeable effect

was a slight reduction in the total number of s ikes and the duration of the

discharge. One Type VI unit was tested with probanthine. There was a general

reduction in the efferent discharge and like the isotonic effect described

above in a different Type ¥1 unit, some spikes were present during what had

previously been the silent period or *pause*.

The immediate reflex effect of suddenly deflating the reticulum

The above experimental procedures had little reflex effect on the main

part/
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part of the gastric efferent discharge in units of Types II and III, Most

of the discharge in these units occurred before or during the earliest phase

of the reticular contraction* it was probable that the absence of an effect

was due to the lack of any change in the afferent input. Clearly a different

technique was required to test whether such discharges could be altered

reflexly, The rooedure adopted was that of suddenly deflating or inflating

the reticular balloon by removing or injecting 200 ml air at the beginning of

the reticular contraction or the efferent discharge, in contrast to the first

set of experiments in which the change was made during a quiescent part of

the cycle. This procedure also allowed the reflex time to be assessed. The

effects of the manoeuvre were examined at both high and low levels of

reticular distension. Although reticular deflation and inflation were carried

out in turn on all the units described below, the first description will be

confined to the effects of suddenly deflating the reticulum, as these largely

resembled the effects of changing from isometric to isotonic recording con¬

ditions and of administering blocking agents.

The reflex effect upon the efferent discharge of suddenly removing 200

ml air by means of a large syringe connected to the reticular balloon was

examined in 30 units. The most pronounced changes were seen when this was

done either at the start of the efferent discharge or of the reticular con¬

traction, whichever was the earlier. Moreover, the alterations which this

procedure induced depended upon whether the reticulum w<±3 reviously distended

at a low level (400-700 ml air in balloon), a moderate level (600-1,100 ml)

or a high level (more than 1,000 ml). The divisions can be seen to slightly

overlap/
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overlap, presumably because the units were isolated from different sheep.

The significance of these divisions will become clearer later, when the effects

of inflating the reticular balloon are considered. The efferent discharge

associated with the contraction cycle in which the reticulum was deflated, was

markedly different from those of both the preceding cycles and the third and

subsequent cycles. The efferent discharge associated with the second cycle

following deflation was transitional between the first, which showed the

immediate effects of deflation, and the third and subsequent contractions, which

Showed the del yed or final effects of deflation.

Eleven Type I units were repeatedly tested and all were affected. The

responses depended on the initial volume of the reticulum. Sight were tested

under conditions of moderate (600-1,100 ml) reticular distension (?ig, I> 3).

The immediate effects of deflation on the 8 units were a marked increase in the

peak frequency of the discharge and, except for one unit, a reduction in the

total number of spikes, the duration of the discharge, the frequency of uhe

discharge between the first and second peaks and the interval between the

second peak and the end of the discharge. The exceptional unit was tested at

a reticular distension of 1,100 ml, which was on the borderline between the

moderate and high levels of distension. In the one other unit examined at

high reticular distension (1,300 ml) the immediate effects of deflation were an

increase in the total number of spikes, the frequenoy of the discharge between

the first and second peaks and, on most occasions, the duration of the

discharge and the interval between the peak and the end of the discharge, but

there was no change in peak frequency, Two units were also tested with the

reticulum/
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reticulum at a low level of distension (600 and 700 ml). The immediate effects

of deflation were a reduction in the total numbers of splices, the duration and

the interval between the peak and the end of the discharge but either no increase

or a reduction in the peak frequency of the discharge. Thus the effect of

sudden deflation on these units was to convert the ♦isometric* type response

to the 'isotonic* type. The initial level of inflation had an important

modifying influence.

Five Type II units were tested with the reticulum moderately distended.

The effects of deflation in all these units were similar. The peak frequency

of the discharge was increased but the total number of spikes, the duration of

the discharge and the interval between the peak and the end of the discharge

were reduced. The effects were, therefore, similar to those found for the

Type I units at moderate distension.

Seven Type III units were tested with the reticulum moderately distended.

Unlike the Types I and II units there was no consistent change in peak

frequency of the discharge; three units showing a reduction, one an increase,

two no change and one both an increase and a reduction at consecutive tests.

Like the Types I and II unit3, however, all the Type III units showed, as a

result of reticular deflation, a reduction in the total number of spikes, the

duration of the discharge and the interval between the peak or central point

of the *plateau* and the end of the discharge.

Three Type IV units were tested. In all cases there was a reduction

in the total number of spikes, the duration and the peak frequency of the

discharge. Two Type Y units were tested, with the reticulum moderately

distended,/
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distended, deflation caused little change in the first half of the discharge

but reduced the frequency and the duration of the second part of the discharge,

With the reticulum at high distension, deflation resulted in an increase in tne

spite frequency, total number of spikes and. the duration of the discharge. One_

Type VI unit was tested. This unit was from a different sheep than were those

Type VI units subjected to isotonic conditions and to probanthine described

above. However, the immediate effect of deflation upon the efferent discharge

was similar to the effects caused by the isotonic conditions and probanthine.

The 'pause* between the two bursts of spikes which typified these units under

normal isometric conditions was absent fr m the discharge associated with the

first contraction after the reticulum had been deflated. The overall duration

of the discharge was reduced.

The immediate reflex effect of suddenly inflating the reticulum

Repeated observations of the immediate effects of inflating the reticulum

at the start of the reticular contraction were made on the units described in

the preceding section. for the most part, the effects were the converse of

those produced by deflation but the effect of the level of reticular distension

prior to inflation was more pronounced. For Type 1 units at low levels of

distension, sudden infl tion caused an increase in the total number of spikes,

the duration and the peak frequency of the discharge (Fig, D 4). At moderate

reticular distension, however, sudden inflation resulted in an increase in the

total number of spikes anrl the duration of the discharge but a marked reduction

in its peak frequency. >ihen the reticulum was subjected to high levels of

distension,/
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distension, further inflation caused the efferent discharge in three units

tested to snow a variable but marked reduction in the total number of spikes,

the duration and the peak frequency of the discharge (Fig.D 5 ). In two of
these units the total number of spikes in the discharge was less than 10 per

cent of it3 previous value with an overall duration of only 2-4 seconds.

In the Type II units, inflation superimposed on a low reticular distension

caused an increase in the total number of spikes and the duration of the discharge

with no change in its peak frequency. At moderate levels of reticular distension

inflation resulted in an increase in the number of spikes and the duration of

the discharge but a reduction in its peak frequency. t high levels of reticular

distension, sudden inflation caused in two Type II units an abbreviation of the

discharge similar to that observed in the Type I units de cribed above,

after inflation.

...even Type III units were tested at moderate levels of reticular

distension. Inflation caused an increase in the total number of spikes in

all the units, an increase in the duration of the discharge in five units

and an increase in the peak frequency in three units, but no change in two

and a reduction in one. The terminal part of the discharge, in particular,

was enhanced in those units in which the duration was increased.

Following reticular inflation, the Type IV units showed an increase in

the total number of spikes and the duration of the discharge but no marked

change in the peak frequency. One Type V unit was tested with the reticulum

moderately distended and inflation caused a discharge of longer duration with

more spikes whereas, in another Type V unit with the reticulum greatly

distended/
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distended., it produced either a reduced discharge or, in one test, no

discharge at all. Mo Type VI units were tested with inflation.

The delayed effect of inflating the reticulum

The results described as *immediate effects* in the preceding two sections

refer to those discharges associated with the actual contraction cycles in which

the reticulum was inflated or deflated. The delayed effects of inflation were

observed in the subsequent contraction cycles in 25 units over a narrow range

(not more than 3 x 200 ml air added) with initial reticular distensions of

200-1,300 ml and in two units over a fuller range from 400-1,600 ml. Few

units were examined at extreme reticular distensions, because, on subsequent

deflation* a greater degree of reticular distension was then necessary, to

evoke reticular contractions of the same rate and amplitude as those occurring

before the extreme distension. Furthermore these very large reticular

distensions often induced reflex swallowing and limb movements which were, in

part, passively transmitted to the recording site and, thereby, often caused the

nerve strand to be broken between the electrodes and the nerve trunk.

The results obtained from one of the latter two units (Type III) are

shown in Figs. D 6 and D 7» At the start of approximately every fifth

contraction, 200 ml air was suddenly added to the reticular balloon. The

delayed effects of this procedure were incremental changes in

(a) the reticular pressure, the greatest increments being from 600-800 ml

and 800-1,000 alj

(b) the amplitude of the isometric reticular contractions up to a maximum

reached/
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reached with a resting pressure of 15 mm Hg and 600 ml air in the

reticulum* At higher volumes and pressures the amplitude progressively

decreased?

(c) the frequency of re icular contractions up to a maximum of 1,72/rain t

a reticular volume of 1,200 mlj

(d) the number of spikes/discharge up to a maximum of 90 at 8u0 ml and

(e) the peak frequency of the discharge up to a maximum of 21 impulses/sec

with a reticular volume of 1000 ml*

At values of distension greater than those producing maximal effects, further

inflation caused a reduction in each of these parameters.

The effect on the gastric efferent discharge in thi3 unit of incrementally

distending the reticulum up to very high levels may be examined in more detail

by making three comparisons: firstly, of the first discharge occurring after

inflation with that preceding it (i.e. the immediate effects), secondly, of

the fourth or fifth discharge after inflation with that preceding inflation

(i.e. the delayed effects) and thirdly, of the fourth or fifth discharge with

the fi st discharge after inflation (i.e. the transition from the immediate to

the delayed effects). after sudden inflation, the intrareticular pressure

is very high momentarily but falls exponentially during the next 1-2 min to

a new steady level, which is higher than before inflat on. This is presumably

due to the 'viscous* properties of the gastric and abdominal walls. The

immediate effects of inflation on this unit, with initial reticular distensions

of not more than 1,000 ml, were an increase in the total number of impulses, the

duration of the dischiixge, particularly the interval between the peak ('plateau'

mid/
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aid point) and the end of the discharge, and the peak frequency, with

initial reticular distensions of 1,000 ml to 1,200 ml, further inflation caused

no change in the total number of impulses and the duration of the discharge,

although the peak frequency was slightly less, With initial distensions

greater than 1,200 ml, further inflation resulted in decremental changes in the

total number of spikes and the peak frequency but the duration of the discharge

remained the same.

The delayed effects of inflation of the reticular balloon can be seen by

comparing the discharge in the cycle prior to inflation with that associated

with the fourth or fifth contraction afterwards, by which time the resting

reticular pressure had reached a stable value, and successive contractions

and efferent discharges were identical. With initial reticular distensions of

not more than 600 ml, further inflation resulted in an increase in the total

number of impulses, the duration of the discharge (particularly the interval

between the 'peak* and the end) and the peak frequency. At greater reticular

distensions, inflation resulted in a reduction in the number of impulses, the

duration of the discharge (particularly the peak-to-end interval) and the peak

frequency. The 'plateau1 duration was either the same or less.

Comparison of the discharges associated with the first and either the

fourth or fifth contractions after inflation demonstrates the transition

occurring between the immediate and the delayed effects seen 2-4 min later.

The latter have fewer spikes, a shorter duration of discharge (particularly of

the above interval) and a lower peak frequency.

The effects described above for a Type III unit were seen also in the

other/
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other types of unit tested over a more limited range of distension. Two

additional features were:(a) that in Type I units there was no immediate effect

on the interval between the start and the peak of the discharge, whereas the

delayed effect was a lengthening of this interval,(b) in those instances at

high levels of reticular distension, when further inflation resulted in an

immediate reduced discharge in some Type I and II units, the discharge

associated with the seeond contraction after inflation showed the features

described above as 'immediate effects*, (Pig. D 5)»

The converse of the changes described above relating to inflation was

seen when the reticulum was progressively deflated by suddenly removing 200 ml

air at the beginning of every fourth or fifth contraction. Once again the

'viscosity* effects were seen (this time in reverse), Oudden deflation caused

an immediate reduction in intrareticular pressure with an exponential rise

over the course of 1-2 minutes to a new stable level which was lower than

before deflation.

Reflex time for reticulo-reticular reflexes

For each unit, the efferent discharges associated with successive cycles

of contraction were very similar, provided that recording conditions had been

stabilised. It was, therefore, possible to determine a reflex time for

retieulo-reticular reflexes by comparing the efferent discharge which was

recorded, when 200 ml air was suddenly added to or removed from the reticulum

just after the beginning of the contraction, with that discharge, which might

have been expected to occur had this procedure not intervened. The discharge

recorded during the previous cycle was used as the expected or control pattern.

The/
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The addition or withdrawal of air took x-4" sec. The time between the start

of the addition or withdrawal of air and the first noticeable difference between

the two efferent discharges was measured on 09 occasions in 20 units. a

skewed distribution of values was obtained, naving a mean of 1,020 ^ 43 msec

(mean - standard error) and a mode of 80Q msec (Fig, D 8), There was no

significant difference between the values obtained for the different types of

unit, although the values obtained for some of the Type I units were probably

too high, due to the difficulty of comparing the low frequency and rather

irregular di1charges occurring between their first and second phases, which

often was the time when the reflex effects ought to have been first noticeable.

It is likely, therefore, that the mode rather than the mean value is more truly

indicative of reflex time measured from the start of inflation or deflation

to the first noticeable change in the efferent discharge. This interval

represents the time taken for the reflex by the receptors, the afferent nerves,

central integration processes in the gastric centres and the efferent pathway

from the medulla to the recording site on the left vagus at the mid-cervical

level.

Acidification of the abomasum

Titchen U953) has described the potent excitatory reflex effects of

introducing 0.2 N HG1 into the abomasum in eliciting reticular contractions in

decerebrated sheep. This procedure was employed in 10 sheep under halothane

anaesthesia in the present experiments. In all except 3 of these, acidifica¬

tion of the abomasal contents, in order to lower their pH to less than 1,0,

did/
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did not affect the prevailing reticulo-ruminal movements, which often had a

large amplitude even when the abomasal pH was as high as 4.2. The acidity

of the abomasal contents does not appear to be so critical therefore, for

reflex excitation of the movements in anaesthetized sheep. In the 3 sheep

which did respond to acidification of the abomasal contents, an increase in

the amplitude of the reticular contractions appeared after 1-2 rain and lasted

about 10 min. The record obtained from a single efferent unit before and

again 90 sec after abomasal acidification is shown in Fig. D 9» where is

an increase in the total number of spikes, the peak frequency of the discharge

and its overall duration.

J)loCUS3lUH

The *gastric centres' in the hind brain give rise to several types of

efferent discharge, which are presumed to account for the complex but

co-ordinated sequence of movements in the various regions of the reticulo-

rumen ooraprising the 'primary cycle* of contractions (Section C{ Iggo &

Leek, 1967a). In halothane-anaesthetised sheep the patterns of the efferent

discharges, the reticulo-ruminal contractions for which they are responsible

and the duration of the quiescent period between contractions are modified by

the degree of reticular distension and the acidity of the aboraasal contents.

The effects of both reticular distension and the increased tensien developed

during an isometric reticular contraction differ according to the type of

gastric unit from which the efferent discharge is being recorded (see Table

D 2), although within any one type the reflex responses of the units are similar.

This finding supports the classification of gastric unitary efferent discharge

patterns/
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patterns into functionally distinctive types not only on the basis of the

parameters of the discharges and their time relationships to the reticular

and ruminal contractions (Section C; Iggo & Leek, 1967&) but also on the

basis of their reflex responses.

fitchen (195H) demonstrated, in decerebrate sheep, that reticulo-raminal

.movements were reflexly enhanced when aboaasal acid secretion was stimulated

or when the aboaasal pH was reduced to less than 1.0. He concluded that

mucosal *aoid receptors* were stimulated by these procedures and that their

afferent activity excited the *gastric centres*. Under normal conditions in

the conscious sheep on *ad lib* feeding, the secretion of abomasa.1 acid is

continuous (Hill, I960) and, therefore, *aeid receptor* activity is likely to

provide a tonic excitatory afferent drive to the 'gastric centres*. Lever&l

indirect pieces of evidence arise from the present experiments which suggest

that abomsal acid secretion is present in h&lothane-anaesthetized sheep and

may reflexly excite reticulo-ruainal movements, viz, (.a) movements were present

in some sheep even before the reticular balloon was inflated, (b) movements

were usually not enhanced by acidifying the abosasal contents, (c) difficulty

was experienced in evoking movements in starved sheep and others which had

undergone a dietary change just before the start of the experiment (Lection A)

— procedures which Hill (I960, 1965) has shown to cause a reduction in aboaasal

acid secretion and (d) movements were abolished when pentagastria was given

in high doses which wer likely to inhibit abomasal acid secretion (Lection F),

illthough this evidence is consistent with the view that *acid receptor* activity

is stimulated by the secretion of aboiaasai acid and provides a tonic excitatory

afferent/
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afferent drive to the 'gastric centres' for the ei.iciia.tion of reticulo-

ruasinal movements, further experimental work would be required to confirm

this.

Besides the above mechanism, the "gastric centres* appear to receive a

tonic afferent drive from tension receptors in the reticulum. In most sheep

with no air in the intrareticular balloon, there were no gastric efferent

discharges or retioulo-rusinal (gastric) contractions, whereas with 400-600 ml

air in -the balloon, contractions of normal amplitude and frequency were usually

present. a. pressure of about 10 ma ilg was created by this volume and is

similar to that found in the conscious sheep, in which it seems likely,

therefore, that reticular tension receptors would also provide a tonic afferent

drive. As the intrareticular volume is increased up to about 1,000 ml, the

reflex excitatory drive also increases as judged by the frequency and amplitude

of the reticular contractions, which are increased. At greater volumes and

tensions, the frequency and amplitude of the reticular contractions are

reduced. Hi#}, levels of reticular distension, therefor®, elicit reflex

inhibitory effects. Similar phenomena have been observed for reticular

movements by Dussar&ier (I960, p» 93) And for salivary secretion by Ash & Kay

(1959) sad Kay & PhiHipson (1959)5 moderate levels of reticular distension

causing/



D 21

causing reflex excitation and high levels causing reflex inhibition. Keid &

Titchen (1965) reported that quite low levels of reticular distension (i.e.

above 8-12 cm H^O pressure) inhibited secondary cycle contractions of the rumen

and eructation. I'he afferent drive to the •gastric centres1 provided by

aeehanoreceptors in the reticulum thus appears to consist of an excitation at

low tensions and a combination of excitation and inhibition at higher tensions,

the latter becoming progressively more dominant as the tension is raised.

The changes in the pattern of the gastric efferent discharge which are

produced, either when there is a switch from isometric to isotonic recording

conditions or when blocking agents are administered, are identical. Therefore,

in so far as these reflex effects are concerned, the reflex drive i.e. the

afferent input, present during a contraction involving a reduction in volume

against a constant pressure head, is the same as during no contraction. This

eliminates the possible involvement of 'in parallel* volume receptors, which

would be off-loa&ed during tne isotonic contraction, and tactile receptors,

which presumably would be excited during the isotonic contraction, due to the

movements of the reticular wall against the balloon. Iggo (1956), during

single vagal afferent fibre studies, could find no evidence for volume

receptors in the reticulum, but only 'in series* tension receptors.

The increased afferent activity occurring during an isometric contraction,

whilst modifying the later phases of the efferent discharge associated with

that contraction cycle, does not have a residual effect upon succeeding

contractions. The first isotonic contraction after isometric ones is no

different from the next isotonic contractions and there is no difference in

the/
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the duration of the quiescent periods under isometric or isotonic conditions

or after administering the Mocking agents, providing that the resting

intrareticular pressure remains unaltered. If the resting pressure alters

under either of these conditions, however, there is a corresponding change in

the frequency of the contractions and the parameters of tne efferent discharge.

The rate and amplitude of the gastric contractions are thus determined by the

afferent activity arising from 'in series' reticular tension receptors during

the quiescent phase of the primary cycles; a conclusion that supports the

previous work that implicated these receptors in an excitatory reticulo-

ruminal drive (Iggo, 1956),

Tension in the wall of the reticulum is due to two components, namely;

the passive tension of the elastic elements and the active tensions developed

by the muscle cells through their intrinsic activity. Normally, in the

quiescent stomach, the latter are insignificant in comparison to the passive

tensions and the reticular pressure/volume relationship appears to be the same

in both the living and the dead animal, except when the volume is suddenly

increased. This causes the pressure to be very high momentarily before falling

exponentially to its new value. The rate of fall is faster in the dead than

in the living animal, from which it is inferred that in the latter an active
tr

factor is also involved; presumably, stretching the wall excites intrinsic

smooth muscle contractions. This conclusion is supported by evidence from

(single) afferent gastric unit responses (described in dection B), in which

stretching the reticular wall manually, in the region of the receptor whose

afferent discharge was being recorded, often elicited a localized contraction

of/
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of that region. This was felt by the fingertips and. also recorded as an extra

afferent discharge following that provoked directly by stretching the wall.

These intrinsic smooth muscle contractions are probably of consequence in

relation to excitation of tension receptors 'in series1 with them only when the

reticulum is suddenly distended, particularly at the higher levels.

The effect upon the efferent gastric discharge of suddenly inflating the

reticulum wnen it has a. low initial level of distension, is an overall

excitation which is seen as an increase in all its parameters, i.e. peak

frequency, duration, number of impulses. In contrast, the effect when the

reticulum has an initial high level of distension is an inhibition, which

overrides the reflex excitation and produces a general decrease in all its

parameters. Inhibition is most pronounced immediately after inflation, when

the efferent discharge may be reduced, but does not persist except at the

very high initial levels of reticular distension. These observations support

the hypothesis that reticular distension causes reflex excitation at low

thresholds and inhibition at high thresholds. High thresholds are only likely

to be reached

(a) during the contraction phase of an isometric contraction,

lb) at maintained very high levels of reticular distension and

(c) immediately after a sudden inflation when the reticular tension is

exceptionally high for a short time, due to passive 'viscosity* and

active intrinsic contractile properties.

This hypothesis will also account for the effects upon the efferent discharge

observed when the reticulum is deflated or inflated at moderate levels of

distension,/
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distension, when changing from isometric to isotonic recording conditions or

after administering blocking agents# Under these circumstances, inflation and

the increased tension developed by the isometric contraction, compared with the

isotonic and 'blocked? contractions, evoke simultaneously both excitatory and

inhibitory effects. These are seen as an increase in the duration of the

discharge and the total number of spikes but a decrease in the peak frequency

of the discharge# Thus the tensions developed by the early phases of the

reticular contraction affect its later phases through a reflex 'feed-back* loop.

The pathway of this loop is th ough the vagi and the 'gastric centres', since

the same effects are observed both before and after section of the splanchnic

nerves.

The reflex effects described above are most likely to be due to the

afferent activity arising from 'in series* tension receptors and not from

'in parallel* volume receptors or tactile receptors. These investigations

have not, however, differentiated between two possibilities to account for

the low threshold excitatory effects and the high threshold inhibitory

effects, namely| whether the inhibition is due to a separate set of high

threshold receptors which inhibit the 'gastric centres' or whether the high

frequency afferent discharge arising from low threshold receptors at high levels

of reticular tension causes inhibitory connexions in the 'gastric centres'

to be brought into play.

The mode value for the time between inflating or deflating the reticulum

and observing a reflex effect upon the efferent discharge recorded at the

mid-cervical level in the vagus is 800 msec. afferent discharges from

reticular/
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reticular receptors recorded at a similar site give values of about 100 msec

between the start of inflation or deflation and a change in the rate of the

afferent input (see Section B), Assuming a distance of 15 ens between the

recording site and the 'gastric centres* and the conduction velocity of

10 ra/sec for both afferent and efferent fibres, the central feflex time «

800 - 100 - 15 - 15 - 670 msec or, if the minimum value for reflex time

(500 msec) had been taken, 370 msec,

The latent period between stimulating the cervical vagus distally and

recording (a) a reticular contraction is 800 msec and (b) a dorsal ruminal sac

contraction is 1,600 msec. The time between applying a stimulus to the
I

reticulum and recording the start of an effect would be, therefore, about

1,600 msec and certainly not less than 1,300 msec for the reticulum and about

2,400 msec (not less than 2,100 msec) for the rumen. Thus, during the course

of an isometric reticular contraction the tensions developed during its early

phases are likely to reflexly affect that phase of the reticular contraction

occurring not less than Tg- sec later and of the ruminal contraction occurring

not less than 2 sec later. This supports the conclusions of Leek (1966) that

the first phase of the biphasio reticular contraction reflexly modifies the

form and amplitude of its second phase (occurring about 2-3 sec later) and the

latter, in turn, modifies the dorsal ruminal sac contraction. This normally

starts during the second phase of the reticular contraction and reaches its

peak several seconds after the second peak of the reticular contraction

depending on the region. Using microcannulae implanted between the muscle

layers of the ruainal wall, 8, Ullah (personal co ununication) has recorded

contractions/
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contractions occurring in discrete regions of the rumen and has established tie

time relationships which exist between their phases of contraction. For primary

cycles in conscious sheep, the average interval between the second peak

of the reticular contraction and the peak of the rurainal contraction is 2,5 sec

for the cranial dorsal sac, 3»5 sec for the aid-dorsal sac and 4.2 sec for the

caudal dorsal blind sac. Similar values have been obtained for the halothane-

anaesthetized sheep.

Titchen (I960) has evoked rurainal contractions in decerebrate sheep by

distending the reticulum and, especially, by stretching the reticulo-ruminal

fold. This observation is confirmed by the present experiments in which the

discharge in Type IV (i.e. ruainal) units was found to increase in all its

parameters as the reticular balloon was inflated, although the extent to which

this was due to distending the reticulum and which to stretching the reticulo-

rurainal fold was not ascertained. In addition to this reflex excitatory effect

of the reticulum upon the rumen, there appears also to be reflex inhibition.

The Type IV discharge was enhanced under isotonic recording conditions and also

after the administration of the blocking drugs from which it is inferred that

reflex inhibition resulted from the increased afferent activity arising from

reticular tension receptors during the course of isometric contractions.

Although this conclusion is based on only a few observations, there is other

evidence to support it; both the afferent discharge from receptors located in

the rurainal wall and the amplitude of the rurainal contraction are greater

when the reticulum contracts isotonically than when it does so isoraetrically

(see section £), This evidence opposes an idea of Iggo (1951)» that the

afferent/
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afferent discharge increment arising from tension receptors in the reticulum

during its contraction activates the 'ruminal centres* and leads to the

ruxainal movements.

From this investigation it is concluded that

(a) the 'gastric centres* are dependent upon 'low threshold* excitatory

drive provided by the tonic afferent input of 'in series* tension

receptors during the quiescent period of the primary cycle and this,

modified at high levels of distension by an inhibitory effect, largely

determines the rate and amplitude of both reticular and ruminal con¬

tractions ,

(b) the earlier phases of the increased afferent input arising during the

course of an isometric reticular contraction reflexly modify both the

later phases of the reticular contraction, after a total reflex time

of more than 1,500 msec, end of the dorsal ruminal sac contraction,

after a total reflex time of more than 2,100 msec. In the ca.se of

reticulo-reticular reflexes the reflex modification is a combination

of excitation sad inhibition, with the latter predominating at high

initial levels of reticular distension, whereas for retieulo-ruminal

reflexes, reflex inhibition predominates even at moderate initial

levels of reticular distension,



Table D1. Summary of the comparisons made between the efferent gastric
discharge in single vagal units recorded under isotonic recording con¬
ditions and those recorded under control isometric conditions. The
change from isometric to isotonic recording conditions was made during
the quiescent phase of the primary (reticulo-ruainal) cycle,

+ = increase, - = decrease, o s no change,

m No, of Total No, Peak nf8^*!^8 Intervals** units spikes frequency ^ start -> peak ->
peak end

I k o/« + o/- +/o -

II 3 - +/o - o -

III 3 - +/o/- - 0 -

IV 1 + + + +

V 3 o/- 0 o/- 0 o/-

VI 1 + + + m +

Two Type I units and one Type III unit have been excluded from this
table. Their discharges, which occurred before the start of the reticular
contraction, were identical under both isometric and isotonic recording
conditions,



Table D2, Summary of the results of comparisons made between the efferent
gastric discharge in single vagal units recorded under the conditions
specified and the discharge recorded under control isometric conditions.

+ = increase, ++ = large increase, - = decrease,
— s large decrease, o = no change.

The initial level of reticular distension is indicated by 1 for
low (400-700 m for moderate (600-1100 ml), and h for high (> 1000
ml) volumes.

Type of
unit Parameters Isotonic Blocking

drugs *

I No. of spikes -/(o) -

peak frequency 4+ ++

duration 0/- %
start -> peak 4 4

peak -> end — 4

II No. of spikes - -

peak frequenoy 0 0

duration - -

start -> peak 0 0

peak -> end —

III No. of spikes -/(o) «*»

peak frequency o/(-) O

duration — mm

start -> peak 0 0

peak -> end *•-

IV No. of spikes 4

peak frequency 4 +

duration 4

start -> peak
peak -> end

V No. of spikes «/(-) (-)
peak frequency 0

(-)duration «/(-)
start -> peak 0

peak -> end 0

VI No. of spikes 4 (-)
peak frequency +

(-)duration 4

start -> peak
peak -> end
•pause' a a

x a early stage of total block

Sudden
deflation

1 a h

o/- ++ +

- - +

Sudden
inflation

la I

+ +

4 —

+ +

+ +

o -

+ +

+ -

t/(o) I
++ -

4-

o

+

4-

- +

— 4

— 4

(")

(-)

a a absence of pause

Types I and III include only those units in which the discharge was
affeoted. The other three units are discussed in the text.



. D1. Records showing the discharge patterns in 2 efferent gastric vagal

units (lower trace in each record), when the reticulum contracted (A)

under Isotonic recording conditions and (£) under isometric recording

conditions. Most of the spikes are in a Type I unit and activity in the

other unit (Type IV) is marked with dots. Under isotonic recording con¬

ditions , the reticular contraction caused a reduction In intrareticular

volume (not shown on this record) but no rise in intrareticular pressure

(upper trace;. The small pressure oscillations were due to respiratory

excursions of the diaphragm.

The reflex effects on the Type 1 unit of the pressure increment in

B are an increase in the total number of spikes, in the interval between

the peak frequency and the end of the discharge and in the discharge

frequencies both before and after the peak. The peak frequency itself

and the interval between the start and the peak of the discharge are

reduced. The reflex effect on the Type IV discharge is a reduction in the

total number of spikes and, in particular, a suppression of the early part

of the discharge.

In figs. D2, *►» 5 and 8 the records are presented in the sane way.
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.22, The reflex effect on a Type I unit (with a prominent early discharge)

of administering drugs which block the transmission of efferent activity

and thereby abolish reticular contractions, A and C are control records

obtained (A) immediately before injecting 35 rag tetraethylaiacionium

chloride i/v and (C) 25 ain after A and immediately before injecting 1 mg

probanthine hydrochloride. The immediate reflex effects of these drugs

are shown in B and D recorded 3 and 5 rain respectively, after A and C,

Reticular contractions were abolished by both drugs and there was a

marked increase in the peak frequencies of the discharge, but all other

parameters of the discharge show a reduction (B and D). These responses

are, in general, similar to those obtained when recording under isotonic

conditions, as in fig, D1A.

The strand contains, in addition to the Type I unit, at least two

other units, which are more prominent in C and D because of a movement of

the nerve strand on the recording electrodes.
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D3. The immediate (B) and delayed effects (C) of suddenly deflating the

reticular balloon. Record A shows the efferent discharge in a single

Type I vagal gastric unit (lower trace) in the cycle preceding that in

which 200 ml air was suddenly removed fro.® the intrareticular balloon.

This was done at the start of the efferent discharge associated with the

reticular contraction of the cycle shown in B, Record C was obtained 5

ain after B, and is four contraction cycles later.

Compared with A the efferent discharge in B has lower frequencies

before and after the peak which itself is greatly increased. The total

number of spikes is less.

In C the number of spikes, the peak frequency and the duration of

the disoharge are less than in A and B, The frequencies of the discharge

before and after the peak are however greater than in B but lower than in

A.

A Type IV unit (tall, thin spikes) is also present. Following def¬

lation its duration is reduced but several early spikes appear during

the contraction phase of the reticulum.
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D2|., The Immediate reflex effects of suddenly inflating the reticular

balloon with the reticulum Initially distended at a low level (b) and a

moderate level (d). Reoords A and C were obtained during the contraction

preceding B and 1) respectively.

In A the resting reticular pressure was 5 aim Hg and the reticular

contraction (upper trace) was very small. In B, the sudden addition of

200 ml air to the reticular balloon at the start of the efferent discharge

of the Type III gastric unit caused, reflexly, an increase in the total

number of spikes, duration and peak frequency of the efferent discharge

and in the amplitude and duration of the contraction.

In G the resting reticular pressure was 10 mis Hg. In D, sudden

inflation of the reticulum, by adding 200 nil at the start of the Type I

gastric efferent discharge, reflexly enhanced the total number of 3pikes

and the frequencies of the discharge before and after the peak and caused

an increase in the duration and amplitude of the reticular contraction.

The peak frequency in D, where there is a moderate level of distension

is much lower than in C; whereas in B, where there is a low initial level

of distension, the peak frequency is higher than in A.
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Fig. D5. The reflex effects on a Type I disciiarge of suddenly inflating the

reticular balloon with the reticulum distended at a high level (22 mm Hg),

A, B and C are consecutive contractions and 200 ml air was added to the

reticular balloon at the start of the discharge in B,

The immediate reflex effect (B) of inflating the highly distended

reticulum is a reduction in all the parameters of the efferent discharge.

In the next contraction (C), however, there is a great increase in all

the parameters.

\
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D6. The spike discharge frequency curves of a Type III gastric vagal

efferent fibre at low, moderate and high levels of reticular distension

(400, 800 and 1400 ml air respectively). Bach record was taken not less

than 5 ain after inflation. The discharge is enhanced as the initial level

of distension is increased from a low to a moderate level but it is depress¬

ed as the distension is further raised to a high level.
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• 27. The effect of incremental inflation of the reticular balloon by

adding 200 ml air immediately before the contractions marked with an

arrow. In A 0—0 indicates this maximal reticular pressure during a

contraction and •—• the reticular pressure during the quiescent part of

the gastric cycle. B is the pressure rise developed during each contrac-

Jtion (i.e. the difference between 0—0 and •—• in A), C is the total

number of spikes during each discharge cycle. I) is the frequency of

contraction, i.e. the reciprocal of the duration of individual gastric

cycles.
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D8. Histograms showing the distribution of 89 values obtained for the

interval between applying a stimulus (measured from the start of either

a sudden deflation or inflation of the reticulum) and the appearance of

a reflex response in gastric efferent discliarges recorded from Type I,

II and III units dissected from the latd-cervieal region of the left vagus

(see text for further details). The 54 values obtained from Type I units

are shown as the hatched portion of the histogram#
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D9. The effect of acidifying dbomasal contents on the discharge in a

Type I unit. A is the control, obtained immediately before adding 50 ml

0.2 N HC1 to the abooasum. B was recorded 90 sec afterwards. In B, the

total number of spikes, the peak frequency of the discharge and the sise

of the reticular contraction are enhanced.



Effect of abomasal acid on the

discharge of gastric motorneurones during reflex gastric contraction (sheep, halothane)
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The dependence of reticulo-ruminai movements upon the presence of the

vagi has been demonstrated by experiments involving chronic vagal denervation

^p. 1 31} Mangold dc Klein, 1927*5 etc.), blockage of vagal nerve transmission

by cooling (p. I 46} Popow et al, 1933; Iggo, 1951; Duasardier, i960) and by

local anaesthetics (Dziuk & sellers, 1955; dtevens & tellers, 1956, 1959)#

The limitations of chronic denervation experiments are firstly, that

denervation is not reversible and secondly, that only the delayed effects and

not the immediate ones are observed. These drawbacks do not apply to the

method of blocking nerve transmission by cooling, which was therefore used in

the present experiments in conjunction with single afferent and efferent

unit recordings. The temperature that will produce cold block of transmission

in vagal fibres depends upon their diameters and an effective blocking temperature
0

of not more than 4 C was anticipated by com arison with that required to block

Type £ atrial receptors, having a conduction velocity range of 8-29 m/sec

(silhitteridge, 1948; Torrance <& ahitteridge, 1948), This is similar to the

range for reticulo-ruminal afferent fibres, i.e. 5-23 m/sec (p. B 8), and

reticulo-ruminai efferent fibres, i.e. 11-16 m/sec for the most excitable fibres

and 1-11 m/sec for the less excitable ones (Iggo, 1956). The dependence of the

cold block temperature upon the fibre diameter in the case of myelinated fibres

is opposed, however, by Paintal (1965)* He concludes that the two factors are

not consistently related.

The/
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The objects of the present ex eriments were to determine

(a) whether the various branches of the vagi serve predominantly as

afferent pathways or as efferent pathways for reflexes involving

reticulo-ruisinal movements,

(b) whether a vagal branch contains afferent units having an overall reflex

inhibitory effect or an overall reflex excitatory effect on reticulo-

ruainal movements.

(c) the reflex effect of reducing the afferent input during both the

quiescent period and the active period of the primary cycle.

(d) the reflex effect of electrically stimulating, in turn, vagal branches

central and peripheral to the blocked region.

The effects of cold block were usually confirmed towards the end of the

experiment by sectioning the vagal nerve branches.

REvSU lo

Nerve transmission in vagal nerves and their branches was blocked by

cooling a region of the nerve with a thermode (p. M 6) in 14 sheep. During

cold block, recordings of nervous activity were xaade from four gastric efferent

vagal strands and one afferent strand. Before satisfactory unitary records

were obtained, numerous units were lost due to reflex swallowing, coughing

and limb movements evoked when the theraode was placed in position.

The temperature in the eooled nerve was not measured. The temperature of

the refrigerant liquid entering and leaving the thermode was recorded. The

flow rate through the thermode in situ was suf iciently high that the influx-

efflux temperature difference was less than 0,1 0. The effectiveness of the

cold/



cold block wsi3 tested either by recording from the afferent unit and observing

a cessation of afferent activity or by electrically stimulating the nerve

central to the thermode (25 atimuli/sec) and observing the abolition of evoked

reticulo-ruminal contractions (Fig. E 1). with an influx temperature of 4 C

and above, no block was observed in gastric efferent fibres. With influx

temperatures of 1"C and below, a block of gastric efferent fibres was usually

established in less than 3 a&n, After the removal of the thermode, nerve

conduction was re-established within 10-60 sec. The blocking temperature for

the afferent unit was not determined but block was established with an influx

temperature of 1"C. After cooling the nerve, in this unit there was neither

a resting discharge nor a discharge during each reticular contraction even

though the reticular contractions were only slightly reduced in amplitude.

The therraode had been applied to the left dorsal thoracic branch of the vagus

(henceforth abbrevia ed to L.D.Th.V.).

The effect of cooling the left cervical vagus (L.G.V.) in 3 sheep was a

reduction in the amplitudes of the spontaneous reticular contractions but no

change in their frequencies. When this nerve was subsequently sectioned in

two of the sheep, the same result was obtained. In one sheep, cooling with

influx temperatures of l'C, 0.5*C And -0.7"C completely abolished the evoked

reticular contraction «.f tho rotioulua but left the evoked ruminal contraction

unaffected (Fig. El). In 3 sheep, electrical stimulation central to the

blocked region induced swallowing, coughing and even limb movements, which

interfered with recording, whereas electrical stimulation peripheral to the

blocked region caused the subsequent 5—1G contractions to have a greater

frequency/
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frequency and amplitude. The stimulus consisted of a train of biphasic

pulses (each lasting 2 msec) given at the rate of 30/see £or 5* 10, or 20 sec.

Cooling the (common) dorsal thoracic vagal trunk (D.Th.V.) in 4 sheep

caused the amplitude and the rate of reticular contractions to fall on all

occasions. Cooling the ventral thoracic vagal trunk (V.Th.V.) caused a reductioi

in the amplitude of the (spontaneous) reticular contractions in 4 sheep, an

increase in one sheep (Fig. £ 2) and no change in another. The frequency of

contractions was reduced in two sheep, increased in one, showed no change in

two and had a variable effect in another. £ven when cooling caused an enhance¬

ment or no change in the amplitude of the first and second phases of the retic¬

ular contraction, the third phase (discussed earlieri p. £ 23, Fig. b 9) was

invariably reduced or abolished.

iSlectrioal stimulation (parameters as above) of the V.Th.V. and L.D.Th.V.

nerves peripheral to the therraode caused an increase in the rate and the

amplitude of the subsequent reticular contractions. electrical stimulation

of the same nerve central to the theraode usually caused the spontaneous

contractions to be inhibited for about 2-3 min, following which there was

a much reduced contraction and then 5-10 contr etions which had often a lower

amplitude but usually a greater frequency than those before stimulation (Fig.

£ 3).

The effects of sectioning the L.D.Th.V., L.G.V. and V.Th.V. successively

were examined in 3 sheep. In one sheep the reticulum was distended with

1,000 ml air, so that the spontaneous contractions had initially a high

frequency and amplitude. After sectioning the L.D.Th.V. these parameters

were/
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were reduced but after then cutting the L.C.V., they were enhanced slightly and

finally after sectioning the V.Th.V., so that only the right dorsal thoracic

vagal branch (H.D.Th.V.) remained intact, they were reduced again. 'i'he

amplitude of the contraction was very low, the pressure rise being less than

2 mm lig, but the frequency was 1 contraction per 5 rain, A similar effect was

observed in another sheep after section of the L.D.Th.V. and the V.Th.V,, the

amplitude of contractions being very low but the frequency was only reduced to

0.5 cycles/rain. In a third sheep after sectioning the L.D.Th.V. and V.Th.V.,

only one more spontaneous contraction occurred.

Due to technical difficulties, gastric efferent activity was successfully

examined in only four 3trands under conditions of cold block of thoracic vagal

branches. In one sheep, cooling the V.Th.V. caused the amplitude of the

reticular contraction to be reduced but the frequency of the contractions,

the total number of spikes and the peak frequency in a Type III efferent gastric

unitary discharge to be enhanced (Pig. E 2), In another sheep, a strand,

containing 2-5 gastric efferent units (not separately identifiable) but no

non-gastric units, was isolated. Cooling the L.D.Th.V. in this sheep caused

a slight increase on one occasion and no change on another occasion in the

amplitude of the second peak of the reticular contraction but, as usual, an

abolition of its third phase. On both occasions in this sheep, the frequency

of reticular contractions was increased and the number of spikes associated with

that part of the efferent discharge occurring before the second peak of the

reticular contraction wus increased, whereas the number of spikes associated

with the remainder of the efferent discharge was much reduced.

From/
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From one sheep two separate Type IV (i,e. ruminal) efferent units were

isolated. In the first unit, cooling the V.I1h.V. caused the frequency and

amplitude of the reticular contractions to be reduced, the third phase of the

contraction to be abolished and the efferent-discharge to be much reduced,

particularly that part previously associated with the third phase. In the

same unit, cooling the L.D.Th.V, caused no change in the frequency of reticular

contractions and the amplitude of the second peak of the contractions but

the third phase was abolished and the efferent discharge was much reduced (Fig.

E 4). In the second Type IV unit, cooling the V.Th.V. caused the amplitude

and the frequency of the reticular contractions to diminish and the duration

and total number of spikes of the efferent discharge to be reduced. The peak

frequency was raised but made its appearance before, instead of after, the

second peak of the reticular contraction. This phenomenon was peculiar to

this unit but occurred consistently during each period of cooling the V.'i'h.V.

In contrast, cooling the L.D.Th,V. caused a marked diminution in the amplitude

of the reticular contractions with abolition of the third phase but only a- slight

reduction in the frequency of the contractions. The total number of spikes

and the duration of the efferent discharge was diminished but its peak frequency

and the temporal relationship of the discharge peak to the second peak of the

reticular contract! n was unchanged.

fihilst continuing to record from tne above unit the V.Th.V. was sectioned

and its peripheral end stimulated electrically. This procedure resulted in

increases in the amplitude and the frequency of the reticular contractions

and the duration and peak frequency of the efferent discharges. Before

sectioning the V.Th.V, it was stimulated electrically, as above, on four separate

occasions/
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occasions and each of these resulted after a quiescent period lasting 3

in an increase in the frequency and the amplitude of second peak of the

reticular contractions, On three occasions there was also an enhancement

of the third phase and the duration and peak frequency of the efferent

discharges. On the remaining occasion, the third phase was unaltered and

similarly there was no change in the duration or peak frequency of the

efferent discharges. The 3 ®in *quiescent period* immediately following

stimulation was identical with that observed earlier after stimulating the

V.Th.V. central to a cooled region. During this *quiescent period* the

efferent unit gave a regular low-frequency discharge which terminated in a

subnormal burst of activity corresponding to the much reduced reticular

contraction which marked the end of the quiescent period. Thereafter, no

♦resting* efferent discharge was recorded and the next contraction and its

corresponding efferent discharge were greater than normal.

DluCUo .luM

The temperature of the fluid entering the thermode needed to be not more

than IsC, in order to block all gastric afferent and efferent vagal

activity. Although the temperature in the cooled region of the nerve itself

was not measured, it was surprising that circulating fluid of such a low

temperature was required in view of that required to block Type B atrial

afferent fibres (whitteridge, 1948; Torrance & »t/hitteridge, 1948) and

others, reviewed by Paintal (1963, 1965)* In fibres dissected from the

saphenous nerve of the cat, Franz & Iggo (196?) found that cold block was

established/
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established for myelinated, afferent fibres (conducting at 5-100 ra/sec) when
0

the nerve itself was cooled to 7*2 C and for non-myelinated fibres when the
&

nerve itself was cooled to 2.6 C, although occasionally temperatures as low

as 0.5 C were necessary. It seems likely that many of the gastric efferent

vagal fibres have conduction velocities at the lower end of the range (1-16

a/sec) given by Iggo (1956).

By examining the reflex effects of blocking -the- various vagal nerve branches

in anaesthetized sheep with spontaneous gastric movements and by making certain

assumptions, it is possible to decide whether a particular branch provides an

afferent and/or an efferent pathway for gastric reflexes and whether the overall

afferent activity in that branch has a reflex excitatory or a reflex inhibitory

action. a vagal branch is presumed to be providing a pathway for efferent

gastric fibres if, during the cold block, there is either

(a) an enhancement of the efferent discharge (i.e. increases in the total

number of spikes, the peak spike frequency and the duration of the

discharge,) but either no increase or a reduction in the amplitude of

the gastric contractions,

(b) no change in the efferent discharge but a reduction in the amplitude

of the gastric contractions or

(c) a directly-evoked gastric contraction when the nerve branch is

electrically stimulated perixjheral to the cooled region.

A vagal branch is presumed to be providing a pathway for afferent fibres

involved in the reflex regulation of gastric movements if, during the cold

block, there is either

(a)/
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(a) a reduction in the efferent discharge together with a reduction in

the rate and the amplitude of the gastric contractions or

(b) an enhancement of the efferent discharge accompanied by an increase

in the rate of the gastric contractions. 'I'he amplitude of the

gastric contractions, under these circumstances, may either increase,

remain the same or decrease, depending on the extent to which the

blocked vagal branch was serving as an efferent pathway prior to

cooling.

Using these criteria, it is concluded from the results de cribed above that

(a) the dorsal thoracic vagal trunk, to a greater extent, and the ventral

thoracic vagal trunk,to a lesser extent, provide paths for efferent

fibres innervating the reticulum.

(b) the dorsal thoracic vagal trunk provides the only pathway for efferent

fibres (in the left cervical vagus) innervating the rumen.

(e) the dorsal thoracic vagal trunk provides a pathway for afferent

vagal fibres (innervating unspecified structures) which have an overall

potent excitatory reflex action on gastric movements.

(d) the ventral thoracic vagal trunk provides a pathway for afferent vagal

fibres (innervating unspecified structures) which reflexly affect

gastric movements as a result of either an overall excitatory action

or an overall inhibitory action^ depending on the experimental conditions,
(e) the left cervical vagus has properties with a greater resemblance to

those of the ventral thoracic vagus than those of the dorsal thoracic

vagus.

These/
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These conclusions support those of Habel (1956), that the dorsal vagal trunk

is the predominant pathway for efferent fibres innervating the reticulum and

the only pathway for those to the rumen, and of Titchen (1956), that the

overall reflex effect of stimulating the central end of the ventral trunk could

be either excitation or inhibition, depending on the parameters of the stimuli.

Stimulation of the ventral thoracic trunk or of the left cervical vagus

at a. site peripheral to the blocked or sectioned region resulted in an excitation

of gastric movements starting 1-2~|- rain afterwards and lasting 5-10 min. The

mechanism for this phenomenon depends upon an excitatory afferent pathway

forming a positive feed-back loop from structures, activated by the peripherally-
-ed

direct^ stimuli, to the 'gastric centres * in the hind-brain. The region
activated by the stimulation and responsible for the reflex excitation was not

determined. One possibility is that the intrinsic motility of the gastric

musculature was enhanced, which would have led to an increased afferent inpit

to the 'gastric centres* from 'in series' tension receptors, as described in

Section 3, ^mother possibility is that the secretion of acid in the abomasura

might have been increased and this would have reflexly excited gastric movements,

in the manner described by Titchen (195°)•

Stimulation of intact nerve branches or of regions situated central to

blocked or sectioned parts usually resulted in a 'quiescent period* lasting

2|-3 min during whicn there vre-e no contractions. During this period the

efferent discharge exhibited a 'resting discharge* which terminated eventually

in a subnorraal burst of activity in association with a much reduced reticular

contraction. Similar effei-ent activity was encountered on several occasions,

as a sequel to 200 ml air being suddenly introduced into the reticular balloon

during/
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during the course of a contraction and, when adrenaline wa.-; administered

intravenously (p. F» 6 ), In these situations presumably, the 'gastric

centres' are suddenly swamped with afferent impulses, the effect of which

appears to be a disorganisation of their integrative activities, with the

result the efferent discharge is no longer confined to periodic (i.e. primary

cycle) bursts of activity.

In previous Sections (A and C), the requirement of the 'gastric centres'

for an afferent drive from gastric tension receptors has been established.

Provided that the level of afferent drive is great enough, it appears that

a minimum of one intact vagal nerve branch (R.D.Th.V.) is necessary to provide

an afferent pathway, for the 'centres' to be driven at a rate within the

normal range.

In one experiment,reticular and ruminal efferent fibres in the left cervi¬

cal vagus were blocked differentially. In response to electrical stimulation

of the region central to the thermode, there were evoked contractions of

both the reticulum and the rumen prior to cooling and of only the rumen

during cooling (Fig. El). This demonstrates unequivocably that the

reticular and the rurainal musculature is innervated independently and supporte

the conclusion reached in Section G, that the co-ordination for the sequence

of events constituting primary cycle (reticulo-ruminal) movements occurs in

the central nervous system and not 5m a peripherally-sited co-ordinating

centre of the kind suggested by Morrison & Habel (1964).

The 'third phase' in the pressure changes recorded by the reticular

balloon is due to a third phase of the reticular contraction proper (p.

B 23),/
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B 23)» superimposed on which is the passively transmitted pressure change

resulting from the ruminal contraction. Cooling a vagal nerve branch usually

reduced or abolished this 'third phase'. It also reduced the afferent input

to the gastric centres and the reflex effect of this, on the limited number

of 'reticular' (TyperI-III) efferent units examined, was an enhancement of the

peak frequency of that part of the efferent discharge associated with the

second peak of the reticular contraction and a reduction of that part

associated with the third phase proper of the reticular contraction, in

'ruminal' (Type IV) units the efferent discharge was markedly reduced. In

the case of 'reticular' efferent (Types 1-111) units but not of 'ruainal*

(Type IV) units the above effects resemble those observed after changing from

isometric to isotonic recording conditions (p. 1>3), Under isotonic record¬

ing conditions, the afferent discharge arising from 'in series' gastric

tension receptors during the course of a reticular contraction is less than

that ..rising under isometric recording conditions. The reflex effect of

this is an increased spike frequency associated with the second peak of the

reticular contraction and a reduction in the later part of the discharge,

i.e, that associated with the third phase. The reduction in the efferent

discharge in Type IV units resembles that observed when the reticular

balloon is deflated, the diminished afferent input thereby reducing the drive

to that part of the 'gastric centres* concerned with rumen movements.

The main conclusions arising from the experiments described in this

Section are*

(a)/
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(aj the ruiaen and the reticulum are innervated by separate groups of

efferent gastric fibres.

(b) the dorsal vagal trunk contains afferent fibres, which normally exert

an overall potent excitatory action on the gastric centres, and

efferent gastric fibres which independently innervate the reticulum

and the rumen.

^c) the ventral vagal trunk contains afferent fibres, which may exert

either an overall excitatory or an overall inhibitory action on the

gastric centres, and efferent gastric fibres, which innervate the

reticulum but not the rumen.



, E1• An example of differentially "blocking nerve impulse conduction in

gastric efferent fibres.

Stimulating electrodes were placed on the intact left cervical vagus

and a train of stimuli (25/sec) given for 5 sec at 1 ain intervals, Each

train evoked a reticular and a ruminal contraction, through stimulating

gastric efferent fibres, A cooling thermode was placed on the nerve per¬

ipheral to the stimulating electrodes and refrigerant fluid at 1°C was

circulated through the thermode during the period marked by a horizontal

bar. The reticular contractions show a progressive reduction in amplitude,

whereas there is no change in the amplitude of the ruminal contractions.

The reticular balloon contained 300 ml air and, under these conditions

in this sheep, no spontaneous reticulo-rumlnal movements were present.

Besides evoking the above contractions, the trains of stimuli reflexly

evoked reticular contractions (marked with dots) but not ruminal contrac¬

tions after every second train of stimuli under the control conditions

but only after every third or fourth train of stimuli when the nerve was

cooled peripheral to the stimulating electrodes. Similar effects were

observed on three subsequent occasions.

When the cold block was applied central to the stimulating electrodes

there was no change in the amplitude of the reticulo-ruminal contractions

resulting from direct stimulation of the efferent fibres or in the frequency

of the reflexly-evoked reticular contractions, although the amplitudes of

the latter were reduoed to the same extent as above.
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K2. The effect of applying a cold block to the ventral thoracic vagal

trunk.

During the period of cold block, the amplitude of the reticular

contractions increased (A) and the number of spikes occurring in a Type

III gastric efferent unit during the course of a contraction was greater

during the period of the block (C) than prior to it (B).

Contrast this result with that shown in the next figure (Fig. B3)«



\

r

•2°t.
VwM ' ^ Carol--*

B 1 min

H ii hi i

i^UWtU^il II II i ii i ! 11 I I I

1 sec



. S3. The effects upon reticular contractions of cold blocking, sectioning

and electrically stimulating thoracic vagal trunks.

A shows the effect upon reticular contractions of applying a cold

block, firstly, to the left dorsal thoracic vagal branch (L.D.Th.V.) and,

secondly, to the ventral thoracic vagal trunk (V.Th.V.). In both cases

the amplitudes of the reticular contractions are reduced and the interval

between contractions is prolonged by cooling the V.Th.V. Contrast this

result with that shown in Fig, E2,

B shows that the effects of sectioning the V.Th.V. resemble the

effects of cold blook. It also show3 that, whereas a 10 sec train of

electrical stimuli (25/sec) applied to the peripheral stump of the sec¬

tioned V.Th.V. reflexly enhance the following cyclical contractions, a

similar train of stimuli applied to the central stump of the sectioned

V.Th.V. completely inhibit the contractions for 2-3 minutes, although

much abbreviated efferent discharges were recorded from a gastric unit

at the times marked with a white dot. The first k discharges appeared

with a subnormal interval between them but were ineffective in causing a

recordable reticular contraction.
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. EZf, The effects upon the efferent discharges in a multiunit cervical

vagal strand of cold blocking the left dorsal thoracic vagal branch.

The strand contains at least four active units, via, a respiratory

efferent unit (most clearly observed at the start of B), a Type I, a

Type III and a Type IV efferent gastric unit. The amplifier gain for

the reticular pressure trace was set too low but the peaks of the

reticular contractions (12 and 3 % in A and B respectively) have

been marked with an arrowhead.

As a result of the block, the efferent discharges in all the gastric

units is markedly reduced and, from a kymograph record (not shown), one

observes that the reticular amplitude is reduced by 15% and the frequenoy

of primary cycle contractions is reduced by 5ffi£.
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SECTXOM F

x'he effect upon afferent and efferent gastric discharges of modifying

reticulo-ruuinai contractions by the use of drugs

IMvRODUCTIua

Two conclusions reached in earlier Sections were that

(a) intrinsic movements of the reticulum occurring during the quiescent

part of the primary cycle influence the rate and amplitude of reticulo-

ruminal contractions through a •feed-back* to the *gastric centres* of

activity generated by *in series* tension receptors.

(b) intrareticular tensions, developed during the course of a reticular

contraction recorded isometrically, reflexly affect the amplitude and

duration of the later parts of the contraction.

The experiments described below were designed to test these conclusions,

by using drugs either to modify the intrinsic movements or to modify the

effectiveness of the efferent gastric discharge and the tensions developed

during the ensuing extrinsic reticulo-ruminal contraction. At the same time,

the techniques of recording the discharges in afferent and efferent gastric

units has provided some new evidence on the mode of action of certain drugs

on the ruminant forestoiaach.

The efferent vagal innervation of the reticulo-rumen is predominantly

cholinergic. acetylcholine, acting locally, causes a contraction of reticular

and rurainal muscle, as shown in vitro with strips of muscle suspended in

Tyrode*s solution (Duncan, 1954* Dussardier & Havarro, 1953) and in vivo

by injection into trie musculature directly (Duncan, 1954) or into the coeliac

artery/
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artery (Dussardier, 1954). Acetylcholine, acting syateraically after

intravenous injection, usually inhibits reticulo-runiinal contractions (-.uin,

van der W'ath & Myburgh, 193<31 Dougherty, 1942; Brunaud, Dussardier & Labouche,

1950). This systemic effect ha3 been attributed to an indirect nicotinic

effect upon the adrenal medulla (Duncan, 1954) and to an inhibitory effect

upon the gastric centres (Dussardier, 1954). Other choline esters, e.g.,

carbachol, have been shown to enhance reticulo-ruainal contractions in small

doses and inhibit them in large doses (t#iln et al, 1938; Dougherty, 1942;

Duncan, 1954). Carbachol stimulates intrinsic movements in the reticulum and

particularly in the rumen (Brunaud & Navarro, 1955)♦

The action of acetylcholine is potentiated by anti-cholinesterases,

e.g., physibstigraiae, neostigmine. These enhance the frequency and amplitude

of reticular (Duncan, 1954) and ruminal contractions in conscious animals

(Dougherty, 1942; Clark & Weiss, 1954; Duncan, 1954) and in chloralose-

anaesthetized sheep (Brunaud & Navarro, 1954). The actions of acetylcholine

at post-ganglionic nerve endings are blocked by atropine and atropine-like

drugs, e.g., probanthine hydrochloride, and in ganglia by blocking agents such

as tetraethylamaonium chloride (p. D 6). The last two drugs abolish extrinsic

gastric contractions by blocking transmission of the efferent discharge.

When administered to conscious animals (Magee, 1932; Dougherty, 1942;

Weiss, 1953; Duncan, 1954) or to chloralose-anaesthetized sheep with spontaneous

reticulo-ruminal movements present (Dussardier, 1954), adrenaline inhibits

these movements, when administered to anaesthetized,decerebrate or

vagotoiaized animals in which no spontaneous (extrinsic) movements are present,

adrenaline/
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adrenaline usually causes a contraction (Brunaud & Dussardier, 1951)* which

is not inhibited by atropine but is blocked by 933F (Coaline & Titehen, 1951J

Duncan, 1954)* Duncan, (1954) showed that a strip of reticulum in vitro

contracted in response to adrenaline. Close arterial injection of adrenaline

causes an increase in reticular tonus (Dussardier, 1954)#

In the experiments described below, observations have been restricted to

the effects of neostigmine, tetraethylammonium chloride, adrenaline, carbachol

and pentagastrin, using halothane-anaesthetized sheep and recording unitary

discharges from afferent and efferent gastric vagal units.

RBhULTo

Neostigmine

Neostigmine methylsulphate B.P. (^rostigmin*, Roche Products Ltd.) was

injected into the tarsal veins of 7 sheep in single doses.

The effects of neostigmine upon reticulo-ruminal contractions and the

afferent discharge in a unit with receptors in the reticular wall 1 cm caudal

to the reticulo-omasal orifice are shown in Figs. F 1 and F 2. The maximal

effects of injecting 0.5 mg neostigmine i/v were observed after an interval of

5 sain. There was no increase in the frequency of reticulo-ruminal contractions

but the amplitude of the reticular contraction v/as increased by 40/ and the

amplitude of the ruminal contraction was increased by 150when the reticulum

contracted under isometric recording conditions, and 200/» when the reticulum

contracted under isotonic recording conditions. The resting discharge in the

afferent unit increased, primarily as a consequence of a reduction in the

interval between bursts of activity from 16 sec to 8 sec, Whilst recording

from/



P 4

from this unit, there was no third phase of reticular contraction and similarly

there was no third phase in the afferent discharge, nor wa3 there a discharge

at the time of the rumen contractions even though these were very prominent,

particularly under isotonic reticular recording conditions.

In 6 other sheep, there was an enhancement of the amplitude but no

change in the frequency of reticulo-ruainal contractions. The enhancement

took the form of an increase in the amplitude of the second phase of the

reticular contraction in all cases and, in most cases, either an increase

in or the elicitation of the first and third phases of the reticular contraction.

'The reflex effect upon a Type I gastric efferent discharge is shown in Fig.

F 3. The early part of the discharge is enhanced, the part associated with

the second peak of the reticular contraction is either unchanged or slightly

reduced and the later part of the discharge is very much enhanced» The

duration of the discharge is prolonged and the total number of spikes increased,

in this case from 89 spikes (Fig. F JA) to 130 spikes (Fig. F 33). Similar

effects were observed in four other units of Types II and III, The effects

of neostigmine were first observed about 1 min after the injection, reached

a maximal level 3-7 min later and lasted about 20 min.

In one sheep, on two occasions, 2*5 ag neostigmine was given i/v after

spontaneous movements had been abolished by partially deflating the reticular

balloon. On each occasion the drug evoked one burst of efferent activity

which gave rise to a reticular contraction,24-30 sec after injection, following

which there was a prolonged tonic contraction of the reticulum, lasting 30 and

60 min. During the course of this tonic contraction, the efferent discharges

were much reduced in all their parameters but the interval between discharges

was much .shorter. The efferent discharges did not cause a 'phasic' or

extrinsio/



F 5

extrinsic contraction to be superimposed on the tonic contraction.

Tetraethylaramoniua chloride

As discussed, in Section 1), tetraethylammonium chloride abolishes reticvilo-

ruminal contractions and the immediate reflex effects of this upon efferent

gastric discharges resemble the effects of changing from an isometric to an

isotonic recording system for the reticular contractions, i.e. the efferent

discharge is reduced in all its parameters, except for the peak frequency

which is greatly increased (Figs. D 1 and D 2). One of the delayed effects

is a reduction in the peak frequency of the efferent discharge but the

interval between the discharges is unchanged.

The activity in one afferent vagal unit was recorded after administering

35 mg tetraethylammonium chloride. In this sheep the reticular contractions

were not completely abolished but were reduced by 65$. For the afferent

discharge, the resting discharge frequency was reduced by not more than 15$

whereas the number of spikes associated with the contraction was reduced by

90$.

In another sheep the reticulo-runinal contractions were completely

abolished by T.E.A. and there was no increase in the discharge in a Type A

afferent unit at the times when a reticular contraction would otherwise have

occurred. The resting discharge was unaltered, however. It consisted of a

continuous discharge with intermittent fluctuations, presumably related to

intrinsic muscle contractions* Both the mean discharge frequency and the

interval between the fluctuations were unaffected by the drug,

adrenaline/
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Adrenaline

v«hen 0.1-0.5 rag adrenaline tartrate solution B.P. (1/1,000 ' Avans

Medical Co.*) was injected intravenously in halothane-anaesthetized sheep

with spontaneous gastrio movements present, a sustained intrinsic contract¬

ion of the reticulum and the rumen was usually produced after a latency of

10-30 sec (Fig. F 4). This contraction developed during the course of

about 3 sec and resulted in a reticular pressure increment of up to 10 mm

Hg. It decayed slowly during the next 2-3 min. then followed a period of

5-15 rain, during which no reticular or ruminal movements were present, and

a further period of 10-20 min, during which reticulo-rurainal contractions

with a subnormal amplitude and a supranormal frequency were present. Con¬

tractions of normal rate and amplitude we e present again 15-35 rain after

the injection.

the discharge in two Type A afferent units was recorded before, during

and after the injection of 0.5 rag adrenaline i/v which produced effects on

the reticulum as described above. In one unit (Fig. F 5) there was no

change in its resting discharge until the start of the sustained contraction,

whereupon a very high frequency discharge (about 80/sec) developed and lasted

for 17 sec. the frequency then fell to about 40/sec and persisted for 75

sec. Suddenly, at the end of the sustained contraction, the continuous

discharge changed to one in which a sec burst of 5 spikes occurred

approximately every four seconds. iifter a lapse of 10 min, a persistent

discharge developed and lasted 44 sec. the frequency at the start was 26

spikes/sec and this fell to 8/see at the end. No pressure rise was recorded

by/
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by the reticular balloon during this activity. Then followed a period of 45

sec, during wnich there were no spikes, and thereafter bursts of 2-3 spikes

recurring every 2 sec. The first signs of a small reticular contraction

were evident 15 ain after the injection. After this the resting discharge

markedly increased, appearing as bursts of about 42 spikes lasting 2 sec and

recurring at int rvals of 1-2 sec.

In the other afferent unit a high discharge frequency occurred at the time

of the sustained contraction 30-126 sec after injecting 0.2 mg adrenaline.

Then followed a fluctuating resting discharge which was approximately normal

throughout the period prior to the return of small reticular contractions 7

ain later. There was, however, no increase in the afferent discharge at the

time of the reticular contractions until these had regained their previous

amplitude (20 min after the injection;. This unit innervated receptors

located to the medial wall of the reticulum, 2 cm caudal to the reticulo-

o.iasal orifice.

The discharges in one Type 1 and two Type III efferent units were
c.

recorded before, during and after adrenaline was injected. In the Type I

unit, 25 sec after injecting 0.1 mg adrenaline, an abnormal discharge appeared

during the decay of the sustained intrinsic contraction (Fig* F 6B), Then a

•resting efferent discharge* consisting of 1 spike every 4 sec occurred until

the next burst of efferent activity occurred 3 ain after the injection. This

burst (Fig. F 60) resembled the ones obtained under isotonic reticular

recording conditions (Fig. D la). Very small reticular contractions (less

than 2 ram Hg pressure rise) were recorded at this time and the interval between

the/
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the discharges was slightly less than previously. Subsequently (after 10 min;

slightly larger reticular contractions appeared and, as these increased in

size, so the efferent discharge changed from that resembling the one recorded

under isotonic conditions to that recorded under isometric conditions (Figs.

F 6D and D 1), and the interval between contractions reverted to its previous

value. The overall effect of the drug lasted 30 min.

In two different sheep when 0.5 mg adrenaline was injected a sustained

contraction started 20 sec after the injection, reached an amplitude of 10 mm

Hg and lasted 30 sec. The first very small reticular contraction appeared

1 ain after the start of the sustained contraction and these recurred at twice

the rate of the contractions prior to the injection. Five minutes later

the amplitude started to increase steadily and normal movements were present

35 after the injection. The discharge in two Type III efferent units

recorded during this procedure showed many of the features of the efferent

unit described above, There was a much reduced discharge of abnormal pattern

during the decay of the contracture. Thereafter, associated with each small

reticular contraction there was a subnormal discharge, which increased in step

with the progressive increases in the amplitude of the reticular contractions.

Carbachoi (carbaminoylcholine chloride)

0,5 rag carbachoi ('Carbachoi injection B, Vet. C.May & Baker, Ltd.)

was injected intravenously into three halothane-anaesthetized sheep with

spontaneous reticulo-ruminal movements present, causing similar effects in each.

After a latency of 10 sec a sustained contraction of large amplitude (15 mm Hg)

developed,/



F 9

developed, which lasted 15 sec and was followed by a slightly raised intra-

reticular pressure (^2 mm Hg) for 50 rain, due to increased tonus in the reticulum

(Fig, F 7), The first signs of a phasic reticular contraction appeared 6 tain

after the contracture and normal reticular contractions superimposed on the

remaining tonus were present 15 min after the injection.

The efferent discharge in a Type I unit was recorded before, during and

after the injection. No efferent activity was present during the sustained

contraction. The first burst of activity occurred Ai min after this contract¬

ion (Fig* F QB)» It had more spikes and a longer duration than the control

discharge obtained before the injection (Fig, F 8A), No sign of an extrinsic

reticular contraction resulted from either this efferent discharge or the

next one but the subsequent discharge was associated with the first very small

reticular contraction noted abovs. The interval between the discharges was

3Qp less than before the injection. Thereafter the amplitude of the reticular

contractions and the interval between the discharges became longer. Although,

after 15 min, the amplitude of the reticular contraction was the same as the

control, the efferent discharge was much enhanced, e.g., there were nearly

twice as .any spikes (Fig, F 8C). Throughout the period from the appearance

of the first burst of activity Ah min after the injection to the disappearance

of reticular 'tonus* 50 min later, there were occasional spikes, at intervals

of 5-10 sec, between the bursts of activity.

Pentagastrin

25 pentagastrin was injected intravenously on four occasions in two

halothane-anaesthetized sheep and each time this caused spontaneous reticular

movements/
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movements to stop for up to 20 min. On one occasion recordings were made of

the activity in an afferent gastric unit (Type A). After the injection the

fluctuations in the discharge frequency became more prominent. The peak

frequencies developed during the fluctuation were higher and the interval between

these peaks was reduced.

DISCUSSION

By comparing the changes evoked in the extrinsic reticular contractions

and the afferent and efferent gastric discharges before and after administering

a drug, it has been possible to decide whether the drug exerts
the

(a) an action at a site peripheral to/'single fibre* recording site either

directly or indirectly through a humoral mechanism, or

(b) an action involving reflex pathways through the 'gastric centres*.

Neostigmine is a potent anticholinesterase but one of its subsidiary

actions is thought to be direct stimulation of autonomic ganglia (Goodman &

Oilman, 1956). The results described above are compatible with both of these

actions. The intrinsic motility of the reticulum was enhanced by neostigmine,

with a low dose (0,5 rag) there was no obvious increase in reticular tension

recorded by the balloon but the renting discharge in an afferent unit was

increased. With higher doses (2,5 rag) a prolonged raised tonus was recorded

by the balloon. No 'renting discharge* was recorded from efferent units, so

it is concluded that neostigmine was capable of exerting an action on the

ganglia or the smooth muscle itself. This conclusion may also account for

the apparent refraotorinee of the reticulum to efferent gastric activity during

the period of high tonus. iiifferent gastric activity is enhanced or evoked

by/
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by neostigmine and results either directly from an action on the gastric

centres or indirectly through increased afferent activity having a reflex

excitatory effect on the centres, in part, the latter is likely to be due

to the increased afferent activity from reticular tension receptors but also

to the activity from other regions, e»g., acid secretion by the abomasua may

be potentiated by neostigmine and lead to excitation of the gastric centres

in the manner described by Titchen (1958)* 'Feed-back' from tension receptors

f is also suggested, however, by the form of the efferent discharges. tilth low

doses (0.5 rag) of neostigmine the predominant effect is an increase in the

amplitude of the reticular contraction and the efferent discharge has a form

which is reminiscent of that observed after suddenly inflating the reticulum

(at moderate initial levels of distensionJ or after changing from an isotonic

to an isometric reticular recording system, viz. there are increases in the

total number of spikes, the duration of the discharge, the intervals between

the start to the peak and the peak to the end of the discharge, but either no

increase or a reduction in the peak frequency. with high doses of neostigmine

(2.5 ®g) the for® of the efferent discharges resembles that described for the

reticulum at high levels of distension (p. D 16), viz. abbreviated discharges

with only short intervals between them.

The immediate reflex effects upon efferent gastric discharges of

administering drugs, such as T.E.A. and probanthine which block neural

transmission peripheral to the single fibre recording site have been discussed

in Section 1). It is concluded that the effects result fro® the abolition of

reticular contractions and of the increased afferent activity arising from

♦in series' tension receptors during the course of isometrically recorded

reticular/
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reticular contractions. This refiexly modifies the form of the later parts

of the efferent discharges. The delayed effect of both drugs is a general

reduction in the various parameters of efferent gastric discharges. Prom

an examination of records obtained from afferent gastric units after the

administration of T.E«A,t it does not appear that there is a substantial

reduction in intrinsic reticular motility, since the frequency and rhythmic

fluctuations in the resting afferent discharge are unaltered. It seems more

likely that T.K.a. (and prob&nthine) block autonomic nerve transmission to

structures other than gastric muscle, the activity of such structures being

normally under some degree of resting or tonic neural activation and exerting

a reflex excitatory action on extrinsic reticular movements through afferent

'feed-back* connexions with the 'gastric centres *. The fact that the

resting discharge in afferent gastric units is scarcely altered by T.E.a..

suggests also that intrinsic reticular motility is essentially myogenic

rather than neurogenic in origin.

The effects upon the reticulum of injecting adrenaline intravenously

will be discussed in three stages. The first stage consists of the

sustained contraction during which the intrareticular tension and the activity

in afferent units from reticular tension receptors is greatly enhanced. This

contraction is not associated with an efferent discharge but is due to

adrenaline acting peripherally, probably on the muscle cells directly.

Only during the decay of the contracture is there a discharge in efferent

gastric units and, due to peripheral inhibition, this discharge is ineffective

in evoking a phasic (extrinsic) reticular contraction. This result confirms

earlier/
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earlier results obtained both in vitro and in vivo under certain conditions,

viz. that adrenaline may cause a contraction in reticular muscle (Comline &

Titchen, 1951? Brunaud & Dusoardier, 1951? Duncan, 1954). The efferent

discharge appearing during the decay of the sustained contraction is presumably

evoked reflexly as oonsequence of the tension rise due to this contraction.

During the next stage the muscle cells are relaxed, since the activity in

afferent tension receptor units is absent. Adrenaline therefore inhibits

intrinsic motility during this second stage. .shen the afferent activity

returns, efferent gastric discharges also appear but are ineffective in causing

the reticulum to contract, i.e. there is peripheral inhibition of the efferent

discharge. The discharge shows an overall reduction and its form resembles

that recorded under isotonic reticular conditions more than under isometric

reticula conditions (p. D 3). This accords with the observation that the

afferent 'resting discharge* is also much reduced and that there is no

intrareticular tension rise associated with the efferent discharges. The

third stage is the period, during which the afferent 'resting discharge' regains

its previous rate and the peripheral inhibition of the efferent discharge is

progressively reduced. In consequence, the reticular contractions increase

in amplitude, the parameters of the efferent discharge return to their previous

values, and,in form, the discharge changes progressively from the 'isotonic*

to the 'isometric* type. The peripheral inhibitory action following the

sustained contraction is presumably analogous to the inhibition of gastric

movements observed in conscious ruminant animals (p. F 2; Magee, 1932} etc).

The effects of earbachol, like acetylcholine (outlined on p. F 1) appear

to be due to a combination of direct and indirect actions. Duncan (1954)

has/
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has suggested that acetylcholine exerts its indirect action through a nicot¬

inic effect on the adrenal medulla, since this action was less evident in

adrenalectomized sheep. The effects of injecting earbachol will be discussed

in three stages, as for adrenaline. She first stage, consisting of the

sustained contraction, is even more pronounced than for adrenaline. This

may have resulted from carbaehol acting synergistically both directly and

indirectly through an adrenaline mechanism. The intrareticular pressure

increment was greater and so was the discharge in an afferent gastric unit.

This sustained contraction did not evoke an efferent discharge (apart from

two s-pikes,). Applying the 'two thresholds' hypothesis advanced in dection D,

that reticular tension receptors give rise to reflex gastric excitation under

conditions of moderate reticular distension and reflex gastric inhibition

under conditions of high reticular distension, the large sustained contraction

caused by carbachol may have resulted in a situation equivalent to high

reticular distension, which would account for the appearance of only two

spikes, in contrast to the more pronounced burst of efferent aotivity evoked

during the more moderate contraction caused by neostigmine and adrenaline.

Following the sustained contraction, the next stage consisted of a prolonged

period of raised tonus, as observed by Brunaud & Navarro (1955)• This

contrasted with the similar stage after adrenaline, because after carbachol

the intrinsic reticular motility and the efferent discharges were enhanced.

The increased intrinsic motility is presumably a direct effect of carbachol

and may account, in part at least, for the reflex gastric excitation made

evident by the much enhanced efferent discharges. During this stage, as with

adrenaline,/
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adrenaline, the efferent d scharges »?ere ineffective in eliciting sr, extrinsic

reticular contraction and tin's may have been due to either a refractoriness

at the level of the ganglia or cf the cuccle or to an indirect effect of

carbachol, resulting perhaps free the release of adrenaline and the production

of peripheral inhibition. The next li.e. the third) stage wr.s rrotr* cted.

-.mall (extrinsic) reticular cantr• ctions wore recorded accompanied by efferent

discharges wnich were much enhanced in comparison with those recorded prior to

injecting carbachol. It therefore appears, that cerbachol probably exerts

a direct excitatory effect on the peripheral ganglia and/or sncofh rjt'scla oelJs

accompanied by a refractoriness or an indirect peripheral inhibitic.;, rossibly

through an adrenaline mechanism as suggested by Duncan (1954) for ncetyicholi®.

The present results oppose the view cf Dussardier (1954) that acetylcholine

(and hence presumably carbachol) exorto its inhibitory effects through an

action on the central nervous system, because tho effect of this would leave

been a suppress!m of efferent gastric activity whereas there was an enhancement

even during tie period when no (extrinsic) reticular contr ctions were recorded!

Gastrin has been extracted from the abcaasum and. shown to stimulate gastric

secretion in sheep (Andersen et al .1962). Titer.en (1956) bas demonstrated the

importance of aboraa.eal ph for the reflex regulation of reticulo-ruminal move-

wen to in decerebrr-te and, therefore, pentagactrin (a potent synthetic analogue

of gastrin) was administered, in order to promote abonsasal acid secretion.

Because a high dose was administered, however, the inhibitor effect described

by Tracy & Gregory (.1964) was probably evoked. The ensuing reduction in the

secretion of aboaasal acid could account for. tho observed abolition of reticulo-

ruainal movements on the basis cf the reflex mechanism discussed by Titchen (1956)»

It is interesting/
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interesting that the 'resting discharge' in afferent gastric units increased,

as pentagastrin has been observed to enhance intrinsic motility in the non-

ruminant stomach (R. A. Gregory, personal communication)* ho other records

of nervous activity in afferent gastric units following pentagastrin administration

are known to exist at the moment.

Under certain conditions the reticular pressure record shows a third

pressure rise at about the time of the dorsal ruminal sac contraction. In

an earlier discussion (p» B 23) it was concluded that this third rise was due

to a third phase of contraction in the reticulum and not to passively trans¬

mitted pressures produced by the dorsal sac contraction. This conclusion

is confirmed by the observation of activity in a Type A afferent unit innerv¬

ating receptors located 2 cm caudal to the reticulo-omasal orifice after the

administration of neostigmine, which caused the ruminal contraction to develp

a very large amplitude. Although the receptive field was located in a region

which was most likely to be stretched passively by large ruminal contractions,

no third phase of afferent activity was recorded and this emphasises the

independence of reticular and ruminal tensions under the conditions of the

present experiments.

The present experiments with drugs must be regarded only as a

preliminary investigation. The techniques employed have, however, allowed

one to differentiate between various categories of drug action, vizs-

(a) reflex and central excitation

(b) reflex and central inhibition

(c) peripheral excitation

(d)/
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(d) peripheral facilitation

(e) peripheral inhibition and/or refractoriness

without further refinements the techniques do not differentiate between the

direct actions of the drug and the indirect actions operating through, for

example, endocrine glands and changes in the blood supply,

in general, observations on the reflex effects of drug actions accord

with those anticipated from the results of earlier Sections, viz, (a) moderate

increases in intrinsic reticular motility result in reflex excitation of the

•gastric centres* and larger increases result in reflex inhibition and (b)

the tensions developed during the earlier parts of the reticular contraction

reflexly modify the later parts of the efferent discharge and of the reticular

and the ruminal contractions.



• II. The effect upon the reticular and the ruainal contractions of

administering 0,5 mg neostigmine methylsulphate i/v (at the point marked

with an arrow).

For the first four contraction cycles after the injection, reticular

contractions were recorded under an isometric system; for the next three

cycles, under an isotonic system and, for the last four cycles, under an

isometric system,

Neostigmine causes the amplitude of both the reticular and the ruainal

contractions to increase. As at other times, the ruainal contractions are

greater when the retioulua contracts under an isotonic system. The fre¬

quency of the cycles remains the same.

The cycles marked a, b and £ are the ones during which records A, B

and C in Fig, F2 were obtained.
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F2, Th© effect of neostigmine upon the reticular contraction (upper

trace in each record), the ruminal contraction (middle trace) and the

afferent discharge in a unit innervating tension receptors situated 1 cm

caudal to the reticulo-omasal orifice (lower trace).

A is the control record taken during the cycle preceding the i/v

injection of 0.5 mg neostigmine methylsulphate (a in fig. F1).
B was obtained 5 min after A, with the reticulum contracting under

isometric recording conditions. The amplitudes and the durations of both

the reticular and the ruminal contractions are enhanced and so is the

afferent discharge. The ruiainal contraction reaches its peak later than

in A,

C was obtained during the cycle following B, with the reticulum

contracted under isotonic recording conditions. There i3 no pressure

rise in the reticulum and the afferent discharge is much less than in B.

The ruminal contraction is greater than in B.

Although the field innervated by the afferent unit is close to the

rumen, it appears to be unaffected by contractile events in the rumen,

even when these have an unusually large amplitude.

These records were obtained during the cycles shown in Fig, 3?1.
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, F3. The effect of neostigmine upon the reticular contraction (upper

trace in each record) and the discharges in a Type I (unmarked spikes)

and a Type IV efferent gastric vagal unit (spikes marked with a dot).

A is the control record, taken during the oycle preceding the i/v

injeotion of 0.5 mg neostigmine methylsulphate, B was taken W min later.

In B the amplitude of the reticular contraction is greater and in

the Type I unit, the disoharge ha3 nearly 50% more spikes. Its duration

is slightly prolonged and the numbers of spikes in the early and late parts

of the discharge are enhanced, although the peak frequency is reduced.

In B, the discharge in the Type IV unit has more spikes and a longer

duration. This would correspond to an enhanced ruminal contraction due

to the action of neostigmine, as seen in Pigs, 11 and 2,
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Fk» The effect upon the reticular contraction of administering 0.1 nig

adrenaline i/v at the point marked with an arrow.

After a latency of about 30 sec, there is a large contraction of the

reticulum (pressure increment = 18 mm Hg) which is followed by a period

of raised tonus, which lasts about 2 rain in this case, and then the

cyclical reticular movements reappear with a very small amplitude at

first. Formal contractions were present again 30 ain later.

The large contraction was not associated with a discharge in efferent

gastric units. After the peak of this contraction (at a) an abnormal

discharge was recorded (Fig. F6B) and further discharges were recorded

at the points marked with dots. The amplitudes of the latter contractions

were lower than those likely to have occurred with comparable discharges

in the absence of the drug,

Aith larger doses of adrenaline, there was a prolongation of the

intervals between the initial large contraction and the reappearance of

efferent discharges and, later still, of cyclical movements.
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• F5. Th© effect upon the afferent discharge recorded from a gastric unit

innervating reticular tension receptors of injecting 0.5 rag adrenaline

i/v.

A is the control record and shows the afferent discharge during the

reticular contraction prior to injecting adrenaline. There is a contin¬

uous but fluctuating 'resting discharge* and an 'aetive discharge*

associated with the first, second and third phases of the reticular con¬

tractions.

B shows the development of a high frequency discharge at the start

of the large contraction evoked directly by adrenaline.

C shows the sudden termination of this high frequency discharge

(about two-thirds along the trace) $2 sec after the injection.

D shows the end of a 1*4 sec irregular discharge of spikes having a

moderately high frequency. This burst was not accompanied by a detectable

rise in reticular pressure. It was preceded by ^, see bursts (each with
only three spikes) occurring at 4 sec intervals arid was followed by no

spikes for 4-5 sec,

E aliows the 'resting discharge' after the first obvious but small

reticular contraction 15 rain after the injection. Bursts of about 42

spikes/2 sec -were recorded at intervals of 1-2 sec,

F shows the afferent discharge 30 min after the injection. The

resting and active discharges are similar to the control (A) but recording

conditions at the electrode have deteriorated, so that the spikes are

small and do not reproduce wall.
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F6. The effect upon the efferent discharge in a Type I efferent gastric

vagal unit of administering 0,1 ag adrenaline i/v.

These records were obtained during the events shown in fig. FA.

A is the control and shows the reticular pressure (upper trace in

each record) and the efferent discharge (lower trace) associated with

the primary cycle contraction preceding the injection of adrenaline,

B shows the abnormal efferent discharge which occurred (at the point

narked a in Fig. FA), during the decay of the contraction directly-evoked

by adrenaline.

G shows the abnormal presence of a "resting discharge" which oocurred

for 2 ain between B and the first incipient reticular contraction (marked

by the first dot in Fig, FA).

D shows the return of an approximately normal efferent discharge,

although the amplitude of the reticular contraction is only 70% of that

in A, This record was obtained 15 ain after the injection.



 



. ?7» The effect upon reticular contractions of administering 0,5 mg

carbachol i/V (at the noint marked with an arrow).

Prior to injection the reticular contractions had a small amplitude

mm rig), 10 sec after injecting carbachol a large reticular contraction

ensued and lasted for 15 sec. Then followed a period of raised tonus.

The times at which an efferent discharge was recorded from a Type I unit

after giving the injection are marked with a white dot. The first dis¬

charge appeared ij^min after the injection and the first detectable
contraction appeared 6 ain after the injection. The effects of the car-

:bachol lasted about 30 min.

Efferent discharges recorded from a Type I unit at the point3 marked

a and b on this kymograph tracing are shown in Fig, 3*8. The interval

between discharges is less than before giving carbachol.



0-5mg
carbachol

a

\ ■

b
y

1 min



• F8. The effect upon the discharges in a Type I efferent gastric vagal

unit of administering 0.5 &g carbachol i/v.

These records were obtained during the events shown in Fig. F7.

A is the control record and shows the efferent discharge associated

with the reticular contraction marked a in Fig. ,F7.

B shows the discharge in the same unit at the point marked b in

Fig. F7, i.e. it is the first discharge whioh occurred, J^ain after the
injection. Al'though the discharge lias as many spikes as the control (a) ,

there is no detectable reticular contraction.

C shows the discharge 15 rain after the injection, by whioh time the

amplitude of the reticular contractions was nearly the same as in a but

the efferent discharge in C (102 spikes) was much greater than in a (59

spikes).
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GM&ML DISCUSSION MP CuaCMioIONS

The electrophysiological investigation reported in this thesis necessitated

the use of acutely prepared sheep in which cyclical movements of the reticulo-

ruaen were present. The form of primary cycle movements resent in chloralose-

anaesthetizert and in halothane-anaesthetized sheep is described in section A.

One of the advantages of these preparations is that standard conditions can be

readily established and the results obtained at different times and from

different animals may be compared more satisfactorily. In comparison with

gastric movements in conscious sheep, those occurring in anaesthetized sheep

under the standard conditions are similar for the reticulum but are different

for the rumen because the amplitude is subnormal. This difference probably

accounts for the relative infrequency of Type XV (i.e. ruminal) efferent units

found in the present experiments compared with the high incidence of similar

units recorded by an indirect method in conscious sheep by Dussardier (i960).

Several earlier investigations have demonstrated the dependence of

reticulo-rurainal movements upon efferent vagal activity (p. I 31 at seq) which

originates from 'gastric (reticulo-ruminalj centres' in tne hind-brain

(p. I 33)• The gastric centres integrate afferent nervous activity arising

in peripheral structures and in higher centres of the central nervous system.

iYom the results of the present experiments it is concluded that the gastric

centres determine (a) the frequency of primary cycle contractions, (b) the

amplitude and the duration of the contractions and (c) the temporal relation¬

ships existing between the sequential contractions of the various forestoznach

regions./
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regions. To suae extent (b) and (c) are influenced by the •feed-back* of afferent

activity from *in series* gastric tension eceptors during the active part of

the contraction cycle. As discussed in hection D, the tensions developed

during tne early parts of the reticular contractions roflexly modify the gastric

efferent discharges and hence the tensions developed by the later parts of

the reticular contraction and by the ruminal contraction. These reflex effects

are attributable to the change in afferent activity generated by reticular

tension receptors as a result of increa ed reticular distension (see Sections

B, D and J?) and resemble the change in motility seen immediately after the end of

a meal compared with that immediately before a meal (Reid, 1963). It seems

likely, therefore, that such a change in motility may be largely explicable on

the basis of changes in reticular tension receptor activity induced by newly

ingested foodstuffs.

The activity in the gastric centres is influenced not only by afferent

activity fed back during the active part of the contraction cycle but also by

a continuous afferent in ut throughout the entire cycle. As demonstrated by

cold block, nerve section and centripetal stimulation in Section E, the afferent

input to the gastric centres is a combination of inputs having reflex

excitatory effects and of inrjuts having reflex inhibitory effects, although it

must be emphasised once again, that, whilst afferent activity in certain path¬

ways will al /ays exert either a reflex excitatory or a reflex inhibitory effect,

there probably exist other pathways in which the afferent activity may exert

reflexly either an excitatory effect or an inhibitory effect, depending on the

frequency of the afferent discharge.

Whether/
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..hetner the afferent input merely modifies inherent rhythmical activity

in the gastric centres or whether the centres are actually 'driven* by the

afferent input is worth considering further. The requirement of decerebrate

sheep and goats for a continuous excitatory afferent input to activate or

•drive* the gastric centres has been established by the experiments of Iggo

(1951» 1955) and Titchen (19531 1959)* In decerebrate preparations devoid of

cyclical movements in the reticulo-rumen, such movements could frequently be

evoked by reticular distension, stretching the reticulo-ruminal fold, acid¬

ifying the abomasal contents or centripetal electrical stimulation of a vagal

nerve branch. Likewise, in the present experiments on halothane-anaesthetized

sheep, the level of the excitatory afferent in ut (from reticular tension

receptors in particular) was shown to be a limiting factor in the activation

of the gastric centres. Gastric movements (Section a) and efferent gastric

vagal activity (Section D) were abolished, if

(a) intrareticular tension was very low (Sections A and D),

(b) excitatory tifferent pathways were blocked (Section £} or

(c) intrinsic movements of the gastric musculature were reduced, and

hence the afferent activity from 'in series' tension receptors was

reduced, by the use of drugs, e.g. adrenaline (Section F),

Conversely, in these preparations, cyclical movements of the reticulo-rumen

and the associated discharges in gastric efferent units could often be evoked

by

(a) distending the reticulum (Sections A and 1)),

(b) acidifying the abomasal contents (Sections A and D),

(c)/
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(c) restoring vagal nervous transmission by removing a cold block

(iiection fi)

(d) increasing activity at those peripheral sites which have excitatory

♦feed-back* connexions with the gastric centres, e.g. by using certain

drugs (Section F) and by electrically stimulating vagal nerve branches

peripheral to a sectioned or blocked region (Section E)

(e) by increasing the afferent input through electrical stimulation of

vagal nerve branches central to a sectioned or blocked region (Section M).

It is quite clear that a minimum level of excitatory afferent input is

required to activate the gastric centres in both decerebrate and anaesthetized

preparations. It seems unlikely that this input is required in these

preparations merely to compensate for the depression caused by decerebration

or by anaesthesia. The standard conditions (Section A), under which cyclical

movements are usually present in the halothane-anaesthetized sheep (i.e. an

intrareticular volume of about 500 ml and a pressure of about 10 mm Hg), are

similar to those found under normal conditions in conscious sheep and, which

presumably provide a similar drive, because, even in some conscious sheep,

total removal of reticulo-ruminal contents abolishes cyclical movements (ash

St Kay, 1959).

Two other hypotheses to account for the mechanism by which the complex

sequence of movements i3 co-ord naled are worth considering in the light of

the present investigation. One hypothesis assumes that the afferent discharge

increment arising from tension receptors during the active part of the contract¬

ion cycle in the reticulum may trigger the emission from the gastric centres

of/
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of the efferent discharges to the rumen. Several pieces of evidence oppose

this idea, that the sequence of contractions is based on serial feed-back

triggering-pulses, e.g. (a) ruminal contractions still occur even though

reticular contractions have been abolished by local anaesthetisation of either

the reticular mucosa (Ash & Kay, 1959) or the ventral abdominal vagal trunk

(Stevens <4 Sellers, 1959) and (b) Type IV (i.e, rurainal) efferent gastric vagal

discharges were still recorded in the present experiments both after the gastric

contractions had been abolished by blocking agents (T.h.A. or probanthine HC1)

and after the affe ent discharge increment had been largely prevented by causing

the reticulum to contract under isotonic conditions. Kather than acting as

a trigger for the ruminal contraction, the afferent discharge increment elicited

by an isometricaliy-recorded reticular contraction was observed to cause a

delay in the onset of the Type IV (i.e. ruxainal) discharge and a reduction in

its parameters.

.another hypothesis has be n postulated by Morrison A Habel (1964), who

concluded that co-ordination is a peripheral function attributable to

'co-ordinating centres' in the region of the reticular groove, from which

aultisynaptic post-ganglionic pathways spread through the rumen wall. This

conclusion is based, firstly on histological evidence, that there is a dearth

of pregangLionic fibres in the rumen, and, secondly, on pharmacological

evidence, that ganglionic blocking agents are more effective at low concentr¬

ations on the rumen than on the reticulum. From this hypothesis of 'peripheral

oo-ordination* one might deduce, that ruiainal movements in particular would

have a stereotyped sequence, whereas, in fact, this is not the case, The

sequence/
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sequence is quite different for primary cycles (i.e. caudally directed move¬

ments) and for secondary cycles (i.e. cranially-directed movements with no

involvement of the cranial sac). furthermore, the pattern, the time relation¬

ships and the contraction durations for different parts of the sequence varies

according to certain conditions, e.g. whether the animal is feeding, ruminating

or renting and whether these occur immediately after a meal or after a period

of starvation (p. I 36 et seq). Three more pieces or evidence which oppose

the hypothesis of a peripheral co-ordinating centre are provided by the present

experiments*

(a) by cooling the cervical vagus it was possible to block differentially

the afferent activity in fibres innervating the reticulum, whilst

leaving those to the rumen largely unaffected (Fig. El). This means

that the reticulum and rumen are both innervated and activated

independently,

(b) from recordings of efferent gastric activity described in Section C,

at least 7 different types of efferent units were found, including 2

types (Types I and IV) in which the discharges were clearly related

to the form, amplitude and duration of the reticular and dorsal

ruminal sac contractions respectively, whereas, if a peripheral

co-ordinating centre were to exist, it might be expected that the

efferent gastric vagal discharge would take the form of a relatively

simple and undifferentiated triggering pulse,

(c) the reticular groove, which normally undergoes a biphasic contraction

coincident with that of the reticulum, is shown in Fig. B 5H to undergo

a/



a biphasic contraction at a time when the reticulum undergoes a

monophasie contraction! a situation which seems extremely unlikely,

if a single peripheral co-ordinating centre were to exist.

In halothane-anaesthetiaed sheep, the predominant afferent drive to the

gastric centres has its origin in tension receptors, especially those of the

reticulum. Tension receptors are 'in series' with smooth muscle cells and,

together, these are 'in parallel' with fibrous elements of connective tissue

in the wall of the forestoeach. The tension developed in the reticulum by

distending a balloon is passive and is due to the elasticity of fibrous

elements. Because the tension receptors are 'in parallel' with these

elements, receptor activity is largely independent of overall reticular

tension, except in so far as distension affects the intrinsic motility of

muscle cells 'in series' with the receptors. The activity of tension

receptors is determined by the tension de eloped locally by the smooth muscle

cells and the results of experiments described in Sections B and F emphasise

the relationship between tension receptor activity and intrinsic contractions

of smooth muscle cells. The contractions appear to be mainly myogenic,

although they may be influenced by other factors, such as local or intrinsic

neurogenic activity and humoral substances, e.g. hormones, metabolites,

electrolytes and drugs. Due to the absence of any resting discharges in

recordings made from efferent gastric vagal units (Section C), intrinsic

motility is probably independent of tonic extrinsic nervous activation and

this view is consistent with the further observations, that intrinsic move¬

ments were unaffected by block of vagal nervous transmission, using drugs



0 8

£Section P)» or by nerve cooling or section (Section £). The lack of

dependence of tension receptor activity upon passively developed reticular

tension is shown most clearly by a comparison of the afferent discharges

arising from tension receptors after the administration of carbachol and of

adrenaline (dection F). In both cases the reticular pressure returns to its

previous level after an initial period of contraction; thereafter, receptor

activity is much increased after carbachol, whereas it is absent after

adrenaline. The inferences are that intrinsic movements are increased by

carbachol and inhibited by adrenaline, and that these movements, under most

conditions, make no contribution to the tensions recorded by the intrareticular

balloon. The effect upon afferent gastric activity observed when the reticulum

is distended probably arises indirectly as a result of distension causing the

smooth muscle cells to be lengthened and to increase their intrinsic motility.

Besides the tension receptors discussed above, there exist receptors in

the lips and the floor of the reticular yroove and in the floor of the oa&sal

canal, whose properties are a combination of those described for tension

receptors and for slowly-adapting pressor receptors. ihese receptors may be

involved in reflexes which are quite different from those subserved by the

tension receptors described above.

In the present experiments, no aechanorecaptors were located to the

superficial regions of the reticular mucosa and few receptors were detected

in the caudal and ventral regions of the rumen. technical reasons may account

for this, e.g., if the afferent fibres had small diameters (i.e. C fibres),

Igg0/
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Iggo (1958) has shown that vagal nerve trunks at the level of the diaphragm

contain ?aany non-rayelina ed fibres, although the proportion of these (in

relation to snail myelinated fibres) is less in ruminant animals than in non-

ruminant animals. Moreover, some of the fibres which are non-ayelinsted at

the level of the diaphragm are myelinated in the upper thoracic and cervical

regions, C fibres would have been difficult to isolate for purposes of

measuring their conduction velocities and this my account for the absence of

such fibres froa conduction velocity measurements given in I'able SI and Fig.

.61, I feel, however, that it ought to have been possible to detect C fibre

activity even in fine multi-unit strands and th t this technical difficulty

alone does not account for the absence of units ascribable to the innervation

of mucosal receptors and receptors in the caudal and ventral regions of the

runen. She failure to demonstrate superficially-located receptors may have

bean because such receptors either do not exist or are not innervated by

vagal nerve fibres, She former possibility is not ruled out either by

the histological evidence of hill(1959) that methylene blue stained structures

were observed in the mucosal layer of the reticulo-ruaen, since he used new¬

born laabs and kids and only assumed a receptor role for the structures, or by

the physiological evidence of Ash & Kay (1959) that light stroking of the

reticulo-ruasinal mucosa in its cranial regions excited gastric and salivary

reflexes since this stimulus may have activated receptors at a level deeper

than they assumed* Alternatively, superficially-located receptors may forat

part of an intrinsic reflex, so that light tactile stimuli excite intrinsic

movements/
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movements of the reticulo—ruzainal musculature and these movements, in turn»

evoke or enhance activity in 'in series' tension receptors innervated by

vagal afferent fibres.

The relative scarcity of afferent units innervating rsechanoreeeptors located

in the acre caudal and ventral regions of the rumen my be attributed either to

technical factors (e.g.* the use of an inadequate stimulus or the difficulty

of recording from non-ayelinated fibres; or to a low density of mechanoreceptors

in these regions or to a combination of both possibilities. assuming that

technical factors alone do not account for this, the rarity of mechanoreceptors

in the c&udal and ventral r gioas is consistent with the observations of ash &

Kay (ly59; that reflex effects on gastric movements end salivation were less

readily evoked by mechanical stimulation of these regions than of the cranial

regions. The above observation conflicts with the view of itevena « Cellars

(191)9; that the reflexogenic area for the elicitation of secondary cycles and

eructation is located in the c&udo-doraal blind sac. From the results of the

present experiments, it seems likely that distension-sensitive receptors

involved in secondary cycle movements and eructation may be situated more cranially

in the rumen than was previously supposed. A reappraisal of existing literature

also supports this conclusion, e.g., <seiss (1953) observed that secondary

cycles were increased, by raising the hind-quarters of sheep, Dougherty et al

(1953) evoked eructation after ablating the caudal and ventral regions of the

rumen and Stevens a Cellars (1959) observed that procaine block of the ruainal

nerves was more effective in abolishing eructation than surface

anaesthetization of the caudo-dorsal blind sac alone.

The/



G 9#*

She conclusions reached as a result of the present investigations are

thati-

(1) halothane-anaesthetized sheep are suitable acute preparations in which
to analyse electrophysiological^ the reflex reflation of reticular
and* to a lesser extent* ru&inal movements

(2) in these sheep, movements are usually present for up to 19 hri
reticular contractions are approximately normal but ruainal contractions
are often subnormal

(3)/
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(3) standard conditions may be readily defined, so that results obtained

at different times and from different sheep may be compared satisfactorily

(4) noxious stimuli elicited by surgical and other manipulations inhibit

gastric movements reflexly via the gastric centres

(5) the majority of reticulo-ruminal raechanoreceptors are 'in seties*

tension receptors located in the muscle layers of principally the

reticulum, the reticulo-ruminal fold and the cranial sac (dorsal rumen)•

Their responses are slowly adapting,

(6) receptors in the lips and floor of the reticular groove and in the

osaasal canal respond to pressure as well as during an isometric

contraction. Their responses are also slowly adapting,

(7) the 'resting discharge' frora 'in series' tension receptors is inter¬

mittent or fluctuating and is largely determined by the intrinsic

motility of smooth muscle cells. Reticular distension is one of the

factors which enhances this intrinsic raotility,

(8) the afferent discharge developed during a contraction in Type a

(i.e. reticular) units is greater under isometric recording conditions

than under isotonic recording conditions.

(9) the afferent discharge developed during a contraction in Type A units

recorded under isometric conditions exceeds that which may be evoked

passively by distension alone.

(10) the afferent discharge developed during a contraction in Type B

(i.e. ruminal) units is greater when reoording conditions in the

reticulum are isotonic than when they are isometric.

(11)/
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(11) in nalothane-anaustnetized sheep, the primary cycle contractions may

be monophasic, biphasie or triphasic in the reticulum and reticular

groove. The main contraction of the cranial sac and reticulo-ruminal

fold reaches its peak 2-9 sec after the second peak of the reticular

contraction.

(12) the mean conduction velocity of afferent gastric fibres is 12.4 a/sec

The mean conduction velocities for afferent gastric fibres in the

dorsal and in the ventral thoracic vagal trunks are 14.5 ra/sec and

6.6 a/sec respectively.

(13) efferent gastric fibres in the cervical vagi are preganglionic.

(14) at least 7 different types of efferent gastric units exist. by

relating their discharges temporally to movements of the reticulum

and of the rumen, it was concluded that Types I,II and III occurred

in fibres innervating the reticulum or associated structures, Type

17 the rumen and Types 7,VI and VII other gastric structures not yet

identified. Apart from Type VII units, there was no 'resting

discharge' in efferent fibres during the quiescent part of the gastric

cycle.

(15) the co-ordina ion of the complex sequence of primary cycle movements

is a function of the 'gastric centres', tnrough their ability to

determine the parameters and the temporal interrelationships of efferent

discharges in the various types of gastric units innervating different

regions of the forestomach.

(16) the total reflex time is not less than 1.3 sec for reticulo-reticular

reflexes and not less than 2.1 sec for beticulo-rurainal reflexes.

The/
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fhe central reflex tisae is not less than 370 msec.

(17) afferent activity arising from *acid receptors* in the aboaasua may orovide

a tonic excitatory drive to the 'gastric centres' for the elicitation of

reticulo-ruminal movements in halothane-anaestfcetisod sheep.

(13) in halothane-anacsthetized sheep fed *ad lib* up to the time of experiment,

aboaasal acid secretion appears to be adequate for reflexly evoking

reticulo-rusiinal movements. 1'he addition of acre acid to the aboaasuss

is usually ineffective.

(19) efferent fibres innervating the reticulum are distinct from those

innervating toe rumen, as shown by differential cold block.

(2v) electrical stimulation of vagal nerve branches peripheral to a region

that has been sectioned or cold blocked causes refcicuio-ruainal move¬

ments to be enhanced as a result of a reflex *feed-back* mechanism.

(21) electrical stimulation of vagal nerve branches peripheral to & region

that has been sectioned or cold blocked usually cause:: reticulo-

runinal movements to be abolished for about 3 &»& then to reappear

with an increased race and amplitude.

(22) a minimum of one intact thoracic vagal nerve branch is necessary for

excitatory afferent pathways carrying the input which *drives* the

gastric centres.

(23) the dorsal thoracic vagal trunk carries efferent fibres, which

innervate the reticulum and the rumen, and afferent fibres, whose

overall effect on the gastric centres is excitatory.

(24) the ventral thoracic vagal trunk carries efferent fibres, which innervate

the reticulum but not the rumen, and afferent fibres, whose overall effect

on the gastric centres may be either excitatory or inhibitory.

(25)/
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(25) the effects of cold block applied to the left cervical vagus resemble

those resulting from cold block of the ventral thoracic vagal trunk

more than of the dorsal thoracic vagal trunk.

(26) neostigmine exerts its effects at low concentrations by potentiating

acetylcholine released by the efferent gastric discharges and at

higher concentrations by increasing intrinsic smooth muscle motility

probably through a direct stimulatory effect on ganglia.

(27) T.IS.a. and probanthine block efferent nervous transmission and abolish

cyclical movements of the retioulo-rumen without appreciably affecting

intrinsic motility, which is therefore myogenic rather than neurogenic

in origin. The delayed reflex depression of efferent gastric vagal

activity is probably due to block of tonic efferent activity to sites

other than the roticulo-rumen which normally exert an excitatory •feed¬

back* drive on the gastric centres.

(28) adrenaline evokes a local contraction of the gastric musculature
i s

and thisj^followed by a relaxation together with either peripheral
inhibition of or refractoriness to efferent vagal discharges.

(29) Carbachol induces a prolonged contraction of the gastric musculature,

during which time there is either peripheral inhibition of or

refractoriness to efferent vagal discharges.

(30) high doses of pent&gastrin (0.7 ug/kg) enhance intrinsic movements and

rexlexly abolish extrinsic movements of the reticulo—rumen.
v—

(51) in general, the effects observed after the adra nistration of drugs are

consistent with the conclusions given in (7)» (32) and (33)•

(32)/
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(32) the tonic afferent input from 'in series' reticular tension

receptors during the quiescent period of the primary cycle provides

a reflex drive to the gastric centres and largely determines the

rate, the duration and the amplitude of reticular and rurainal

contractions.

(33) the enhanced afferent input to the gastric centres, occurring during

a reticular contraction recorded under isometric conditions, modifies

the form, the amplitude, the duration and the delay in onset of the

later parts of the contraction sequence of the reticulum and the

rumen. The reflex effects upon the reticulum are predominantly

excitatory at low initial levels of reticular tension, inhibitory at

high levels and a combination of excitatory and inhibitory at moder¬

ate levels. The reflex effects upon the rumen are a reduction in

the amplitude and in the duration of the contraction and a delay in

its onset.
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APPENDIX

Data Processing

The data in Sections B and G subjected to statsitical analysis was

processed by the Edinburgh Regional Computing Centre KDF9 Computer using one

or other of the following programs, written in 'atlas .autocode* with data on

punched tape.

Program A

This program is designed to calculate and print out in tabular form the

mean, the standard deviation, the standard error of the mean and the number of

values for an unlimited number of sets of data. bach set is terminated with

a label *—1* and the final set with an additional label '-2'. Data containing

the values *-1* or *-2' cannot therefore be processed by this program. Most

lines carry an explanatory commentj

begin
integer nj comment n » number of values
real x,q,s,t; comment x « value q = sua of squares, s = sum of numbers
comment t «* standard deviation

777« n « 0} q = 0| s « Oj t * 0; comment zeroing of counters
838t read (x) $ comment * read the next value in the data

if x = -2 then stopt comment end of data reached
jLf x » -1 then —+ 9991 comment end of set reached
n «= n+lj comment count of number of values
q = qat x) i comment summing squares of data
s «= s+xj comment sum of data

888j comment dump to line labelled 888
999» if 11^30 then t «= sq rt ((q - ((s * s)/n))/(n - 1))

if n>30 then t » sq rt ((q » ((s x s)/n))/(n))
comment S.D. is calculated «= t
comment below are print out instructions for each set of computed data
caption 4 MEAN
print (s/n,3,3)
caption 4 o.D.
print (t,3,3)
caption 4 8.E.
print (t/sq rt (n),3,3)
caption No. OF VALUE.;
print (n,3,0)

777J comment prepare for next set of data
end of program
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Program B

This program is designed to calculate and print out in tabular form the

mean, the minimum value, the maximum value, the standard deviation, the standard

error and the number of values together with the title of each set of results.

In addition a 't test* can be requested at any stage and for any two sets of

data.

The program is written in the form of 'routines', so that writing

subsequent programs may be facilitated by employing these tested routines.

The end of the title is denoted by an asterisk '*', then follows a number

between 1-30 used to label that set of data, the data and finally *-1' to

terminate the set. A *t test' may be requested at any stage by punching a

title ending with followed by '-3* (which calls in the 't test* routine)

and the labelling numbers of the two sets of data. The data is terminated

with the label '-2*.

begin
real x, min, max, q,p,s,t
integer n, h, a, b, c, i
integer array title (1»30)
integer array na (Is30)
array pa (ls30)
array va (1*30)
routine soec TL
routine spec TP
routine spec TJH
routine spec VP
routine spec VR
caption jflf MiiiN &£££& MIN
caption MaX O.D. S.E. NO.

15: n<=0j p * Of q = 0| min *= 10#6; max *= 0
TL
read (a)
if a ss -3 then —44
if a 4 -3 then —•> 55
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44 a TOT

-J 15
55« VR

—? 15
routine TL; coniaent storage of title
h «s 1

13a read symbol (i)
if i = V* then -> 13
if 1 g -2 then stop
TITLE (h) « i
h = hfl
—f 13 unless i = •«'
end
routine TP; comment print out of title
h s 1

33* print sumbol (TITLE (h))
h «= h+1

33 unless TITLE (h) «= •**
end
routine TOT; comment routine for *t test*
read (b)
read (o)
s g sq rt ((va(b) + va(c))/(na(b) + na(c)-2))
t ■= ((pa(b)/na(b)) - (pa(c)/na(c)))/(s + sq rt ((l/na(b)) + (l/na(c))))
newline

spaces (24)
caption SERIES ££
print (b,2,0)
space
print (o,2,0)
spaces (3)
TP
caption £ T «= £
print (T,3,3)
space
caption DEGREES OF FREEDOM
space
print (na(b) + na (c)-2,3,0)
end
routine VP; comment print out sequel to VR
va (a) = q - ((p x p)/n)
na (a) « n
pa (a) «= p
newline

print (p/n, 3» 2)
space
print v®-nf3»2)
spaoe

print (max,3#2)
space
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print (sq rt (va(a)/(n-l)),2,3)
space
print ((sq rt (va(a)/(n-l)))/(sq rt (n)),2,3)
space
print (n,3,0)
spaces <3)
TP
print (A,2,0)
end
routine VS; comment preparation of varianoe calculation

20s read (x)
if x » -2 then stop
if x = -1 then —> 22
n s= n+1
q =q+(x x x)
p ® p+x
if x min then min » x

if x max then max « x

20
22i VP

end
end of program

Publications

(1) Leek (1963;

(2) do (1966)

(3) do (1967)

(4) Iggo & Leek (1966)

(5) do (1967a)

(6) do (1967b) - in the press
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Single unit activity in cervical vagal efferent axons associated
with reticulo-ruminal movements

By B. F. Leek. Department of Veterinary Physiology, University of
Edinburgh

Anaesthesia of the sheep is induced with halothane, and after endo¬
tracheal intubation this is maintained with a controlled mixture of halo¬
thane and oxygen by a closed-circuit method. Reticular distension is
provided by a 11. rubber bag inserted into the reticulum through its
ventral pole, exposed by laparotomy. The same balloon is used for recording
reticular pressure, kymographically by a Marey tambour and photo¬
graphically by a transducer manometer and oscilloscope. A small balloon
placed in the dorsal sac of the rumen records ruminal activity, which is
displayed kymographically. Electrical activity in preganglionic vagal
axons is recorded from small strands of the left cervical vagus, which is
undisturbed except for the fascicle from which the bundles of axons are
dissected. The right vagus is intact. Electrical stimulation of the left
vagus to elicit reflex or direct contractions of the stomach is obtained by
a pair of electrodes placed proximal or distal to the recording electrodes.
The electrophysiological techniques are based on methods described by
Iggo (1955, 1956).

At the operative level of anaesthesia (surgical stage, plane two) reticulo-
ruminal contractions are usually absent. Apparently normal reflex di¬
phasic reticular contractions can be elicited by reticular distension, by
acidification of the abomasal contents with n/5 HC1 or by a combination
of both procedures. The reflex excitability of the preparation is greater,
and can be maintained more readily for long periods, than with the
decerebrate preparations previously preferred for this kind of work.

Several distinctive patterns of unitary efferent vagal activity associated
with gastric contractions have been observed. There are two principal
types. (1) Activity which appears before any mechanical change is
detectable in the reticulum. This discharge increases during about 2 sec
to reach a peak, falls off slightly and then increases again to a second higher
maximum frequency. The contraction has a similar shape, with each
pressure peak occuri'ing about 2 sec after the efferent action potentials'
maxima. This efferent discharge, for various reasons, is considered to
cause the reticular contraction. (2) The second pattern typically begins in
other efferent fibres about the peak of the reticular contraction and persists
for several seconds after it. It probably causes the ruminal contractions.
The patterns of discharge can be modified reflexly, as will be demon¬
strated. A dissociation of vagal efferent activity and gastric movements
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can be obtained by increasing the depth of halothane anaesthesia—the
efferent activity continues but the movements disappear. This effect is
caused by the peripheral autonomic block caused by halothane, and it is
interesting that the gastric centres are still actively discharging under
these conditions.
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THE KEFLEX REGULATION OF RET1CI LO-RUMINAL

MOVEMENTS

B. F. LEEK

Department of Veterinary Physiology.
University of Edinburgh.

SCOTLAND

The stomachs of ruminant animal undergo two distinctive cycles of motility termed pri¬
mary and secondary cycles (Schalk and Amadon, 1928). The primary cycle consists of an
active phase lasting 15-25 sees recurring regularly approximately every minute, and is com¬

posed of a biphasic contraction of the reticulum, followed by a contraction of the anterior
and posterior ruminal pillars, then of the dorsal ruminal sac and finally of the ventral lu¬
minal sac. Interspersed between some of the primary cycles are secorulary cycles (Weiss,
1963; Reid, 1963).

The retieulo-rumen is innervated by both vagal and splanchnic nerves hut Duncan (1953)
has demonstrated that apparently normal motility persisted after section of the splanchnic
nerves when as section of the vagi resulted in complete stasis. Therefore, the complex gas
trie motility cycles were dependant upon vagal activity and loco (1951, 1956), Titchen
(1953, 1958 and 1960) and Titchen and Reid (1965) have shown that they resulted from extrin¬
sic reflexes some of which possessed both afferent and efferent pathways in the vagi. These
reflexes were integrated in the central nervous system at the level of the hind-hrain, as shown
by brain-stem and spinal cord section (Icco, 1951) and this has been confirmed by Andersson
et al. (1958).

The present investigations were concerned with determining the extent to which and the
mechanism by which physical conditions within the reticulum reflexly influenced the move¬

ments of the reticulum ami rumen constituting the primary cycle. The nervous activity in
sensory vagal nerve fibres passing from tension receptors in the reticulum to the gastric
centres in the medulla was repeatedly sampled by recording electrophysiologically from single
afferent fibres dissected from the left vagus in the cervical region. Similarly the nervous

activity in efferent (parasympathetic) vagal fibres passing from the gastric centres to the
different regions of the reticulo-runien was recorded and it was, therefore, possible to de¬
termine the relationship which existed between reticular tension and the nervous activity in
both afferent and efferent nerves ami to make certain inferences regarding reflex integration
within the gastric centres.

The techniques involved the use of sheep maintained under closed-circuit anaesthesia with
Halothane B. P. Whereas most anaesthetics abolished reticulo-runiinal movements, these mo¬

vements were present or could be readily evoked in 95 v/e of the halothane anaesthetized
sheep by moderately distending the reticulum by introducing 400-600 ml. of air into a large
recording balloon inserted into the reticulum through an incision in its ventral pole. Bal¬
loons were also placed in the rumen, so that movements of the various compartements could
he recorded manometrically using strain gauge pressure transducers. Reticular movements
in the halothane anaesthetized sheep (fig. 1) w^rc of a similar rate, form and amplitude to
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those in the conscious slu rp hut the amplitude of ruminal contractions was depressed. The
method of recording from single \agal nerve fibres resembled that used by Icco and V'oct
(I960) to record from preganglionic cervical sympathetic fibres in the cat. With the sheep
lying on it-- right side, the left cervical vagus was exposed by incising the skin for 10 cm.

along the jugular groove and excising the left sternocephalic muscle. The edges of the skin
incision were sutured to a large ring of solder to form a pool which was then filled with
warm liquid paraffin B. P., to protect the exposed tissues. A narrow, rigidly held perspex

dissecting plate was inserted under the nerve, bine strands were dissected from the left
cervical vagus and placed across a pair of fine Ag/AgCI wire recording electrodes carried on

a micromanipulator. When recording afferent activity the fine strands were cut at the cen¬

tral end, and when recording efferent activity they were cut at the peripheral end. The
electrical activity in the strands was amplified, displayed 011 an oscilloscope toggether with
the manometrie recording of reticulo-ruminal movements and photographed onto moving bro¬
mide paper. The basis for identifying afferent fibres innervating reticular mecbanoreceptors
was an alteration in their electrical activity when the reticulum was passively distended and
or at the time of a reticular contraction. Similarly, efferent fibres innervating the reticulo-
rumen were identified a» such if the changes in their electrical activity bore a fixed temporal
relationship to the active phase of each primary cycle. Usually the fine strands also contai¬
ned electrical activity due to non-gastric fibres. It was necessary, therefore, to repeatedly
sub-divide the strand and eliminate the latter until, ultimately, only a single active gastric
fibre remained.

Afferent fibres innervating mecbanoreceptors in the wall of the reticulum were found
to have conduction velocities of 6-14 ni/sec which was equivalent to a fibre diameter of 1-2.3p
(assuming a conversion factor of 1/6). All the receptors examined so far have given a slowly-
adapting discharge linearly proportional to the tension in the reticulum during the inactive
phase of the primary cycles and a discharge which increased in frequency when the reticu¬
lum contracted spontaneously (isometrically) and when it was passively distended by insuf¬
flation. Therefore, these receptors were in series with the contractile elements in the reticu¬
lar wall, as was also observed by loco (1955, 1956). Often it was possible to locate the po¬

sition of the receptive field by inserting the hand through a ruriienotomy incision and ma¬

nually exploring the surface of the reticulum, where upon the afferent discharge recorded ivi
a single fibre was increased by stretching or pinching the appropriate region of the wall.
The receptive fields were 1-2 sq. cms. in area and were located mainl) around the ventrnl
port of the oesophageal grove, and in the inadial and caudal walls of the reticulum.

The afferent discharge of a typical reticular tension receptor is shown in fig. 1 f. There
was 110 discharge when the reticular balloon contained only 300 ml. air at a pressure of
7.5 mm. Hg. When the halloon was further distended, the discbarge appeared and increased
linearly at a rate of 0.7 impulses/sec/mm. Hg. rise in intrarecticular pressure. When the re¬

cording system was arranged so that a reticular contraction caused rises in pressure with
little change in volume (i. e., an isometric contraction) the peak frequencies of the afferent
discharge were proportional to the first and second peak pressure developed by the biphasic
reticular contraction. Conversely, when the recording system was arranged so that a reticular
contraction caused a reduction in the volume of its contents with little rise in pressure i. e., an

isotonic contraction the afferent discharge showed only a slight increase. Similarly, when
the contraction were abolished by administering drugs which block ganglionic (Tetraethy-
lammonium chloride) and post-ganglionic transmission (Probanthine hydrochloride), the affe¬
rent discharge remained unaltered.



The efferent discharge in gastric motoneurones has been recorded by Leek. (1963) using
the single fibre technique, IIechelm et al. (1963) using micro-electrodes inserted into the
gastric centres and by Dlssardier (1957) using an indirect method. The efferent fibres have
conduction velocities of 1-6 m/sec (loco, 1956). The single fibre teenique entailed cutting
the nerve strand distal to the recording electrodes. It was, therefore, impossible to subse¬
quently locate the region innervated by efferent fibres whose electrical activity was being
recorded. Eighty-five single units showing eight distinctive efferent discharge patterns have
been recorded and, by comparing their temporal relationship with the sequential contractions
of various regions of the reticulo-rument, it was possible to deduce their probable sites of
innervation (fig. 1 b-e). Efferent fibres innervating the reticulum and rumen possessed no

discharge during the inactive phase of the primary cycle, nor when the intrareticular pres¬
sure fell below the threshold value (about 8 mm. Hg. necessary to reflexly evoke ion-
tractions.

The reflex effect of withdrawing air from the reticular balloon during the inactive phase
was to reduce the rate and amplitude of the reticular contractions and to reduce the num¬

ber of impulses, peak frequency and duration of the efferent discharge. Conversely, nisuf-
fiation of the reticular balloon up to about 1,000 ml. reflexly increased the rate and amplitude
of the reticular contractions and also the number of impulses, peak frequency and duration
of the efferent discharge. Furhter insufflation caused initially a reduction in the amplitude
of the reticular contractions and in the efferent discharge, followed later by a reduction also
in the rate of reticular contractions.

Efferent discharges recorded during isometric and isotonic conditions were compared
(fig. 2). In contrast to the isotonic record the isometric one had more nerve impulses and
a peak frequency which was earlier, lower and longer lasting. Similar effects were observed
before and after reticular contractions had been abolished by Probanthine hydrochloride or

Tetraethylammonium chloride. Therefore the afferent discharge elicited by the isometric
reticular contraction ad a reflex excitatory effect on the overall number of impulses and the
rate of attainment of the peak frequency but a reflex depression of its magnitude. The re¬
flex time occupied 3-4 seconds. Comparable effects were recorded when 200 ml. air was

suddenly removed from or added to the reticular balloon at the commencement of a con¬

traction. In the former case the number of impulses was much reduced although the peak
frequency was higher but of shorter duration. Conversely in the latter case, the number of
impulses was much increased and the peak frequency of longer duration. At low initial
volumes the sudden insufflation caused an increased peak frequency, at moderate initial vo¬

lumes (600-1,000 ml.) it caused a reduced peak frequency and at more extreme initial volumes
it practically abolished the entire discharge. Therefore, it appeared that in addition to the
low threshold of reticular tension (300 ml. 8 mm. Hg.) above which there was reflex excita¬
tion there existed a high threshold (1,000 ml. 20 mm. Hg.) above which reflex inhibition
occurred. The latter was reached by extreme distension of the intrareticular balloon and
also during isometric contractions.

From the results obtained so far it seems justifiable to propose tentatively the following
hypothesis regarding central nervous integration:

a) the gastric centres are dependant upon the drive provided by a continuous or tonic
afferent input from reticular tension receptors which thereby determines the rate and ampli¬
tude of reticulo-ruminal contractions,

a
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b) the afferent discharge developed hy the first part of a hiphasir isometric reticular
contraction reflexly modifies the amplitude, form and duration of the second part.

c) the afferent discharge developed hy the second part of the hiphusic reticular contrac¬
tion probably reflexly influences the contraction of the rumen, which reaches a peak about
5 seconds after the former, as this is equal to the reflex time for retieulo-niminal reflexes^

S U M \1 A R Y

A single fibre method of recording afferent and efferent impulses in nerves innervating
the reticulo-rumen is described using Halothanc anaesthetized sheep. The location and pro¬

perties of tension receptors in the reticular wall is discussed ami also their effest 011 the
gaetric centres and reflexly on the efferent discharges responsible for reticulo-ruminal mo¬

vements. /
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Reflex Regulation of Gastric Activity
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With 5 Figures

The reflex regulation of gastric motility is very highly developed in
ruminant animals, and the principles of the central nervous regulation which
are revealed by experimental investigation of such species are probably,
with appropriate modifications, of general application. The complex se¬
quences of gastric (reticular and ruminal) contractions that occur in the
normal mixing and propulsive movements of the fore-stomach, in the
removal of gas by eructation and in the regurgitation of ingesta for re-
mastication are entirely dependent on the vagi. If these nerves are blocked
or cut in conscious animals the normal propulsive reticular and ruminal
movements cease (Popow, Kudrjavcew and Krasausky, 1933; Duncan, 1953).
This disappearance arises directly from the interruption of the efferent vagal
axons that provide the motor innervation of the stomach. The axons arise in
motoneurones in the gastric motor centres in the medulla which can function
in the decerebrate animal to give an apparently normal cycle of gastric
movements {Iggo, 1951, 1956; Titchen, 1958). Reflex discharge of the gastric
motoneurones can be elicited by appropriate and effective natural stimuli
such as distension of the stomach and acidification of the abomasal gastric
contents (Titchen, 1958).

Electrical records made from single gastric vagal afferent fibres show
that in the sheep and goat a discharge of impulses is elicited by distension
of the reticulum {Iggo, 1955) and that as the distension is increased the rate
of firing in the afferent fibres is enhanced. During a gastric contraction the
discharge increases still further (Fig. 1). Electrophysiological and histo¬
logical work has established that reflex excitation of the medullary gastric
centres is caused by these "in series" stretch receptor afferent units. There
is no published work on acid-sensitive gastric receptors in ruminant animals
but they have been described in the cat {Iggo, 1957) and it is likely that
similar slowly-adapting afferent units underly the reflex response to acidifi¬
cation of gastric contents in ruminant animals.

The excitatory afferent fibres travel in the vagi and electrical stimulation
of the central cut end of one cervical or ventral thoracic vagus or of an
abdominal branch of the vagus will elicit a reflex contraction of the reti-
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culum and/or rumen, so long as the contralateral vagus is intact to provide
an efferent pathway. The exact role of the afferent fibres in determining the
reflex discharge of the gastric vagal motoneurones cannot, for technical
reasons, be established by de-afferentation of the stomach or by interfering
differentially with the conduction of impulses in the vagus because both the
afferent and efferent fibres of the gastric reflexes travel in the vagus and the
axons are of similar diameters {Iggo, 1956) and there is no separation of the
axons into afferent and efferent roots on entry into the medulla. It follows
that any interference with one set of fibres will also alter the activity of the
others. Thus in acute experiments, block of one cervical vagus causes a
reduction in the amplitude of the contractions. This is due partly to a re¬
duction in the number of motor impulses reaching the stomach because

Seconds

Fig. 1. The discharge of impulses in a slowly-adapting gastric vagal afferent fibre (o o o: lower
graph) during sustained distension of the reticulum in a goat. The frequency of this discharge
was about 15 imp./sec. This distension elicited a reflex reticular contraction during which the
reticular pressure (o—o) rose, and caused a further increase (to 30 imp./sec.) in the frequency

of discharge in the afferent fibre (modified from Iggo, 1955). Pentobarbital anaesthesia.

some of the efferent fibres are blocked, and partly to a weaker discharge of
the intact gastric vagal motoneurones because the excitatory afferent inflow
from the stomach is reduced since the afferent axons in one cervical vagus
are blocked.

A solution to this problem is to record from the efferent vagal fibres. One
interesting attempt was made by Dussardier (1958) who anastamosed the
central end of one cut thoracic vagus with the peripheral cut end of one
phrenic nerve and, after allowing time for nerve regeneration, recorded
electro-myographically from the diaphragm. In this way he was able to
record muscle action potentials coincident with gastric contractions, and
showed that there was repetitive discharge in muscle units. In some work
in progress in Edinburgh {Leek, 1963) we are recording directly from pre¬
ganglionic vagal motor fibres in the cervical vagus. In these experiments the
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sheep are under continuous halothane anaesthesia and regular reflex con¬
tractions of the reticulum, and sometimes of the rumen, can be elicited by
distension of the reticulum and/or acidification of the abomasal contents.
Both the intensity of the contractions and their frequency can be modified
reflexly, as described by Iggo (1956) and Titchen (1958).

Discharge of single gastric vagal motoneurones.
Single unit recording from vagal motor nerve fibre has established that

some vagal motoneurones have a distinctive pattern of discharge in relation
to the gastric contraction. Fig. 2 illustrates characteristic and stable types of
discharge in several units examined under comparable standardised isometric
pressure conditions. They probably represent different kinds of moto-
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Fig. 2. (Sheep. Halothane anaesthesia.) The discharge of impulses in medullary preganglionic
motoneurones. The upper trace a) shows the intra-reticular pressure changes during a reflex
contraction, recorded under isometric conditions. The other traces b, c, d and e are records
of the discharge of impulses in fine strands dissected from the cervical vagus, b) and c) are
motor units that discharge early in the reticular contraction, and are presumed to cause the
contraction, e) is a unit with a low frequency late discharge and is presumed to be a ruminal
motoneurone. d) is particularly interesting since it shows several units. The very small action
potentials are from a unit similar to c) with an early discharge in two parts and clearly
related to the reticular contraction. The largest action potentials in d) have a late discharge
similar to e) associated with ruminal contractions. The time marks are at 1 sec. intervals

at the top.

neurones that innervate either different parts of the stomach or go to dif¬
ferent elements in the same part of the stomach. There are several common
features; the absence of background discharge, a variation in frequency of
discharge to a peak of up to 60 impulses/sec. in some units and, in some
units, two or more periods of high frequency activity. These features are all
seen most clearly in Fig. 2 b and c. There is no background discharge, the
discbarge first appears at low frequency and rises rapidly to 25 impulses/sec.
and finally falls quickly and eventually disappears. The reticular contraction
is clearly related to this discharge and presumably similar units are causing
the contractions. The interval between the main burst of action potentials
and the maximal contraction pressure has varied in different units from 2 to
3 sec. Part of this delay will be conduction time in the motor axon but the
greater part is intramural, probably in the muscle coats. In addition to the
kinds of unit in which the discharge is clearly related to the reticular con¬
tractions (e. g., Fig. 2 b, c and Fig. 3) there are several other patterns,

23*
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examples of which are shown in Fig. 2 d and e. These types of discharge
were found less often and are probably recorded from ruminal moto-
neurones. In general the frequency of discharge in this latter kind of unit
has been less than 3 impulses/sec., there has been less tendency for the dis¬
charge to reach a high frequency peak and there has been a longer period
of discharge. These features are typical of ruminal contractions, which in the
normal primary gastric contraction cycle a) follow the double reticular con¬
traction after a few seconds and b) are slower to develop and last longer
than the reticular contractions. These results imply that the various parts of
the stomach are innervated by different motoneurones.

Reflex modification of gastric vagal motoneuronal discharge.
In the experiments reported here the sheep were anaesthetized and there

were no gastric contractions in the absence of an appropriate stimulus.

mmHg
Mr

Fig. 3. The effect of acidification of the gastric contents on the discharge of a reticular vagal
motor unit. After the upper a) control reflex reticular contraction was recorded, the abomasal
contents were acidified by the addition of 50 ml 0.2 N HC1 and 90 sec. later the lower record
b) was taken. A distinct enhancement of the discharge in the motor unit is evident, but the
pattern of discharge is the same, and the reticular contraction is stronger. The time marks, at

the top, are at 1 sec. intervals.

Distension of the reticulum with 200—400 ml. air in a large balloon usually
elicited a regular series of contractions, the amplitude and frequency of
which were greater at the larger volumes of inflation. The contraction
illustrated in Fig. 2 a was obtained in this way. Another method of eliciting
the contractions, or of accelerating them, is to increase the acidity of the
gastric contents (Titchen, 1958). When this is done (Fig. 3) the contractions
are more frequent and larger, but of the same general form. The moto¬
neuronal discharge, as migjht be expected, shows a more vigorous discharge
but the general pattern of discharge in an individual unit was the same
(Fig. 3 b). These kinds of gastric stimuli are excitatory for the gastric cen¬
tres in a general way, leading to a greater or lesser degree of activity, but
not modifying the general pattern of motoneuronal discharge.

Both the course of the gastric contractions and conditions within the
stomach may modify the discharge of the gastric centres. One reason for
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expecting "feed-back" during the contraction is that the distension-sensitive
receptors that form the afferent limb of the reflex arc are excited still
further by the gastric contractions they evoke (Fig. 1). We have examined
some features of the reflex mechanism by altering the pressure/volume con¬
ditions in the stomach during the course of a contraction. The standard
situation was to use isometric recording conditions, so that the volume of the
gastric balloon did not change during a contraction and there was a rise in
pressure of about 25 mm. Hg. In these conditions a substantial increase in
the afferent inflow from the "in series" stretch receptors would occur
(Fig. 1). A typical gastric motoneuronal discharge in these conditions is
shown in Fig. 4 a. The recording conditions were then made isotonic, so that
there was a large decrease in volume during a contraction and only a slight
rise in pressure (Fig. 4 b). The distension which initiated the contraction was
the same in both conditions. The reflex motoneuronal discharge was much

"1 a

* ' Sec.

— To1L —

3°lmmHg r .b
10

Fig. 4. The effect of "feed-back" on the discharge of the medullary gastric centres. The upper
record a) illustrates a reflex reticular contraction recorded under the standard 'isometric' con¬
ditions. During the contraction on the incompressible balloon containing 300 ml. the pressure
rose to a peak of 28 mm. Hg. The reticular recording conditions were then changed from
"isometric" to "isotonic", arranged so that the basal reticular volume and pressure were
identical. The next reticular contraction is recorded in b). This time the motor unit discharge
shows a higher frequency discharge, and lacks the pronounced early discharge seen in a).
During the contraction in b) about 200 ml. was expelled from the reticulum, but the reticular
pressure did not rise more than a few mm. Hg. In a) there would be an increase in afferent
inflow from the receptors in and about the reticulum (see Fig. 1) whereas in b) such a marked
acceleration of the discharge would not occur. Conditions within the reticulum during a gastric
discharge very clearly modify the form and pattern of the gastric motoneuronal discharge.

Time in 1 sec. intervals at top of figure.

less in the isotonic conditions. It is clear that the gastric conditions during
the contraction can modify the actual excitability of the gastric centre during
a discharge. In the experiments just described the effect appears to be to
adjust the discharge so as to prolong the contraction if there is an obstruc¬
tion and accelerate the contraction if there is free movement of the
contents.

Another method used to alter the gastric conditions was to inflate or
deflate the reticular balloon after a normal gastric centre discharge had
begun. A typical result is shown in Fig. 5. The sudden withdrawal of 100 ml.
of air from the reticular balloon about 1 sec. after the first sign of a con¬
traction abbreviated the motoneuronal discharge and brought the peak
discharge earlier. The effect is to make the contraction shorter and sharper.
The converse happens if the isometric distension is increased after a con¬
traction has started.
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These results establish that the gastric motoneurones in the medulla can
be activated reflexly by general excitatory stimuli and that the discharge
of the individual neurones can be modified reflexly by the events in the
stomach during the course of their discharge. The detailed interrelations of
the gastric motoneurones and the dependence of their orderly sequential
discharge on feedback of information from the stomach are the subject of
current work.

Seconds

in the standard isometric conditions (reticular balloon containing 300 ml.) •—•. During the
next reticular contraction (o—o) 100 ml. of air were withdrawn from the balloon, as indicated
in the upper graph. The gastric motor unit discharge started at the same time as in the

previous cycle but was both accelerated and abbreviated.

Part of the work reported in this paper was supported by a Research Grant from
the Agricultural Research Council.

Summary
Impulses have been recorded from single vagal gastric motor axons in sheep

during reflex gastric contractions. Several different patterns of activity associated
with contractions of different parts of the stomach were found. Each unit had a
stable and characteristic pattern of discharge. The discharge of a unit could be
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modified by a general excitatory stimulus e. g., acidification of the gastric contents
or by afferent "feed-back" from the part of the stomach that was contracting.

Zusammenfassung
Impulsentladungen einzelner Axone des motorischen Vagusnerven wurden beim

Schaf wahrend gastrischer Reflexkontraktionen registriert. Verschiedene unterschied-
liche Aktivitatsformen lieBen sich als Begleiterscheinungen der Kontraktion einzel¬
ner Teile des Magens feststellen. Jede Einheit hatte eine gleichmaBige und charak-
teristische Entladungsform. Die Entladung einer Einheit konnte durch eine allge-
meine Reizung modifiziert werden, d. h. durch Ansauerung des Mageninhalts oder
durch einen afferenten "feed-back" aus dem Anteil des Magens, welcher eine Kon¬
traktion aufwies.

Resume

Les auteurs ont enregistre les impulsions dechargees par des axones isoles du
nerf vague moteur gastrique pendant les contractions reflexes gastriques chez le
mouton. lis ont pu identifier des types de reactions electrographiques differents
suivant les differentes parties de l'estomac en activite. La reaction electrographique
de chaque unite est caracteristique et stable. La decharge de l'unite peut etre modi-
fiee par une excitation generale, par exemple par acidification du contenu de l'esto-
mac ou par «feed-back» provenant de la partie de l'estomac en contraction.
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SUMMARY

1. A method for obtaining reticulo-ruminal movements for up to 19 hr
in halothane-anaesthetized sheep is described. The duration, wave form
and frequency of the movements resembles those in the conscious animal
except that ruminal movements have a lower amplitude.

2. A method of recording for up to 5-|- hr single efferent unit discharges
from fibres presumed to innervate the reticulo-rumen is described.

3. At least seven distinguishable types of discharge pattern were re¬
corded. By relating these temporally to movements of the reticulum and
rumen it was concluded that Types I, II and III occurred in fibres inner¬
vating the reticulum or associated structures, Type IV the rumen and
Types V, VI and VII other gastric structures not yet identified. Apart
from Type VII units there was no 'resting discharge' in efferent fibres
during the quiescent phase of the gastric cycle.

4. We conclude that the co-ordination of the complex sequence of
gastric movements in ruminant animals is a function of the 'gastric
centres' in the hind-brain through their ability to determine the pattern,
durations, spike frequencies and temporal interrelationships of dis¬
charges in gastric motoneurons innervating the different parts of the
forestomach.

INTRODUCTION

Two distinct cycles of movements are now recognized in the fore-
stomachs of ruminant animals and have been termed 'primary and
secondary cycles' (Schalk & Amadon, 1928), 'backward-moving and
forward-moving ruminal contractions' (Weiss, 1953), 'mixing and belching
cycles' (Reid & Cornwall, 1959) and 'A and B sequences' (Reid, 1963).
Most attention has been given to the reticulum and rumen, although
simultaneous movements of the omasum and abomasum also occur

12 Physiol. 191
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(Brunaud & Dussardier, 1953; Ohga, Ota & Nakazato, 1965). The primary
cycle consists of a biphasic reticular contraction followed by contraction
of the cranial and caudal ruminal pillars, then of the dorsal ruminal sac
and, finally, of the ventral ruminal sac. The contraction phase of the
cycle lasts 15-25 sec and recurs regularly after an inactive period of
45-75 sec. The duration of these phases is influenced by a number of
factors such as the nature of the diet, interval since feeding, and whether
the animal is ruminating or eating (Schalk & Amadon, 1928; Phillipson,
1939; Balch, 1952; Reid, 1963). Secondary cycles of contraction are inter¬
spersed among the primary cycles and may be accompanied by eructation.
The secondary cycle consists of a contraction of the caudo-ventral ruminal
sac (Reid, 1960, 1963), followed by a 'forward-moving contraction' of the
dorsal ruminal sac and then a contraction of the ventral ruminal sac

{Weiss, 1953; Reid & Titchen, 1965).
The complex gastric movements are dependent upon reflexes with

afferent and efferent pathways in the vagi (Iggo, 1951, 1956; Duncan,
1953; Titchen, 1953, 1958, 1960; Reid & Titchen, 1965). The reflex centre
is in the hind-brain (Iggo, 1951; Andersson, Kitchell & Persson, 1959).
Attempts have been made recently to record electrically the vagal efferent
activity associated with reticulo-ruminal contractions in order to analyse
the nervous control mechanisms that underlie the movements. Dussardier

(1957, 1960) cross-sutured the vagus and phrenic nerves and recorded
electromyographically the activity in the diaphragm initiated by vagal
efferent fibres. He established that there is a variety of different kinds of
vagal efferent fibres associated in some way with gastric contraction, a
result which is confirmed by Beghelli, Borgatti & Parmeggiani (1963), who
recorded with micro-electrodes from the dorsal motor-nucleus of the vagus.

The present investigation was started as the first step in an electro¬
physiological analysis of the reflex mechanisms that underlie reticulo-
ruminal movements. In particular, a search was made for an experimental
preparation which would allow the simultaneous recording of efferent
vagal discharge and the application of a variety of different kinds of
stimuli that are known reflexly to alter the activity of gastric centres, in
order to examine their effects on the central discharge. A technique is
described for eliciting gastric movements in anaesthetized sheep together
with the simultaneous recording of nerve impulses in single gastric efferent
units dissected from the left cervical vagus. The method used allowed
direct sampling of the activity emerging from the gastric centres along the
efferent fibres without appreciably interfering with either the afferent or
efferent pathways.

Brief reports of the present work have already been published (Leek,
1963, 1966; Iggo & Leek, 1966).
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METHODS

Experimental animals. Forty-seven adult Scotch Blackface sheep were used. They
weighed 20-40 kg and were mostly 8-18 months old, although a few aged ewes were also
used. The sheep were held indoors before use, usually for a fortnight, during which time
they received \ lb (0-27 kg) oats/day and an unrestricted amount of hay. This practice was
found to result in more satisfactory experiments than those in which the sheep had been
starved for 24 hr before the experiment or had undergone a change of diet and environ¬
ment during the previous 2 weeks.

Surgical procedures. Anaesthesia was induced with a 4 % halothane B.P./oxygen mixture
by a semi-closed method employing a face-mask. It was maintained, after endotracheal
intubation (McGill, No. 10), either with warm 1 % chloralose solution, given intravenously
in an initial dose of 4 ml./kg body weight followed by maintenance doses of 1 ml./kg body
weight approximately every hour, or with a controlled mixture of halothane and oxygen
administered by a circle type, closed-circuit method incorporating a Starling respiration
pump. Because swallowing and reflex limb movements seriously interfered with recording
from single units, the level of anaesthesia needed to be comparatively deep, the corneal
reflex being either absent or sluggish.

An intravenous cannula was inserted into the left lateral tarsal vein. All. rubber balloon

was inserted into the reticulum either through the reticulo-ruminal orifice reached byway of
a rumenotomy incision in the left sublumbar triangle or, more usually, through the ventral
pole of the reticulum exposed by a median laparotomy. Sometimes a small balloon was

placed in the dorsal sac of the rumen.
With the sheep lying on its right side recordings of reticulo-ruminal movements were

started and then the left cervical vagus was exposed by incising the skin for 15 cm along the
jugular groove and excising the left sternocephalic muscle. The edges of the skin wound
were sutured to a horizontal ring of solder to form a pool for liquid paraffin B.P. A silver
earth electrode was embedded and sutured in the longus colli muscle. About 1-5 cm of
vagus was freed from underlying connective tissue and a rigidly held black Perspex dis¬
secting plate was placed under this region. When required, Ag/AgCl stimulating electrodes
were inserted beneath the nerve on either side of this plate.

Throughout the experiment the sheep's intra-abdominal temperature was held at 38° C
by means of a thermostatically controlled electric blanket. Anaesthesia and gastric con¬
tractions were maintained for up to 19 hr.

Recording technique. Fine strands were dissected from the left cervical vagus and placed
across a pair of fine Ag/AgCl wire recording electrodes carried on a micromanipulator, as
described by Iggo & Vogt (1960) for recording from preganglionic cervical sympathetic
fibres. The vagus and the fine strand dissected from it were at all times immersed in a pool
of liquid paraffin. The action potentials ('spikes') were amplified, displayed on an oscillo¬
scope and recorded photographically on moving bromide paper (Iggo, 1955, 1956).

Movements of the reticulum and rumen were recorded manometrically. The respective
balloons were connected by polythene tubing to Marey tambours writing on smoked kymo¬
graph paper. In addition the pressure line from the reticulum was taken to a transducerwhere a
glass diaphragm actuated the grid pin of a B.C.A. 5734 valve. Thus pressure changes in the
reticulum could also be displayed on the oscilloscope at the same time as the nervous

discharge. In the most recent experiments a Statham strain-gauge manometer (P23) has
been used.

12-2
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RESULTS

A. Gastric movements in anaesthetized sheep
One of the main problems in the study of gastric motility in sheep is

that the reticulo-ruminal movements are abolished by many anaesthetic
agents (Iggo, 1956). The movements may be present in decerebrate
preparations of sheep (Iggo, 1951; Titchen, 1953) but they are not always
present and cannot always be evoked. When present, they may be different
in form and frequency from those in the intact animal and may persist for
a relatively short time. These features of decerebrate preparations make
them unsuitable for the kind of work to be described in the present paper,
in which it is necessary to obtain regularly recurring contractions of
more or less normal shape and size, particularly since in subsequent work
reflex modification of these movements is studied. A further disadvantage
of decerebrate preparations is that they may exhibit reflex somatic move¬
ments, elicited by cutaneous and other stimulation arising from the ex¬

perimental manipulations. These movements interfere both electrically
and mechanically with single unit recording and so an attempt was made
to find a preparation with recurrent reticulo-ruminal movements as near
normal as possible.

Brunaud & Dussardier (1951) described active gastric movements in
sheep anaesthetized with chloralose and a modification of this method was
tried. Particular difficulty was found in maintaining an optimum anaesthetic
level and, because of the long interval between the injection of chloralose
and its effective action, estimation of maintenance doses was not easy.
Eight sheep were prepared in this way. Two of these had been fed out-of-
doors on turnips until 2 days before use; in one no gastric movements
were evoked, and in the other they persisted for only 6 hr. The remaining
six all produced gastric contractions which were intermittent because of
the variations in anaesthetic level.

During the preparation of sheep for decerebration, halothane was used
to induce anaesthesia and it was discovered that gastric movements were
often present or could easily be elicited in sheep maintained under a
halothane/oxygen mixture. The use of this anaesthetic offers several ad¬
vantages over both decerebrated and chloralose-anaesthetized preparations.
These are (a) the absence of swallowing and reflex limb movements,
(b) the persistence of gastric movements for very long periods, as long as
19 hr and (c) the ease of rapidly adjusting the anaesthetic level while re¬
taining the ability to maintain a fairly constant level of anaesthesia for a
long time. A respiration pump was incorporated into the anaesthetic cir¬
cuit, since this permitted the anaesthetic level to be kept more constant
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and caused gastric movements to be larger than those present during
spontaneous breathing.

The halothane/oxygen method of anaesthetizing sheep was used in
thirty-nine animals included in the present study. In sixteen of these
animals gastric movements were present for longer than 12 hr and in some
they were still present after 19 hr. Twenty-three animals produced gastric
contractions that persisted for less than 12 hr but these included six
animals with extensive surgery and six which were starved for 24 hr before
the experiment. Only two failed to produce any gastric movements and
these included one which was only 5 months old.

Gastric movements were present in only eight of the sheep after induc¬
tion of anaesthesia at the start of an experiment, but in a further thirty-
six animals it was possible to elicit them reflexly. A simple and effective
way to do this was to inflate the reticular balloon with 400-600 ml. air,
causing an intraluminal pressure of about 10 mm Hg. These conditions
were adopted as the 'standard' procedure and the comparisons of single
unit activity made in this paper were, as far as possible, based on recordings
under these conditions. Other procedures that were known to evoke
reticular contractions in decerebrate sheep were also tried. Electrical
stimulation of the central end of a cut cervical vagus or of an intact cer¬
vical vagus or acidification of abomasal contents were ineffective in sheep
in which reticular contractions could not be evoked by reticular disten¬
sion. These procedures did elicit reticular contractions for a short time
from some of those animals in which, either previously or subsequently,
reticular contractions were produced by reticular distension. The addition
of 50 ml. of 0-2 N-11C1 to the abomasum sometimes produced a temporary
enhancement of the amplitude or frequency of reticular contractions that
had been evoked by reticular distension. Gastric contractions were reduced
in amplitude or frequency when the abomasum or the rumen became
markedly distended, for example, when the ruminal pressures exceeded
20 mm Hg. During the early stages of an experiment, bacterial fermenta¬
tion in the rumen caused the rapid accumulation of gas and resulted in
high intraruminal pressures. If reticular contractions were absent in these
conditions they re-appeared 1-4 min after the gas was released by inserting
a large bore needle through the flank of the animal into the rumen. An
optimal intraruminal pressure appeared to be necessary, since the reticular
contractions did not re-appear if too much gas was removed.

The movements of the different parts of the stomach were affected to
varying degrees by anaesthesia. The pressure changes associated with
reticular contractions were approximately the same as those recorded in
conscious animals, as regards their frequency, wave form, duration and
amplitude (Fig. 1). The typical isometric reticular contraction was bi-
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phasic. Initially the pressure rose sharply at a rate of 4 mm/sec for 1-5—
2-0 sec to reach a low first peak of 6 mm Hg. During the next 1-5 sec
there was usually a slight drop in pressure (4 mm Hg) but there might be no
fall or even a slight rise at this time. Then followed an even sharper rise
in pressure at the rate of 4-5 mm/sec lasting 1-5-2-0 sec, so that a high
second peak of pressure was reached, 15 mm Hg above the resting pressure.
After this the pressure fell quickly at first, at the rate of 4 mm/sec for
2-3 sec to reach 4-7 mm Hg, and then followed a slow terminal fall back
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Fig. 1. Movements of the reticulo-rumen in (a) a standing conscious sheep fitted
with a rumen cannula and (b) a halothane-anaesthetized sheep lying on its right
side. The records were made under identical conditions with air-filled balloons con¬

nected by polythene tubing to strain-gauge manometers. The first phase of the
reticular contraction is small and followed by a relaxation in the conscious animal
but large, with only a slight relaxation in b. The 'primary' ruminal contractions are
smaller in the anaesthetized animal. 'Secondary' ruminal cycles (s) are present in
the conscious sheep but absent from b. Certain pressure changes (t) in the rumen
are passively transmitted from the dorsal to the ventral sac and vice versa.

to the resting pressure during the next 4-6 sec. When large ruminal con¬
tractions were present, this terminal phase usually had superimposed
upon it a slight rise and fall of pressure coincident with the dorsal sac
contractions.

The reticular pressure changes were compared, on a few occasions, with
movements of the (left) lateral wall of the reticulum, that had been ex¬

posed by resecting the ribs 9—11, removing the left lung and incising the
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diaphragm. The reticular movement was seen to start as a weak contraction
involving simultaneously all parts of the lateral wall of the reticulum.
Then followed, in sequence, a slight incomplete relaxation, a sharp strong
contraction and a complete relaxation which was rapid at first but
terminated slowly. There were no signs of waves of contraction or of
regions which were inactive for a part, or whole, of the sequence, as was
suggested by some of the earliest investigators (Wester, 1926; Schalk
& Amadon, 1928).

The ruminal contractions in the anaesthetized animals were usually
much weaker than in the conscious animal, especially in the more caudal
and ventral parts of the rumen. The largest dorsal ruminal sac contractions
recorded lasted 10-12 sec and reached a peak pressure of 10 mm Hg about
4 sec after the second peak of the reticular contraction. Dorsal ruminal
contractions were more often absent or weak. They were largest when the
level of anaesthesia was light or when the reticular distension was large
(600-1000 ml.). In the present experiments the reticular balloon did not
project over and, therefore, stretch the reticulo-ruminal fold, a stimulus
that was found by Titchen (1960) to be very effective in eliciting ruminal
contractions in decerebrated sheep. Contractions of the caudo-dorsal
blind sac and the ventral ruminal sac, were sometimes present, though
always of very low amplitude. The position of the sheep affects the ruminal
movements. Secondary cycles of contraction were absent when the animal
was on its side.

Reflex reticular and reticulo-ruminal contractions were most easily
evoked when there was only a short interval between the induction of
anaesthesia and the insertion of the reticular balloon, and its inflation.
Tor this reason the reticular balloon was always put in place as soon as
possible and before completion of the other surgical procedures that were
required for the electrical recording. The reticular movements were
always reduced in amplitude and rate by even relatively minor surgical
procedures, e.g. incising the skin, and they were completely abolished for
5-10 min by more extensive surgery; for example, exposure of the cervical
vagus, although they regained their former amplitude and rate over the
course of a further 5-10 min. This effect was seen during surgery at
any site on the body, superficial or deep, and also when exposed viscera
and the edges of unsutured wounds were manipulated. The effect appeared
to be independent of anaesthetic level and was also present in adrenalec-
tomized animals in which both major splanchnic nerves had been cut.
Blood loss during surgery was quite small and was unlikely to have con¬
tributed to the effect.

For comparison with the gastric movements elicited reflexly by dis¬
tending the reticulum, a brief study was made of movements evoked
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directly by stimulating electrically the peripheral end of a cut cervical
vagus at intensities that were sufficient to cause maximal reticular con¬
tractions when continued for 5 sec at 20/sec. Using a train of stimuli at this
rate, which is the average peak frequency of discharge recorded from the
Type I units described later, a stimulation period of approximately 1 sec
was necessary to produce a reticular contraction similar in amplitude to
those occurring spontaneously under the standard conditions described
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Fig. 2. Contractions of the reticulum {upper trace) and dorsal sac of the rumen

{middle trace) caused by electrical stimulation at maximal intensity {lower trace) of
efferent fibres in the intact left cervical vagus in a halothane-anaesthetized sheep.
Maximal contractions were obtained only when the stimulus lasted for at least
5 sec. Submaximal contractions are illustrated and in all of them the phase of
contraction has approximately the same duration as the period of stimulation but
starts after a latency of 0-7 sec. The contractions are superimposed upon pressure
fluctuations due to respiratory movements. The stimulus artifacts in a are larger
than in b and c because of a change in recording conditions.

Trains of stimuli (30 V) at a frequency of 20/sec were given at intervals of 1 min
for durations of 1 sec {a), 2 sec, (6) and 4 sec (c).

on p. 182. The reticular contraction was monophasic, began 0-7-1-0 sec
after the start of stimulation and reached a maximum amplitude if the
stimulus was continued for 5 sec. For submaximal contractions the phase
of contraction lasted for as long as the period of stimulation (Fig. 2). The
interval between the middle of a 1 sec train of stimuli and the peak of the
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reticular contraction was about 1-3 sec (1-2—1*5 sec). This interval is
slightly shorter that the average interval (1-8 sec) between the peak of the
impulse discharge in Type I units (described later) and the (second) peak
of the associated reticular contraction. Electrical stimulation at frequen¬
cies of less than 20/sec caused the rate of pressure rise in the reticulum to
be slower. Electrical stimulation of a vagus produced similar effects in the
rumen, except that the latency in the mid-dorsal sac was 0-8 sec longer
than the reticular latency.

B. Discharge in efferent vagal fibres
The results detailed in the present paper were obtained by recording

from the left cervical vagus of adult sheep and units with various patterns
of discharge were obtained. In some units the discharge had a clearly
recognizable cardiac or respiratory pattern and a brief description of these
units is given later in the paper. Principal interest centred on efferent
units in which the discharge bore a temporal relation to contractile
events in the reticulum and rumen.

Gastric (reticulo-ruminal) units
Single unit discharge patterns associated with reticulo-ruminal move¬

ments were readily distinguished from other patterns since the gastric
movements had a characteristic and regular cycle which was unrelated to
the movements of other thoracic or abdominal viscera. Several criteria
had to be satisfied for a unit to be classed as a gastric unit; (a) a discharge
of impulses must appear, or an existing discharge must be modified, at the
same period during each gastric contraction, (b) this discharge should not
occur during the inactive phase of the cycle of contractions and (c) the
discharge should change appropriately with both spontaneous and reflexly
induced variations in the amplitude and frequency of gastric movements.

Sixty-four single units satisfying these criteria were isolated, as well as
more than fifty strands containing 2-4 active gastric units some of which
could be used for the purposes of analysis and classification. In addition
there were many more strands in which gastric units were present together
with active non-gastric units, but these strands were much less useful for
purposes of analysis. Prolonged recording was possible from many of the
single units and recordings were made from twenty-seven of them for
longer than 1 hr and, in two instances, for as long as 5J hi'. The single units
were usually lost either as a result of physical damage to the very fine nerve
strands resting across the recording electrodes, caused by slight movement
of the neck or oesophagus, or owing to further dissection of a strand in an

attempt to improve the recording conditions.
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For any individual unit the pattern of discharge was very similar during
successive gastric cycles throughout the recording period lasting several
hours, provided that the experimental conditions remained the same or, if
altered, were subsequently returned to the original condition. This is
illustrated in Fig. 5. The discharge was, on some occasions, so regular that
the units could be mistaken for afferent fibres. The following tests were
used to ensure that the gastric units were efferent: (a) the reticulum was

suddenly distended with 200 ml. air. Iggo (1956) showed that this pro¬
cedure either initiates or enhances a resting discharge in the afferent fibre.
No resting discharges were observed in the gastric efferent units, with the

Fig. 3. The temporal relationship between gastric (reticulo-ruminal) contractions
constituting the ' primary cycle' and the discharge patterns in the various types of
efferent units. The (second) peak of the reticular contraction has been used as the
ordinate for alignment of the frequency curves constructed from the mean values
given in the tables.

Types I, II and III are considered to innervate the reticulum or adjacent struc¬
tures, Type IV the rumen and Types V, VI and VII special regions, e.g. pillars
and/or sphincters, which have not yet been identified.

exception of those classed as Type VII. (b) Drugs which block impulse
transmission distal to the recording electrodes were administered (tetra
ethylammonium chloride, 1 mg/kg body weight, probanthine hydro¬
chloride, 0-02 mg/kg body weight). These drugs caused both gastric
contractions and the corresponding phase of an afferent discharge to be
abolished but an efferent discharge was still present (B. F. Leek, un-

Reticulum

Rumen (dorsal sac)

J L J I I I L

Sec
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published observations). All the gastric units described below satisfied one,
or both, of the above criteria.

Classification of gastric efferent units
Sixty-four gastric efferent single units were classified into seven types

on the basis of their discharge patterns, and the time relationship of this
discharge to the gastric contraction. Figure 3 summarizes the results in
the form of frequency curves. Detailed results are given in Tables 1 and 2.
Each class of gastric unit was distinctive and quite separate from the
others for the following reasons: (a) No discharge pattern changed in type
during recording sessions lasting as long as 5J hr, either spontaneously or
as a result of deliberately altering gastric conditions in a way which
reflexly modified the activity of the unit, (b) In some multi-unit records,

Type I

Sec

Fig. 4. The discharges of Types I and II efferent unit (lower traces in each record)
and the corresponding reticular contractions (wpper traces). A Type IV unit fires
with a low frequency in the later part of the lower record (spikes marked with a dot).

The points labelled a—f provide the key for Tables 1 and 2: a indicates the start of
the reticular contraction and b its second peak. The efferent discharge commences
at c, reaches its first peak at d, its second peak at e and ends at /.

when each unit had a distinguishable spike wave form and amplitude, it
was possible to identify several active units which could be of different
types, e.g. Types I, II and III were present in all combinations, (c) During
an experiment, units of several types could be isolated so that the presence
of one or another did not depend only on the experimental conditions. In
the classification which follows, a functional grouping has been used;
Types I—III are believed to represent units that innervate the reticulum
or neighbouring structures, Type IV is thought to innervate the rumen, and
Types VI and VII probably innervate special regions of the reticulo-
rumen, e.g. sphincters, and/or pillars.
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Type I gastric efferent units. Twenty-five single units of this type were
examined (Fig. 4, Table 1). The standard discharge was bimodal, the
frequency of the first peak (6/sec) being much lower than of the second
(20/sec). These units were active only during a cycle of contraction and
were silent in between the contractions. Most of the action potentials,
including the peak frequency of the discharge, preceded the peak of the
reticular contraction. The peak frequency of discharge was never greater
than 45/sec. It preceded the peak of second reticular contraction by an
average of 1 ■ 6 sec for all the units, and varied within the range of 0-5-2-5 sec
for individual units. In addition to this consistent temporal relation
between the Type I discharge and the reticular contractions, there were the
following similarities between the pattern of the discharge and the form
of the contraction. (1) Both the discharges and the contractions were
biphasic and the intervals between the peaks were similar (3-5 sec and
3-0-3-5 sec respectively), although it was not easy to identify consistently
the peak of the first reticular contraction. (2) The mean ratio of spike
frequencies of the first and second peaks of the efferent discharge was 1:4
and the mean ratio of the amplitudes of the first and second peaks of the
reticular contraction was 1:4 (Table 1). (3) The interval between the
second peak and the end of the spike discharge (3-5 sec) was similar to the
phase of the reticular relaxation (6-8 sec). There was, however, consi¬
derable variation in the various time relations. (4) The average interval
from the start of the discharge in the unit to its peak (5-0 sec) was similar
to the average duration of the phase of reticular contraction (4-9 sec).

Type II gastric efferent units. Seven single units of this type were
isolated (Fig. 4, Table 2). The Type II discharge was always unimodal,
consisting of an early peak with a long tail. The peak discharge was less
than for the Type I units and rarely exceeded 18/sec. Occasionally, up to
three action potentials preceded the main part of the discharge for three
of the units. The presence, number and position of these early impulses
was erratic, even for successive contraction cycles, and they were, there¬
fore, disregarded when measuring the intervals detailed in Table 2. The
start-to-peak interval for the discharge was very short (1-7 sec), whereas
the peak-to-end interval was very long (9 sec). The over-all duration of the
discharge (11 sec) was the same as for Type I units (10-8 sec), although the
number of spikes (41) and the peak frequency (12/sec) were less. The
interval between the peak frequency of the discharge and the second
peak of the reticular contraction (2-1 sec) was longer than for the Type I
units. Because of the similarity of these units to Type I, particular care
was taken to make sure that they were, indeed, a separate group. For
example, Types I and II discharges were, on at least one occasion, re¬
corded simultaneously from a multi-unit strand, so that the experimental
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ibnditions were not important in determining whether one or the other
type of discharge was present in the unit. Both types of unit have been
isolated from an animal at different times and not in any particular se¬
quence. Furthermore, the Type II discharge always started after the
beginning of a reticular contraction and could be present even when the
reticular contractions were clearly biphasic. For these reasons, the Type II
units have been assigned to a separate category.

25
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Fig. 5. The discharges of a Type III unit (lower traces) and the corresponding reti¬
cular contractions (upper traces), a and b are consecutive reticular contractions
recorded under ' standard' conditions: the efferent discharges are similar but the
contractions appear to be slightly different because they are superimposed upon
pressure fluctuations due to respiratory movements, c is from the same unit hr
later when, after a variety of experimental procedures, the recording conditions
were once more 'standard'. The discharges are similar in a, b and c but the spike
amplitude is smaller in c owing to an alteration in recording conditions.

Type III gastric efferent units. Eight single units of this class were
isolated (Fig. 5, Table 2). The discharge of Type III units began at about
the same time as in Type I units but, unlike these latter, the discharge
was in the form of a fairly even, extended plateau and did not exhibit
sharp peaks. The peak frequency was also lower and the average value
was 9-4/sec. The period during which a fairly steady frequency of dis¬
charge was present in the Type III units was at least twice as long as the
period for the peak discharge in either the Type I or II units: 4-4 sec,
compared with about 2 sec. An interesting feature of the discharge of a
Type III unit was that the discharge appeared at the same time as the
Type I and reached a plateau about coincident with the peak of the first
discharge for the Type I units, and that the discharge fell fairly abruptly
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just after the peak of the second discharge of the Type I units. Although,
therefore, the discharge patterns for these Types I, II, and III unit were
quite different the principle part of the discharge in each case occurred at
about the same time. For each class of unit the discharge appeared before
or during the earlier part of reticular contractions and for this reason it is
likely that all three classes were in some way associated either with this
contraction or with the contraction of other structures closely associated
with the reticulum.

Type IV gastric efferent units. Fifteen units of this type were examined,
ten as single units (Fig. 6, Table 2) and five that were clearly distin¬
guishable in multi-unit records. The discharge began after the peak of the
second discharge of the Type I units, i.e. during the second part of the
reticular contraction, and reached a peak of activity shortly after the
reticular contraction peak. The discharge then continued on for several
seconds at a lower frequency. Both the peak frequency (7/sec) and the
total number of spikes in any one cycle of contraction were less than for
the Types I, II or III unit. A discharge of impulses began 1-2 sec before,
and reached its peak frequency 1-8 sec after, the second peak of reticular
contraction. This was the most striking difference from the Types I, II
and III units, as is illustrated in Fig. 3.

Activity in Type IV units was present in those conditions which also
led to the appearance of large dorsal ruminal sac contractions. The effective
conditions were a preparation in which reticular contractions could be
readily evoked, a relatively light plane of anaesthesia and a moderately
high reticular distension (600-1000 ml.). There were several occasions
when a Type IV discharge and ruminal contractions suddenly appeared
whilst recording from a strand which initially had no Type IV discharge in
it. The discharge and the contractions were, in these circumstances, elicited
by an increase in the reticular distension.

The time relationship of the Type IV discharge to reticular contractions
also supports the identification of these units as ruminal efferent units.
During primary gastric cycles, the peak of a dorsal ruminal sac contrac¬
tion occurred about 4-5 sec after the peak of a reticular contraction
(Fig. 1). The peak of the Type IV efferent discharge also occurred about
3-5 sec after the peak of the Type I discharge (Fig. 3). The Type IV dis¬
charge preceded dorsal ruminal sac contractions and the peak discharge
was 2-4 sec earlier than the peak of the dorsal sac contractions. This
maximum was difficult to assess accurately since the ruminal sac con¬
tractions tended to be slow and of low amplitude. The interval is similar
to the latency of ruminal contractions elicited by direct electrical stimula¬
tion of the peripheral cut end of the vagus (2-2 sec).

Type V gastric efferent units. Six single units of this type were found
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(Fig. 6). The common feature of this group was a very low frequency of
discharge with no obvious consistent peak. It lasted about 10 sec and
began 4 sec before the peak of the reticular contraction. The Type V dis¬
charge, therefore, began at about the same time as the Type II and earlier
than the Type IV discharge but had ceased before the end of either. The
frequency of discharge was very irregular and was scarcely affected by ex¬
perimental procedures that caused pronounced reflex effects in the
Types I, II, III and IV units. There was no discharge during the inactive
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Fig. 6. Examples of gastric efferent discharges (lower traces) in units innervating
structures other than the reticulum. In each record the upper trace shows the
reticular contraction, a shows both a Type IV unit (large spikes) and a Type V unit
(small spikes). The main part of the Type IV discharge occurs during the phase of
reticular relaxation and is associated with the ruminal contraction, b shows a Type V
unit which has the typical irregular discharge of low frequency, c shows a Type VI
discharge which is characterized by the pause during reticular contraction and the
long, low frequency discharge afterwards, d shows a Type VII discharge. This is
maximal near the peak of the reticular contraction and is followed by a low fre¬
quency discharge which persists until up to 10 sec before the start of the reticular
contraction.

phase of the primary cycle of gastric contractions. For these reasons the
Type V units are regarded as a distinctive group.

Type VI gastric efferent units. Five units of this type were found (Fig. 6).
The discharge appeared in two separate bursts with a silent intei'val of
2-5 sec coincident with the peak of the reticular contraction. The peak
frequency of the discharge was low (4-4/sec), and occurred during the first

13 Physiol. 191
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burst of impulses, which lasted only 2-5 sec. The second burst was much
longer (7-6 sec) but had a lower frequency of discharge (2/sec). This
pattern of discharge is, therefore, quite dissimilar from any of the preced¬
ing types. Like Types I, II, III and IV, it could be modified reflexly. It is
suggested in the discussion that Type VI units may innervate gastric
sphincters or pillars.

Type VII gastric efferent units. Only three units of this type were
found (Fig. 6), all of which survived for less than 10 min. The discharge
began just after the start of the first reticular contraction and reached a

peak frequency of 17/sec 1 sec after the peak of the reticular contraction,
at a time during which the Type VI units were silent. This peak discharge,
therefore, occurred after the peaks of activity in Types I, II and III but
before the peak of activity in Type VI units. The unique and distinctive
feature of this type was the presence of a discharge at a low frequency
(about 1/sec) that persisted throughout the greater part of the inactive
phase of a primary gastric cycle. This persistent activity disappeared for
at least 10 sec before a reticular contraction.

Miscellaneous units. Recordings were made from only one unit whose
discharge was related to gastric contractions but in which the discharge
was intermittent, i.e. it appeared during only two out of three gastric
cycles. The discharge reached a peak about 2 sec before the peak of the
reticular contraction. No other gastric unit was observed in any of the
single or multi-unit recordings, made under the 'standard' conditions,
which was not active during every primary cycle.

Several units were found which had a tonic or resting discharge with a
respiratory rhythm, superimposed on which was an additional discharge
during a reticular contraction. The spike amplitudes and regularity of the
response of these units to pulmonary inflation indicated that they were
pulmonary inflation afferent units. It was inferred that the superimposed
gastric discharge arose because the receptors were in a lobe or part of the
lungs adjacent to the diaphragm and reticulum and were excited by pres¬
sure changes or mechanical displacement caused by reticular contractions.

Oesophageal units. Swallowing movements were often present when the
anaesthetic level was light. Normally, anaesthesia was adjusted to prevent
these movements, since they interfered mechanically with the recording
from the fine nerve strands in the neck. On a number of occasions unitary
activity was recorded which bore a temporal relation to the contractions
of the cervical oesophagus. The discharge consisted of 8-14 impulses at a
frequency of about 8/sec (Fig. 7). A similar discharge associated with
swallowing in conscious sheep was observed by Dussardier (1960, Fig. 17).
Although the conduction velocities of these oesophageal units were not
measured, their spike amplitudes were much greater than those of any of
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the gastric units, from which it might be inferred that their axonal dia¬
meters were greater.

Cardiac units. Single units with a cardiac rhythm were isolated occa¬
sionally. An example is shown in Fig. 7, in which a burst of 18-20 action
potentials accompanied each pulsation in the carotid artery, observed in
the paraffin pool. Although the nerve strand lying across the recording
electrodes was cut distally, the active unit was not necessarily efferent
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Fig. 7. Examples of single unit discharges not associated with gastric movements.
a shows the discharges produced during swallowing in a unit innervating the
oesophagus, b shows bursts of activity which were in phase with the arterial pulse.
They are clearly not related to respiration (end of inspiration marked with tri¬
angles). c shows bursts of activity in a pulmonary afferent fibre (spikes below the
line) and an unusually early reticular efferent unit (spikes above the line). In all
cases the strand from which the recordings were made had been cut distal to the
recording electrodes.

Spikes are recorded in the upper trace in a and the lower traces in b and c. The
pressure line (lower line in a and upper traces in b and c) shows the reticular con¬
traction superimposed on respiratory movements (inspiration giving an upward
deflexion).

since, as Holmes (1954) and Jewett (1964) have demonstrated, the exis¬
tence of an afferent discharge arising from the carotid sinus may be
recorded ih fibres dissected from the central end of a cut aortic nerve.

This phenomenon has been attributed to a bifurcation of the afferent fibre
at some point central to the recording site; a situation comparable to that
described for frog tactile receptors by Adrian et al. (1931). The afferent
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discharge in these cardiac units was very similar to the discharge in
carotid sinus baroreceptors, and it is concluded that they were afferent
fibres.

Respiratory units. Single units with a respiratory rhythm were encoun¬
tered more frequently than those with a cardiac rhythm. In the example
shown in Fig. 7 the discharge was related in time to the small pressure
waves recorded by the reticular balloon. These waves are respiratory in
origin and inspiration is recorded as a rise in pressure. Some of these
respiratory units may have been afferent and to test for this point the
endo-tracheal tube was clamped or a graded distension was applied to the
lungs. When this was done it was possible to differentiate between afferent
and efferent fibres. The discharge in an afferent fibre became steady after
clamping the endo-tracheal tube and increased in frequency as lung dis¬
tension was increased, whereas the discharge rate and rhythm in efferent
fibres was not substantially altered by these procedures. The recordings
obtained were comparable to those described for pulmonary inflation
receptors by Paintal (1963), for pulmonary efferents by Widdicombe
(1961, 1966) and laryngeal efferents by Andrew (1955).

DISCUSSION

One of the principal difficulties encountered in analysing the reflex basis
of reticulo-ruminal motility has been that of maintaining gastric move¬
ments in suitable experimental conditions. In the present experiments
halothane anaesthesia has allowed the movements to be investigated in the
anaesthetized animal for up to 19 hr. This has avoided the use of de¬
cerebrate preparations, in which gastric movements are often difficult to
evoke and maintain for long periods (Iggo, 1956; Titchen, 1958). It was
also more convenient and reliable than the chloralose anaesthesia method
used by Brunaud & Dussardier (1951), and by ourselves for the first eight
experiments. A number of other conditions were also found to result in
more reliable preparations. Gastric movements were most easily elicited
and maintained in anaesthetized sheep which had not been starved before
the beginning of the experiment, or which had not recently had a change
of diet. This usually leads to a reduction in appetite for a few days. Active
ruminal fermentation before an experiment seems, therefore, to be
associated with more lively reflex preparations.

Reticulo-ruminal movements evoked under halothane anaesthesia showed
some differences from those recorded in the conscious animal. Reticular
movements were similar so far as the frequency, form, duration and ampli¬
tude of the biphasic contractions were concerned and it is concluded that the
observations made on reticular function during these experiments would
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also hold for conscious animals. This was not so for the rumen, because,
although the dorsal sac contractions had a similar form and duration in
conscious and anaesthetized animals they were of smaller amplitude in the
latter. Ventral sac contractions were either very small or absent under
anaesthesia. It is likely that the reduction in ruminal motility was due to
reflex and central factors rather than to a transmission block in the motor

pathway, even though halothane in high concentration blocks peripheral
nervous transmission and ruminal movements are more susceptible than
reticular movements to the action of ganglion blocking agents (Brunaud
& Navarro, 1954). This conclusion is based on a comparison of our results
with those of Dussardier (1960), who used the cross-sutured nerve technique
in conscious animals, and recorded many more units with a ruminal or late
discharge (equivalent to our Type IV units) than with a reticular or early
discharge (equivalent to our Types I-III). Dussardier's ruminal units also
had many more spikes per discharge and higher peak frequencies.

Further experiments are required to determine the extent to which
halothane was depressing the reflex centres for ruminal motility and the
extent to which the experimental conditions diminished reflex excitatory
effects and introduced or enhanced reflex inhibitory actions. It is likely
that halothane had a stronger central depressant action on the 'ruminal
centres' than on the ' reticular centres' because lightening the anaesthetic
level alone often led to the appearance or increase in amplitude of ruminal
movements without a change in those of the reticulum, i.e. in conditions
in which there is unlikely to be any modification of gastric afferent input.
In the present experiments the reticular balloon did not project through
the reticular ruminal orifice and hence did not stretch the retieulo-ruminal
fold. The sheep were, therefore, deprived of a stimulus which Titchen
(1960) found to be very effective in evoking reflex ruminal contractions in
decerebrate sheep. Other peripheral factors might include the abnormal
position of lateral recumbency, a posture which is known to influence ru¬
men movements (Balch, 1952; Reid & Titchen, 1965) and also physico-
chemical changes in the rumen contents resulting from ruminal stasis
and the lack of an inflow of saliva.

In some experiments reticular movements were present before the
reticular balloon was inflated but usually it was necessary to add 300-
600 ml. air to evoke reticular contractions which were comparable in rate,
form, duration and amplitude to those in the unanaesthetized sheep. The
results obtained from studies of gasti'ic afferent units might be significant
in this connexion. Reticular distension of about 400 ml. was required to
change the discharge pattern in a gastric tension receptor during the in¬
active phase of the gastric cycle from one of irregular bursts of activity to
one in which the discharge was continuous and regular (Iggo, 1955). More
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recently, it has been observed that similar receptors, principally in the
region of the oesophageal groove, were silent during the inactive phase
of the gastric cycle when the reticulum contained less than about 400 ml.
air, whereas these receptors produced a steady resting discharge at greater
volumes of distension (B. F. Leek, unpublished observations).

The suppression of reticulo-ruminal movements which occurred (even at
the deepest planes of anaesthesia), when surgery was performed or contact
made with exposed tissues, was most striking and was evident within a
few seconds of applying noxious stimuli. The full effect took about 30 sec
to develop. This suppression was present even in sheep which had been
adrenalectomized and had had their splanchnic nerves cut, although in
these animals the effect seemed to persist for a shorter time. Titchen (1958,
1960), using decerebrate sheep, had observed similar reflex suppression
of reticular contractions through manipulation of the viscera (particu¬
larly the pylorus) and distension of the abomasum. He concluded that the
splanchnic nerves were providing an afferent pathway for these effects,
except from the pylorus. In the present experiments the suppression took
the form of an absence or suppression of a discharge in the efferent fibres,
so that the inhibition was a central phenomenon. The inhibitory mecha¬
nisms require further study.

Although reticulo-ruminal movements in the halothane-anaesthetized
sheep were, to some extent, subnormal, the preparation has several
merits: (a) By standardizing the experimental conditions it becomes
possible to compare units recorded from a large number of animals.
(6) Recordings are made directly from efferent gastric fibres and the
afferent and efferent pathways in both vagi remain intact, apart from the
fascicule from which the fibres have been dissected, (c) The anaesthetized
sheep, unlike decerebrate animals, are free from reflex limb and neck
movements which can seriously interfere with single unit recordings, and
the gastric movements persist for much longer.

The results obtained by recording from single vagal units provide infor¬
mation not previously available and allow a start to be made on the
analysis of the underlying reflex mechanisms. There was no difficulty in
establishing that the gastric vagal discharge was efferent for the reasons
given on page 186. The fact that the discharge still appeared at the ex¬
pected times when gastric contractions had been abolished by the action
of drugs that are known to block both pre- and post-ganglionic trans¬
mission demonstrates, incidentally, that the gastric efferent discharge is
being transmitted at the cervical level in preganglionic fibres and that the
post-ganglionic fibres are cholinergic, since probanthine hydrochloride
exerts an action similar to atropine (Goodman & Gilman, 1956). These
results are also consistent with the observation of Iggo (1956), who
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measured the conduction velocities of gastric efferent fibres in cervical and
thoracic vagi by a compound action potential method and showed that
they had conduction velocities in the range (1-16 m/sec) that would be
expected for parasympathetic preganglionic axons.

The efferent discharge could be classified into several distinct types and
it is reasonable to conclude that different structures were innervated by the
various classes. One possibility to be considered, however, is that the
various patterns resulted from an inability to standardize experimental
conditions and not from the existence of several different categories of
unit. The evidence for rejecting this hypothesis is that dissimilar types of
discharge pattern were often seen in successive units during the course of
an experiment on the same sheep, that units with different types of pat¬
tern could be recorded simultaneously in multi-unit records, and that
each pattern was distinctive and for any individual unit remained basically
constant for several hours, despite reflex and incidental changes in ex¬
perimental conditions.

The evidence for the hypothesis that each type of gastric unit innervated
a functionally and anatomically distinct region of the reticulo-rumen is
strongest for Types I and IV. The Type I units are considered to innervate
the reticulum, because (a) vagal denervation abolishes reticular con¬
tractions, (b) the biphasic contraction peculiar to the reticulum was matched
by a biphasic efferent discharge pattern in the Type I units, (c) the interval
between the first and second peaks of impulse discharge was equal to the
interval between the peaks of the first and second reticular contractions,
(d) the ratio of the first to second peak spikes frequencies was similar to the
ratio of the amplitudes of the first and second reticular contractions.
Further support for this identification was that the interval between the
peak of the second discharge preceded the peak of the second contraction
by an interval of 1-8 sec, only slightly longer than the latency of reticular
contractions elicited by electrical stimulation of the cervical vagus at
20/ sec. There was not always an exact match between the discharge
pattern of the unit and the ensuing reticular contraction but this is what
would be expected, since the reticular contraction would be the resultant
of the activity in a larger number of these Type I units.

The Type IV gastric efferent units, for reasons similar to those detailed
above for the Type I units, are associated with, and considered to give rise
to, contractions of the dorsal ruminal sac. The discharge pattern matched
the rate, form, duration and amplitude of the dorsal ruminal sac con¬
tractions, the peak frequencies occurred at appropriate intervals before
ruminal contraction and, in particular, a discharge in Type IV units was
present only when dorsal ruminal sac movements also occurred.

The functions of Type II and Type III units are not so clear. The main
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part of the discharge preceded the peak of reticular contraction and it is
likely, therefore, that these units are involved in movements either of the
reticulum, or of adjacent structures that contract at the same time, e.g.
the reticulo-ruminal fold, or the oesophageal groove. Although visual
examination of the left side of the reticulum confirmed that the whole wall
contracted in the biphasic manner expected from manometric records, it
was not possible to observe directly the medial wall and the structurally
specialized region around the oesophageal groove. Another possibility is
that the Type II units might innervate the reticulo-ruminal fold, which
has been shown by Lucas & Dougherty (1964) to contract monophasically
at the same time as the biphasic contraction of the reticulum.

The function of the Type V units was not at all clear, except that the
discharge was clearly related to the presence of gastric contractions. The
fact that these low frequency units could be picked up from multi-unit
strands before subdivision makes us confident that no gastric units were
being overlooked owing to this particularly technical factor of low fre¬
quency, and perhaps small amplitude, in multi-unit recordings.

The Type VI and VII gastric efferent units, although few in number,
had very distinctive discharge patterns and they might be associated with
the movement of certain structures such as sphincters or pillars. Published
data is available only for movements of the reticulo-ruminal orifice or
sphincter, omasal canal, omasum and abomasum (Balch, Kelly & Heim,
1951; Borgatti & Matscher, 1958; Stevens & Sellars, 1960; Ohga et al.
1965). The results indicate that the movements are not identical in sheep
and cattle. Ohga et al. (1965) report a weak tonic contraction of the
omasal canal in sheep during the quiescent phase of the gastric cycle, a
relaxation during the reticular contraction, followed by a powerful con¬
traction of the canal (lasting about 8 sec) just after the second reticular
contraction. This contraction was succeeded by a relaxation and then a
further slowly developing contraction. Omasal movements were not
examined in the present experiments, so that we cannot test the hypo¬
thesis that Type VII units could have accounted for omasal canal activity,
although the behaviour of these units in our experiments does match the
omasal canal activity reported by Ohga et al. (1965). No muscular activity
corresponding to the Type VI units has come to our attention, and we are
unable to suggest a functional role for these units.

There are only two other published investigations of gastric efferent
vagal activity; Dussardier (1960) and Beghelli et al. (1963). The latter
recorded electrical activity from the medulla oblongata that had the same

rhythm as gastric motility. They used curarized lambs (20-25 days old)
anaesthetized with chloralose. Spontaneous reticular contractions, as
would be expected, were absent, since reticulo-ruminal structure and
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ction in lambs of this age, according to Wardrop & Coombe (1961),
uld still have been in a very primitive stage of development. Reticular

ntractions were evoked by distending the reticulum or stimulating the
jentral end of a cut abomasal nerve. The records obtained from the dorsal
motor nucleus of the vagus showed multi-unit activity, and it was possible
to identify several different types of discharge on the basis of spike,
amplitude and frequency and the temporal relationship of the discharge to
the reticular contraction. The interval between the peak of the discharge
(in those units having an early, high frequency discharge) and the peak of
the reticular contraction was 1-2-2-0 sec, similar to our Types I, II and III
units. It is likely therefore, that these and our units are identical. In a study
involving mature sheep in which reflex reticular movements were present,
Howard (1966) has also recorded several kinds of unitary discharge in the
dorsal motor nucleus of the vagus. Some of his units correspond to our
Types I and IV, but in addition there were several others, including
interneurones.

Dussardier (1960, Fig. 20) illustrates thirteen examples ofefferent activity
recorded in his cross-sutured animals. With two exceptions they could be
incorporated in our classification. The principle differences were that the
number of spikes per discharge, and the peak spike frequencies were
generally less than those we recorded and there was also a preponderance
of units with a late discharge, which we would have grouped together as
Type V units. In addition there were two examples with a very late low
frequency discharge, which we did not find. Dussardier does not say how
common the various examples were, except that units with an early
discharge were relatively uncommon. He recorded very infrequently from
units having a tonic discharge equivalent to Type VII and others with a
very early brief discharge similar to one of our Type I units (no. 25). The
prevalence of units having a late discharge in Dussardier's experiments on
conscious animals is probably due to the higher level of ruminal activity
in his preparations.

From our results, together with those of Dussardier (1960) and Beghelli
et al. (1963) it is now clear that the total efferent discharge passing from the
gastric centres to the reticulum and rumen consists of several distinct and
independent types of unitary activity. Each of these has patterns related
to the form, duration, and amplitude of movements of some particular
part of the stomach and occurs in a sequence that could produce a co¬
ordinated series of movement in the reticulum and rumen. It is our view
that they actually cause the movement. The orderly sequence of events
that constitutes the primary gastric cycle can, therefore, be attributed to
this co-ordination of efferent output and consequently it arises in the
gastric centres. This view is contrary to that of Morrison & Habel (1964)
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who argued that the existence of multi-synaptic pathways in the my
teric plexus of the ruminant stomach implied that 'co-ordination' cou
and would be largely a peripheral phenomenon. It seems to us much moi

likely that the complexity of these myenteric pathways is related to tli
large size of the ruminal walls rather than to the need for a peripheral co¬

ordinating mechanism. The internal organisation of the gastric centres is
probably very complex; e.g. Howard (1966) has established that there are

powerful inhibitory interactions within the dorsal motor nucleus of the
vagus itself.

Several firm conclusions can be drawn from the present investigation.
First, halothane-anaesthetized sheep are suitable for acute experiments on
the reflex mechanisms underlying reticular motility but may be less
suitable for studies of ruminal motility. Secondly, there are at least seven
different types of gastric efferent fibres with characteristic patterns of
discharge. Except for one of these groups, there is no resting discharge in
efferent fibres during the quiescent phase of the gastric cycle. The form,
duration and peak frequency of certain types of units can be related to the
form, duration and amplitude of the movements of particular regions on
the reticulum or rumen. Finally, the co-ordination of the complex sequence
of movements comprising the primary cycle of gastric contraction in
ruminant animals is a function of the 'gastric centres' in the hind-brain,
through their ability to determine the forms, durations, and spike fre¬
quencies and temporal interrelationships of efferent discharges in nerve
fibres innervating different parts of the stomach.

We are particularly indebted to the Agricultural Research Council for financial support
of this project and to Miss S. B. Valentine for her diligent technical assistance.
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The frequency and form of reticulo - ruminal (gastric) contractions and
the secretion of saliva are reflexly altered by changing the physical
conditions inside the fore - stomachs. These changes are sensed by
gastric mechanoreceptors and the location, type and properties of
those in the reticulum and cranial regions of the rumen were examin¬
ed in halothane-anaesthetised sheep. Spontaneous gastric movements
were recorded manometrically. Afferent nerve impulses were recor¬
ded by a 'single fibre' technique. Manual explorations to locate rece¬
ptors were made through a large ruminal fistula. Receptors were
most numerous in the medial walls of the reticulum, reticulo - rumin¬
al fold and cranial dorsal ruminal sac and less numerous in other pa¬
rts of these structures and in the ventral rumen. They responded to
stretch but not to pinching or transmural compression. With reticul¬
ar volumes greater than 400 ml a resting discharge was present and
was increased both by passive distension and during a spontaneous
contraction. The receptors were therefore 'in series' with the con¬
tractile tissues and the afferent discharge was 'slowly adapting' in
response to a change of conditions. Mechanoreceptors in the lips
and floor of the oesophageal groove responded to both stretch and pin¬
ching and appeared to adapt more quickly. The conduction velocity
in afferent fibres was 4-18 m/sec. The abundance of mechanorecept¬
ors in the locations described could account for the reflexogenic pote¬
ntial of these zones in relation to gastric motility and salivary secre¬
tion.

(J. Physiol. London)


